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Abstract

The melanocortin receptors (MCRs) are important for numerous biological pathways, including
feeding behavior and energy homeostasis. In addition to endogenous peptide agonists, this
receptor family has two naturally occurring endogenous antagonists, agouti and agouti-related
protein (AGRP). At the melanocortin-4 receptor (MC4R), the AGRP ligand functions as an
endogenous inverse agonist in the absence of agonist and as a competitive antagonist in the
presence of agonist. At the melanocortin-3 receptor (MC3R), AGRP functions solely as a
competitive antagonist in the presence of agonist. The molecular interactions that differentiate
AGRP’s inverse agonist activity at the MC4R have remained elusive, until the findings reported
herein. Based upon homology molecular modeling approaches, we previously postulated a unique
interaction between the D189 position of the hMC4R and Asn114 of AGRP. To further test this
hypothesis, six D189 mutant h(MC4Rs (D189A, D189E, D189N, D189Q, D189S, and D189K)
were generated and pharmacologically characterized resulting in the discovery of differences in
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inverse agonist activity of AGRP and an 11 macrocyclic compound library. These data support the
hypothesized interaction between the hMC4R D189 position and Asn114 residue of AGRP and
define critical ligand-receptor molecular interactions responsible for the inverse agonist activity of
AGRP at the hMC4R.
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Introduction

The melanocortin system has been associated with many physiological functions, including
skin pigmentation,1~2 steroidogenesis,3 and energy homeostasis.* Five melanocortin
receptors have been identified to date that are members of the super-family of G protein-
coupled receptors (GPCRs).5-13 The melanocortin receptors couple to G protein subunits
and increase intracellular levels of cAMP following agonist stimulation.14 Naturally
occurring ligands for the receptors include peptide agonists derived from the
proopiomelanocortin (POMC) gene transcript'® and two endogenous antagonists,
agoutil6-18 and agouti-related protein (AGRP).1%-2 |n addition to antagonist pharmacology
at the centrally expressed melanocortin-3 receptor (MC3R) and melanocortin-4 receptor
(MC4R), AGRP has also been reported to possess inverse agonist activity at the MC4R in
the absence of agonist.22-23 Both the MC3R and MC4R have been implicated in food intake
and energy homeostasis.* 24-25 Intracerebroventricular (ICV) administration of agonists to
the MC3R and MC4R decreased food intake in rodents,24-27 while antagonists increased
food intake.24-25: 28 Single nucleotide polymorphisms within the human MC4R have been
directly linked to an obese phenotype.2%-30 These data suggest developing new compounds
that modulate the centrally expressed melanocortin receptors may result in novel therapies
for weight management, for conditions of both positive energy balance including obesity and
negative energy balance such as cachexia and anorexia.

Since the sequence of a-MSH (a naturally occurring agonist ligand from the POMC gene
transcript) was first reported in 1957,31 numerous melanocortin ligands have been developed
based upon this peptide. However, not many melanocortin ligands have been developed from
AGRP, perhaps in part because AGRP was first reported 40 years following a-MSH,19-21
the large size of the proposed active form of AGRP /n vivo (50 residues versus 13 residues in
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a-MSH),32 and the structural complexity of AGRP indicated by NMR studies (10 cysteine
residues forming 5 disulfide bridges).33-34 Many truncated forms of AGRP also possess
decreased antagonist potency.32-37 One previously identified macrocyclic octapeptide
scaffold, based upon the postulated active loop domain of AGRP, cyclized head-to-tail
through a DPro-Pro motif (c[Pro-Arg-Phe-Phe-Asn-Ala-Phe-DPro] representing the
Argl111-Phel16 residues of AGRP) was 50-fold less potent at the mouse (m)MC4R (and
300-fold at the mMC3R) compared to AGRP.38 Further structure-activity relationship (SAR)
studies replacing the Asn114 with a diaminopropionic (Dap) acid residue resulted in an
equipotent antagonist to AGRP at the mMC4R.38 Additional SAR studies reported Dap,
DDap, and His residues at the Asn114 position,3° Ser at the Ala115 position,3° and Ala, Nle,
Trp, and Tyr at the Phe116 position3%-40 maintained mMCA4R antagonist potency, as did
incorporating peptoid residues at the Phe113 and Asn114 positions.#! Incorporating multiple
of the substitutions described above into the DPro-Pro macrocyclic scaffold resulted in
ligands that were up to 6-fold more potent than AGRP at the mMCA4R, and over 600-fold
selective for the mMMC4R compared to the mMMC3R.42 Replacement of the postulated AGRP
Arg-Phe-Phe antagonist pharmacophore with the agonist His-DPhe-Arg-Trp tetrapeptide
sequence resulted in nanomolar potent MMCA4R agonists.#3 Thus potent mMMCA4R agonists
and antagonists have been developed from the AGRP-derived macrocyclic scaffold, which
may represent potential lead ligands in the development of novel weight management
therapies.

As a translational step in the development of AGRP-derived macrocycles, 11 compounds
substituted at the Asn114 position were assessed at the human (h)MC4R, examining
antagonist potency, binding affinity, and effects on inverse agonism. Additionally, based
upon GPCR homology molecular modeling, we have postulated that the D189 position of
the hMCA4R is uniquely involved with the Asn114 of AGRP, versus other melanocortin
ligands.#* To further test these hypotheses, a set of six D189 hMC4R mutant receptors were
generated and pharmacologically characterized with a panel of known synthetic and
endogenous ligands, and probed for functional effects on antagonist potency and inverse
agonism with nine of the macrocyclic ligands.

Results and Discussion

Experimental Rationale:

Previously, the AGRP-derived macrocyclic scaffold was examined at the mouse
melanocortin receptors.38-40. 42-43 \while many ligands possess similar activities at
orthologous mouse and human melanocortin receptors, species differences have been
reported, including y,-MSH agonist potency at the MC5R.*® To identify potential species
variations with the macrocyclic scaffold at the MC4R, 11 macrocycles substituted at the Asn
position (equivalent to the Asn114 position in AGRP) were pharmacologically characterized
at the hMC4R. Previous SAR studies at the mMCA4R reported basic residues increased
antagonist potency relative to the native Asn.38-39 Therefore Dap (MDE3-119-8c), DDap
(MDE3-119-7c), and His (MDE3-119-12c) substitutions were included (Fig. 1a). Polar
residue substitutions decreased antagonist potency less than 10-fold compared to the Dap
substitution at the mMMCA4R.3° Therefore, ligands possessing the native Asn (MDE5-
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108-10c) and Ser (MDE3-85c) were examined. Also included were the short, aliphatic Ala
(MDE3-154c¢) and Abu (MDE3-119-2c) residues and the branched aliphatic Val (MDE3-
119-10c) residue, which decreased antagonist potencies 24-, 25-, and 630-fold, respectively,
compared to the Dap substitution at the mMMC4R.3% The acidic Asp (MDE3-119-4c) and Glu
(MDE3-119-5c¢) amino acids and aromatic Phe (MDE3-119-14c) residue were also
examined, which previously decreased antagonist potency 50-100 fold at the mMC4R.3% Al
peptides were synthesized, purified to greater than 95%, and characterized by analytical RP-
HPLC and MALDI-MS (Supplemental Table 1) as previously described.3® Compounds were
assayed for antagonist activity using a dose-response Schild paradigm*® and NDP-MSH as
the agonist with HEK293 cells stably expressing the hMC4R using the AlphaScreen cAMP
assay. In our laboratory, we consider compounds within a 3-fold potency range as equipotent
due to the inherent experimental error of the assays across multiple laboratories.

AlphaScreen cAMP Assay at the hMC4R:

The hAGRP(86-132) and the Dap-substituted macrocycle MDE3-119-8c possessed similar
nanomolar antagonist potencies at the hMC4R (Fig. 1b and 1c, Table 1). Inversion of the
Dap stereocenter to DDap, MDE3-119-7c, and substitution of His (MDE3-119-13c) also
resulted in nanomolar antagonist potencies. The ligand containing Asn (MDE5-108-10c),
representing the native loop sequence, was 3-fold less potent than MDE3-119-8c¢ at the
hMC4R, while the polar residue Ser (MDE3-85c¢) decreased potency 7-fold relative to
MDE3-119-8c. The aliphatic Ala (MDE3-154c) and Abu (MDE3-119-2c) residues
decreased antagonist potency 12-fold and 19-fold, respectively, compared to MDE3-119-8c,
while the branched aliphatic Val (MDE3-119-10c) decreased potency 310-fold. Substitution
of the acidic Glu (MDE3-119-5¢) and Asp (MDE3-119-4c) amino acids decreased
antagonist potency 70- and 90-fold, respectively, while the aromatic Phe substitution
(MDE3-119-14c) decreased antagonist potency 80-fold. Comparing these data to a prior
study at the mMMC4R,39 the ligands were equipotent at the human and mouse MC4R.
Ranking compounds by antagonist potency resulted in the same order of ligands at the
hMC4R and mMC4R, suggesting similar functional interactions at the two receptors.
Several ligands also were shown to possess inverse agonist activity at the hMC4R, vide
infra.

Binding Studies at the hMC4R:

In addition to functional potency, the ability of the macrocycles to displace radiolabeled
1251_.NDP-MSH and 125|-AGRP was studied in hMC4R-expressing HEK293 cells. Both
NDP-MSH and AGRP utilize overlapping, but distinct binding sites on the MC4R.#’ Since
the ligands in the present work were derived from the active loop of AGRP, it was
hypothesized that the ligands might better occupy the binding site of AGRP, evident in
greater displacement of 125|-AGRP than 125|-NDP-MSH. To examine this theory, both
radiolabeled ligands were used.

Similar to previous studies, NDP-MSH displaced 12°1-NDP-MSH at 26 nM and AGRP
displaced 12°I-AGRP at 12 nM concentrations (Table 1, Fig. 2a).#8-51 The macrocyclic
peptides incorporating the native Asn (MDE5-108-10c) or the Dap substitution (MDE3—
119-8c) were previously reported to displace 1251-NDP-MSH, possessing ICsq values of 70
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and 7.5 nM,52 respectively, within a 3—4 fold range of the present report. As a general trend,
the most potent AGRP-based macrocyclic ligands displaced the radiolabeled NDP-MSH and
AGRP at the lowest concentrations, visualized in the linear correlation between pICsg and
pA; values (Fig. 2b). One compound, the Phe substituted MDE3-119-14c, possessed higher
binding affinity than expected based upon the functional activity data (Fig. 2b, blue arrows).
While there is a correlation between antagonist potency and binding affinity in the
macrocyclic scaffold, the relatively increased affinity of MDE3-119-14c highlights the
importance of characterizing functional antagonism and not rely on binding data to rank
antagonist potency. The macrocyclic ligands were also observed to displace 12°I-AGRP at 2-
3 fold lower concentrations compared to 1251-NDP-MSH, supporting the hypothesis that the
AGRP-derived ligands might better displace AGRP from the receptor binding pocket.

Inverse Agonism at the hMC4R:

Several macrocyclic ligands also possessed inverse agonist activity at the hMCA4R (a
sigmoidal dose-response curve demonstrating decreased signal from basal in at least two
independent experiments, Fig. 3, Table 1). To quantify the inverse agonist activity, ligand
dose-response curves were normalized to the response at 10712 M concentrations,
representing a basal signal for each ligand. The apparent potencies were determined from
the inflection point of the normalized sigmoidal dose-response curves. The percent decrease
from basal signal was determined from the average decrease from basal signal (signal at
10712 M concentration) from replicates observed to possess a sigmoidal dose-response
curve.

At the hMC4R, AGRP decreased the cAMP signal 35% from basal levels and possessed an
apparent potency of 2.4 nM (Fig. 3, Table 1), similar to the observed antagonist potency. The
apparent inverse agonist potencies followed a parallel trend to the antagonist pA, values,
with the basic MDE3-119-8¢c, MDE3-119-7¢, and MDE3-119-13c possessing hanomolar
apparent inverse agonist potencies and variable decreases in CAMP signal (-50% for
MDE3-119-8c, —30% for MDE3-119-7 and MDE3-119-13c). Similar apparent potencies
(14 and 16 nM) and cAMP decreases (—30% and —25%) were observed for the polar Asn
(MDE5-108-10c) and Ser (MDE3-85c, Fig 3) ligands. Substitution with Ala (MDE3-154c)
or Abu (MDE3-119-2c; Fig. 3) resulted in apparent potencies of 50 and 22 nM and cAMP
decreases of —35% and —15%, respectively. Macrocycles with acidic substitutions (MDE3—
119-4c and MDE3-119-5¢) possessed micromolar apparent potencies, and decreased cAMP
(—35%) to the same extent as AGRP. Insertion of Phe (MDE3-119-14c) or Val (MDE3-
119-10c; Fig. 3) resulted in ligands that did not possess an inverse agonist response at the
hMC4R at up to 100 uM concentrations.

Generation, Characterization, and Pharmacology of D189 Mutant hMC4Rs:

Previously, a 3D GPCR homology molecular model of the hMC4R positioned the Asn114
side chain of AGRP in close proximity to the hMC4R D189 residue.** It was hypothesized
that incorporating a basic residue into an AGRP-derived ligand at the Asn114 position may
generate a new salt-bridge with the MC4R and increase antagonist potency,38 supported by
previous work at the mMC4R38-39 and hMC4R (present study). Based upon the 2.8A
structure of the hMC4R with the synthetic SHU9119 peptide antagonist, the D189 hMC4R
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residue is located on the second extracellular loop of the hAMC4R.33 The structure of the
hMC4R co-crystalized with the synthetic antagonist SHU9119 ligand reports the hMC4R
D189 side chain is angled toward, and is in proximity of the orthorsteric binding pocket of
SHU9119.53 These crystal structural data support the hypothesis that the hMC4R D189
residue is important for ligand binding and receptor function. To further probe for the
potential for an AGRP-based ligand-hMCA4R salt-bridge molecular interaction, a series of
D189 mutant hMC4Rs were generated. Changing the D189 side chain moiety of the hMC4R
to Glu (D189E) examined the consequence of extending the acidic side chain. The
importance of the negative charge at the D189 position, while retaining a similarly sized
side-chain, was examined by incorporating Asn (D189N) or GIn (D189Q). Another polar
group, Ser (D189S) was also studied. The short, aliphatic Ala (D189A) was examined to
remove charge and polar contacts. The basic Lys (D189K) examined the functional
consequence of inverting the charge at this position. The mutant hMC4Rs were generated
using standard polymerase chain reaction (PCR) based mutagenesis techniques, with a
FLAG sequence (DYKDDDK) incorporated at the N-terminal.>* Immunohistochemical cell
expression studies using the FLAG sequence indicated that the total and cell surface
expression of the six mutant receptors was similar to the wildtype hMC4R (Fig. 4).54 These
data indicate that these D189 hMCA4R side chain modifications did not affect receptor cell
surface expression or intracellular trafficking.

The D189 mutant hMC4Rs were characterized with a set of known agonists (a.-MSH, NSP-
MSH, MTII, and y,-MSH; Table 2 and Fig. 5). The four agonists were equipotent at the
D189E, D189Q, and D189S hMC4Rs as compared to the wildtype hMC4R. At the D189N
hMC4R, NDP-MSH maintained similar potency, with decreased potencies observed for a-
MSH (170-fold), MTII (10-fold), and -y,-MSH (35-fold), relative to the wildtype hMC4R.
The D189A hMC4R possessed 500-, 28-, 90-, and 80-fold decreased potencies for a.-MSH,
NDP-MSH, MTII, and y,-MSH, respectively. These data differ from a previous publication
reporting 1,400- and 3-fold decreased potencies for NDP-MSH and MTII at the D189A
hMC4R using a CRE-luciferase cCAMP assay.>® Differences in the assays, receptor
expression, and plasmid constructs may explain the potency variations reported herein and
those observed in the previous report.%> Decreased potencies of 230-, 10-, 21-, and 45-fold
for a-MSH, NDP-MSH, MTII, and y,-MSH were observed at the D189K hMCA4R. The
binding affinities of 1125-NDP-MSH were within a two-fold range at the mutant h(MC4
receptors (Table 3).

The mixed MC3R/MC4R antagonist, MC1R/MC5R agonist SHU9119%6 was assayed at the
wildtype and D189 side chain modified hMC4Rs (Tables 2 & 4, Fig. 6). While the wildtype,
D189E, D189N, D189S, D189A, and D189K hMC4Rs possessed minimal SHU9119-
mediated CAMP stimulatory activity, the D189Q mutant was observed to possess partial
agonist activity (25% maximal NDP-MSH signal, ECgy = 1.0 nM; Fig. 6) when stimulated
by SHU9119. The antagonist potency of SHU9119 at the wildtype and mutant hMC4Rs
were all within a 4-fold range (pA, values between 8.9 and 9.5), indicating the D189
position has minimal effects on SHU9119 functional potency.

The D189 mutant hMC4Rs were also characterized with AGRP (Tables 2 & 4, Fig. 7).
AGRP was observed to possess inverse agonist activity at the D189E, D189N, D189Q, and
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D189S hMC4Rs (Fig. 7). The magnitude of the inverse agonist response was strongest at the
wildtype, D189E, and D189Q hMC4Rs, with a decreased response at the D189N and D189S
hMC4Rs, and no apparent inverse agonist activity at the D189A or D189K hMC4Rs. When
assayed at the D189E, D189N, D189Q and D189S hMC4Rs, AGRP possessed nanomolar
antagonist potencies similar to the wildtype hMC4R. At the D189A and D189K hMC4Rs,
AGRP potency decreased 80- and 40-fold, respectively. The observation that SHU9119
resulted in similar potency while a range was observed for AGRP at the hMC4R supports
previous mMMC4R mutagenesis data, indicating that these two ligands possess overlapping
but distinct active sites.#” The binding affinity of I125-AGRP followed a similar trend to the
observed antagonist potency (Table 3), with similar affinities at the wildtype, D189E,
D189N, D189Q, and D189S hMC4Rs, 10-fold decreased affinity at D189K hMC4R and no
affinity at concentrations up to 1 uM observed at the D189A hMC4R.

Nine of the AGRP-derived macrocyclic ligands were assayed at the D189 mutant hMC4Rs.
The Val-substituted MDE3-119-10c was not assessed due to the low potency observed at the
wildtype receptor and the Abu-substituted MDE3-119-2¢ was not assessed because it
possessed similar pharmacology to the Ala-substituted MDE3-154c at the wildtype hMCA4R.
A similar trend for ligand potency was observed for the D189 mutant hMC4Rs as compared
to the wildtype hMC4R. Basic substitutions (MDE3-119-8¢c, MDE3-119-7¢, and MDE3-
119-13c) were the most potent at the D189 hMC4Rs (Table 5, Fig. 8), which can be
visualized by presenting the antagonist potency in radar plots (Fig. 9). Each spoke of the plot
represents a hMCA4R and the distance from the center of the graph indicates the potency at
that receptor (higher potency is farther from the center). The plots for the basic-substituted
macrocycles overlap AGRP, indicating similar antagonist potencies. Substituting polar
(MDE5-108-10c, MDE3-85¢) or short aliphatic (MDE3-119-154c) residues decreased
potencies 4- to 30-fold compared to AGRP at the mutant receptors (Table 5), and results are
plotted with the AGRP line (Fig. 9). Greater decreases (20- to 80-fold) were observed for the
Phe substituted MDE3-119-14c, while the acidic Glu (MDE3-119-5c) or Asp (MDE3-
119-4c) did not result in antagonist activity at the highest concentrations assayed (10, 5, 1,
and 0.5 pM) at the D189A and D189K hMC4Rs.

These data suggest that the D189 hMCA4R amino acid side chain is important for AGRP and
AGRP-derived ligand binding and antagonist potency. However, it is not conclusive whether
the D189 position forms an interaction with the Asn114 position of AGRP and the AGRP-
derived macrocycles as previously hypothesized.** For macrocyclic ligands, basic
substitutions at the AGRP-based Asn114 position resulted in the highest antagonist potency
at the hMC4R. These basic substitutions possessed decreased potency at mutant hMC4Rs
where the acidic D189 was changed to an uncharged Ala or basic Lys side chain, supporting
the hypothesized interaction. However, a similar potency trend was observed for all
macrocycles, regardless of the substitutions. Mutating the hMC4R to incorporate a basic
residue (D189K) and substituting an acidic residue into the macrocyclic ligand (Asp/Glu
[MDE3-119-4c/MDE3-119-5c¢]) did not recover antagonist potency. It should be noted that
the 3D homology GPCR molecular model for the hMC4R and AGRP was generated using
the C-terminal domain of AGRP (residues 87-132).44 The present study involved cyclic
peptides derived from the active loop of AGRP. In longer AGRP derivatives, other AGRP
amino acids (outside the active loop and therefore not present in the current scaffold) may
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position AGRP active loop residues with the hMC4R in orientations not possible in the
macrocyclic scaffold. Alternatively, AGRP amino acids outside the active loop may create
additional interactions with the hMC4R that modulate functional activity. Examining longer
AGRP derivatives with acidic residue substitutions at the Asn114 position may be used in
conjunction with D189K mutant hMC4Rs in future studies.

Inverse Agonism of AGRP and Macrocyclic Ligands at the D189 Mutant hMC4Rs:

Several AGRP-derived macrocyclic ligands possessed a variable inverse agonist activity
response at the D189 modified hMC4Rs (Fig. 10, Table 6). The percent change from basal
levels mirrored the pattern found in AGRP, with similar responses at the wildtype, D189E,
and D189Q hMCA4Rs, decreased responses for the D189S and D189N hMC4Rs, and no
inverse agonist signal observed at the D189A and D189K hMC4Rs (Fig. 10, Table 6). One
compound (MDE3-119-14c) did not possess inverse agonist activity at any of the hMC4Rs
assayed, three (MDE3-119-13c, MDE3-154c, and MDE3-1194c) did not possess inverse
agonist activity at the D189N hMC4R, and two (MDE3-119-13c, MDE3-154c) were not
inverse agonists at the D189S hMC4R. Compounds possessed similar apparent potencies at
the D189E hMC4R as compared to the wildtype receptor. At the D189N hMC4R, two
ligands (MDE3-119-7c and MDE3-119-5¢) were equipotent and four ligands (AGRP,
MDE3-119-8c, MDE5-108-10c, and MDE3-85c) possessed decreased apparent potency
compared to the wildtype receptor. Decreased apparent potencies (3- to 16-fold) were
observed for most of the ligands at the D189Q hMCA4R, as compared to the wildtype
receptor, except for peptide MDE3-119-7c that was equipotent. At the D189S hMC4R, four
ligands (MDE3-119-8c, MDE3-119-7c, MDE3-119-5¢, and MDE3-119-4c) were
equipotent compared to the wildtype receptor, while three (AGRP, MDE5-108-10c, and
MDE3-85¢) possessed 6- to 35-fold decreased apparent potencies.

As a general trend, compounds that possessed the highest inverse agonist apparent potencies
at wildtype MC4R possessed similar apparent potencies at the D189 mutant hMC4Rs,
similar to the trend observed for antagonist potencies at wildtype and mutant h(MC4Rs.
While many of the ligands possessed decreased apparent potencies at the D189N, D189Q,
and D189S hMC4Rs as compared to the wildtype and D189E hMCA4Rs, one ligand (MDE3-
119-7¢, DDap substitution) possessed equipotent nanomolar apparent potencies at all the
hMC4Rs examined. Two ligands (MDE3-119-13c and MDE3-154c) did not possess inverse
agonist activity at the D189N or at the D189S hMC4Rs, despite possessing sub-micromolar
antagonist potencies at these receptors (MDE3-119-13c = 7.9 and 8.0, MDE3-154c = 7.1
and 7.2 at the D189N and D189S, respectively). The variable response at the mutant
hMC4Rs indicates the D189 position may play an important role in the constitutive activity
of the hAMC4R, similar to that previously observed for mutants at the L250 position.>’
However, unlike the altered surface expression reported for the L250 mutations,®’ the D189
mutations did not alter the surface expression of the hMC4R (Figure 4).

Conclusions

Compounds that can modulate the MC4R may be therapeutic lead ligands that can be used
to treat disease states of altered energy homeostasis. Herein, an AGRP-derived macrocyclic

ACS Chem Neurosci. Author manuscript; available in PMC 2022 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ericson et al.

Methods

Page 9

scaffold previously shown to be equipotent to AGRP at the mMC4R was assayed for activity
at the hMC4R, demonstrating similar antagonist potency between the mouse and human
MCA4Rs. The antagonist potency trend was similar to the trend in binding affinity and inverse
agonist potency. A set of mutated hMC4Rs was generated to probe a postulated Asn114
(AGRP) and D189 (hMC4R) interaction. While these mutants minimally disrupted the
synthetic SHU9119 MCA4R antagonist activity, the D189 mutant hMC4Rs altered binding
affinity, antagonist potency, and inverse agonist activity of AGRP and the AGRP-derived
macrocyclic peptides. These data indicate that the D189 hMC4R position may provide a
beneficial interaction with AGRP and AGRP-derived ligands that does not appear to be
utilized in the SHU9119 ligand. This unique interaction may be exploited in the
development of AGRP-derived ligands for modulating potency and efficacy at the MC4R in
pursuing novel probe and therapeutic lead compounds for treating states of altered energy
homeostasis.

Peptide Synthesis:

The coupling reagents [2-(1-H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), benzotriazol-1-yl-oxy-tris(dimethylamino) phosphonium
hexafluorophosphate (BOP), and 1-hydroxybenzotriazole (HOBt)], amino acids (unless
otherwise noted), agouti-related protein (AGRP86-132), and the H-Pro-2-chlorotrityl resin
were purchased from Peptides International (Louisville, KY). The Fmoc-DDap(Boc)-OH
amino acid was purchased from Bachem (Torrance, CA). N, N-Dimethylformamide (DMF),
dichloromethane (DCM), methanol, acetonitrile, and anhydrous ethyl ether were purchased
from Fisher (Fair Lawn, NJ). Trifluoroacetic acid (TFA), dimethyl sulfoxide (DMSO),
piperidine, and phenol were purchased from Sigma (St. Louis, MO). N, N-
Diisopropylethylamine (DIEA) and triisopropylsilane (T1S) were purchased from Aldrich
(Milwaukee, WI). All reagents and chemicals were ACS grade or better and were used
without further purification.

The peptides were synthesized manually using standard Fmoc methodology®8 as previously
described.39 Briefly, the syntheses (0.05 mmol scale) consisted of the following steps on a
preloaded H-Pro-2-chlorotrityl resin (0.68 mequiv/g substitution): (i) double-coupling of
Fmoc-amino acid (3.1 equiv) with HBTU (3 equiv) and DIEA (5 equiv) in DMF for 1 h per
coupling; (ii) removal of the A-Fmoc group by 20% piperidine in DMF (1 x 5 min, 1 x 20
min). Upon synthesis completion, peptides were cleaved from the resin with 1% TFA in
DCM (v/v) for 6 min. The solution was concentrated and the protected peptides were
precipitated and washed with cold (4 °C) diethyl ether. Cyclizations were performed
overnight in DCM with a peptide concentration of 1 mg/mL using BOP (3 equiv), HOBt (3
equiv), and DIEA (6 equiv) to generate the amide bond between the Arg and Pro residues.
The DCM was removed under reduced pressure, and the final side chain deprotection was
performed in TFA:TIS:H,0 (95:2.5:2.5) for 2 h without further purification. Cyclic,
deprotected peptides were precipitated and washed in cold diethyl ether.

All peptides were purified by RP-HPLC using a Shimadzu chromatography system with a
photodiode array detector and a semi-preparative RP-HPLC C18 bonded silica column
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(Vydac 218TP1010, 1.0 x 25 cm?). The peptides were at least 95% pure as determined by
analytical RP-HPLC in two diverse solvent systems and had the correct molecular mass by
MALDI-MS (University of Minnesota Mass Spectrometry Lab).

Generation of D189 Mutants:

Receptor mutagenesis was performed as previously described.#7=4% 54 The human WT N-
terminal FLAG-tagged MC4R cDNA (Supplemental Figure 1A) was generously provided by
Dr. Robert Mackenzie®® and was sub-cloned into the pBluescript plasmid (Stratagene) for
subsequent mutagenesis. Site directed hMC4R mutagenesis was performed using a
polymerase chain reaction (PCR) based strategy, using the Pfu turbo polymerase
(Stratagene). Complementary sets of primers were designed containing nucleotide base pair
changes resulting in the modified amino acids (Supplemental Figure 1B). Upon completion
of the PCR reaction (95 °C 30 s, 12 cycles of 95 °C 30 s, 55 °C 1 min, 68 °C 9 min), the
product was purified (Qiaquick PCR Purification Kit, Qiagen) and eluted in water.
Subsequently, the sample was cut with Dprl (Invitrogen) to eliminate any methylated WT
DNA, leaving only nicked circularized mutant DNA. The mutant hMC4R DNA was
transformed into competent DH5a. £. coli cells and single colonies were selected. The
presence of the desired mutation was verified by DNA sequencing. The plasmid DNA
containing the mutant was excised and sub-cloned into the Hindlll/ Xbal restrictions sites of
the pPCDNAg; expression vector (Invitrogen). Complete FLAG-MCA4R sequences were
confirmed free of PCR nucleotide base errors by DNA sequencing (University of Florida
sequencing core facilities).

Generation of Stable Cell Lines.

HEK-293 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal calf serum (FCS) and seeded 1 day prior to transfection at 1x10° cells/100-mm
dish. Mutant and WT DNA in pCDNAg3 expression vector (20 ug) were transfected using the
calcium phosphate method.0 Stable receptor populations were generated using G418
selection (0.7-1 mg/mL) for subsequent bioassay analysis.

CAMP AlphaScreen® Bioassay:

Peptide ligands were dissolved in DMSO [NDP-MSH and AGRP(86-132) in H,O] at a
stock concentration of 1072 M and were pharmacological characterized using the cCAMP
AlphaScreen® assay (PerkinElmer) according to the manufacturer’s instructions and as
previously described in the Haskell-Luevano laboratory.81-63 Since the AlphaScreen cAMP
assay is a loss-of-signal assay (decreased signal at higher concentrations), dose-response

curves were normalized to NDP-MSH as previously described for illustrative purposes.
61, 64-65

Briefly, cells 70-90% confluent were dislodged with Versene (Gibco®) at 37 °C and plated
10,000 cells/well in a 384-well plate (Optiplate™) with 10 pL freshly prepared stimulation
buffer (LX HBSS, 5 mM HEPES, 0.5 mM IBMX, 0.1% BSA, pH = 7.4) with 0.5 pg anti-
cAMP acceptor beads per well. The cells were stimulated with the addition of 5 uL
stimulation buffer containing peptide (a seven point dose-response curve was used starting at
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10~ to 10~ M, determined by ligand potency) or forskolin (10~ M) and incubated in the
dark at room temperature for 2 h.

Following stimulation, streptavidin donor beads (0.5 pg) and biotinylated-cAMP (0.62 umol)
were added to the wells in a subdued light environment with 10 pL lysis buffer (5 mM
HEPES, 0.3% Tween-20, 0.1% BSA, pH = 7.4) and the plates were incubated in the dark at
room temperature for an additional 2 h. Plates were read on a Enspire (PerkinElmer) Alpha-
plate reader using a pre-normalized assay protocol (set by the manufacturer).

Data Analysis:

The ECgq and pA; values represent the mean of duplicate replicates performed in at least
three independent experiments. The ECsg and pA, estimates and associated standard errors
(SEM) were determined by fitting the data to a nonlinear least-squares analysis using the
PRISM program (v4.0, GraphPad Inc.). The ligands were assayed as TFA salts and not
corrected for peptide context.

Competitive Radioligand Binding Affinity Studies:

Human AGRP(86-132) and NDP-MSH were radiolabeled with Nal2] using the
chloramine-T method.®8 Monoradioiodinated peptide was purified from uniodinated and
diradioioindated peptide by HPLC, eluted isocratically using a mobile phase of acetonitrile
and trimethylamine phosphate (pH 3.0).

Competitive binding assays were performed on HEK-293 cells stably expressing the
wildtype and D189 modified hMC4Rs. Cells were plated 1-2 days before the experiment in
12-well tissue-culture plates (cat# 353043, Corning Life Sciences) and were grown to 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
concentration (a seven point dose-response curve starting at 104 to 1078 M) in assay buffer
(DMEM and 0.1% BSA) and a constant amount of 1251-NDP-MSH or 125|-AGRP(86-132)
(100,000 cpm/well) for 1 h at 37 °C. The assay media was carefully aspirated and cells were
washed once with assay buffer. Cell were lysed with 500 yL 0.1 M NaOH and 500 pL 1%
Triton X-100 for a minimum of 10 min. The cell lysate was transferred to 12 x 75 mm
polystyrene tubes (cat 14-961-13, Fisherbrand) and radioactivity quantified on a WIZARD?
Automatic Gamma Counter (PerkinElmer). All experiments were performed with duplicate
data points with at least two independent experimental replicates. The non-specific values
were defined as a signal from 1076 M unlabeled NDP-MSH or AGRP(86-132),
corresponding to the respective 125]-labeled peptide. Concentration-response curves and
ICsq values were generated and analyzed by the PRISM program (version 4.0, GraphPad
Inc.) by a nonlinear regression method. The standard error of the mean (SEM) was derived
from the ICsq values from at least two independent experimental replicates.

Immunohistochemical Analysis of Wild type and D189 FLAG-Tagged hMCA4Rs:

Flow cytometric analysis (FACS) of intracellular FLAG-tagged wild type hMC4R was
performed as described previously.#8-49. 57 Briefly, cells were dissociated from monolayer
culture dishes using cold Cell Dissociation buffer (Cellgro, Mediatech), centrifuged at 600xg
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for 5min, room temperature, and the pelleted cells were resuspended in sterile-filtered FACS
buffer (1% BSA, 0.1% Na azide, in 1xPBS pH 7.2; Sigma Chemical, St Louis MO). The
cells were distributed to multiple FACS tubes (Falcon, Fisher Scientific) at one million cells
per tube. The cells were treated with 10mg/mL unconjugated mouse IgG (Upstate Biotech or
Sigma) to block nonspecific antibody binding. To determine cell surface receptor protein
expression, the cells were then incubated for 45 min at room temperature with anti-FLAG-
PE (Prozyme, San Leandro, CA). To determine the total cellular receptor protein expression,
the cells were fixed with 2% methanol free formaldehyde in 1xPBS (Ted Pella or EM
Scientific, Fisher Scientific) for 10min, permeabilized for 20 min with Saponin Buffer [0.5%
saponin (Sigma) in FACS buffer, pH 7.2], and subsequently washed with Saponin Buffer.
After centrifugation (600xg, 5min), cell aliquots were conjugated with anti-FLAG-APC
antibodies (Prozyme) for 1h at room temperature to label the total (intracellular and surface)
FLAG-tagged molecules. After the anti-FLAG antibody incubation, the labeled cells were
washed 1mL of Saponin buffer 3 times prior to resuspension in FACS buffer for analysis.
The PE- and APC-conjugated nonspecific antibodies (BD Biosciences-Pharmingen, CalTag,
Burlingame, CA) served as isotype controls for the anti-FLAG antibody conjugates used in
these analyses and were used to set the background for fluorescence staining detection on
BD Biosciences FACS Calibur flow cytometers. Data were collected as both stained cell
percentages (either surface or total detected) and as mean fluorescence per cell from a
minimum of 10,000 collected events for each sample run. Receptor cell surface expression
and total cellular expression (using permeabilized cells) were determined as summarized in
Fig. 4 and were the results of at least three independent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
(a) Structures of the amino acid side chains and corresponding compound numbers. (b)

Illustration of the antagonist and inverse agonist pharmacology for hAAGRP(86-132) and
MDE3-119-8c at the hMC4R. SEM error bars are plotted, but may be smaller than the
symbol representation. (c) Antagonist potencies (pA, values) of ligands at the hMC4R. Error
bars are SEM.
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Figure 2:

(@) Mlustration of radiolabeled displacement curves for NDP-MSH, AGRP, MDE3-119-8c,
MDE3-85¢, MDE3-119-2¢, and MDE3-119-10c at the hMC4R. (b) Correlation of pICgg
(displacing 1221-NDP-MSH or 125]-AGRP) values versus pA, values for AGRP-derived
macrocyclic ligands at the hMC4R. The blue arrows indicate ligand MDE3-119-14c.
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Figure 3:
Illustration of the inverse agonist pharmacology for select ligands at the hMC4R.
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Figure 4:
Fluorescence-activated cell sorting (FACS) analysis of the WT and D189 mutant hMC4Rs in

stably expressing HEK-293 cells. The total cell receptor expression levels were determined
using permeabilized cells measuring both cell surface and intracellular protein expression.
The cell surface expression levels were determined using nonpermeabilized cells.
Expression levels are presented relative to the WT hMCA4R control. These are the average of
at least 3 independent experiments.
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[llustration of the agonist pharmacology for ligands a-MSH, NDP-MSH, MTII and y,-MSH
at the WT and D189 hMC4Rs. SEM error bars are plotted, but may be smaller than the

symbol representation.
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Iustration of SHU9119 antagonist pharmacology at the WT and D189 mutant hMC4Rs.
SEM error bars are plotted, but may be smaller than the symbol representation.
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Figure7:
Ilustration of AGRP antagonist and inverse agonist pharmacologies at the WT and D189

mutant hMC4Rs. SEM error bars are plotted, but may be smaller than the symbol
representation.
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Figure8:
Ilustration of MDE3-119-8c antagonist and inverse agonist pharmacologies at the WT and

D189 mutant hMC4Rs. SEM error bars are plotted, but may be smaller than the symbol
representation.
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Figure9:
Summary of the antagonist pharmacology at WT and D189 mutant hMC4Rs graphed as

radar plots. Each spoke of a radar plot represents the indicated hMC4R. Data are plotted as
pA, values ascending outward (the more potent the compound, the further it resides from the
center of the graph). If pA, values could not be determined (MDE3-119-4c and MDE3-
119-5c¢ at the D189A and D189K hMC4Rs), no data are graphed. The compounds are
presented in three groups: (1) basic substitutions within the macrocyclic scaffold (Dap,
MDE3-119-8c; D-Dap, MDE3-119-7c; His, MDE3-119-13c), (2) polar and aliphatic
substitutions within the macrocyclic scaffold (Asn, MDE5-108-10c; Ser, MDE3-85c; Ala,
MDE3-154c), and (3) acidic and aromatic substitutions within the macrocyclic scaffold
(Glu, MDE3-119-5¢; Phe, MDE3-119-14c; Asp, MDE3-119-4c). In each graph, AGRP is
included for reference (red squares).
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Figure 10:
Illustration of the inverse agonist pharmacology of AGRP, MDE3-119-8¢c, MDE3-85¢, and

MDE3-119-4c at the WT and D189 mutant hMC4Rs.

ACS Chem Neurosci. Author manuscript; available in PMC 2022 February 03.



Page 27

Ericson et al.

g8 18 Uosxoer Aq payiodai Ajsnoinaid sem (ZET-28)dHOV Aq HSIN-daN-Igz7 40 Juswae|dsip oc.rq

‘puebi| ay1 1oy [eubis [eseq wouy
asea.123p Ay Ssalealpul ANAIOE 1siuobe asiaAul Jog Juadiad 8y "PanIasqo Sem ALIAIOE JSIuoBe asIaAul OU Jeyl Sajedlpul aUON "HSIN-dAN 1siuofe ayl pue sisAfeue piyds ayl Buisn paulwialep alam sanje
Cyd ansiuobeiue sy “siuswiiadxa Juspuadapul (ABojodewseyd 1stuobe asianulsiuobelue) aaiyy 10 (Buipuiq) oMy 1Ses| Je WOy paulIslap Ueal 8y} 4O J01IS pJepuels ay) Juasaldal S1041a pajedlpul mc._.m

009¥00¥'Z  00S'TF00V'S auou T0%€9 [01d@-aud-eIv 781 -0ud-aud-Biv-04d]o  90T-6TT-€3AN
00TF00E'T  00£'T¥009'c  (%G€-) 000'TF000'C  T'0¥8'9 [01d@-dud-elv057-aud-aud-Biv-01d]o  9p-6TT-€3AN
G¥STT 05¥02¢€ auou 20%6'9 [01d@-ayd-eIv-oyd-aud-aud-fav-oid]o  opT-6TT-€3AN
002F007'T 006¥005'Z (%S€-) 008¥00T'T T0%0°L [o1d@-ayd-eIv+9-8ud-aud-fiv-oidlo  95-6TT-€3AN
02F06T 002009 (%ST1-) 8%¢2 T'0%G'L [01da-ayd-elv-1gy7-ayd-aud-biv-0idlo  9z-6TT-€3AN
0T¥02T OvFOve (%S€-) 005 TO0¥FLL [01d@-ayd-elv€/v-aud-aud-Biv-0id]o o¥ST-€3AN
0Z¥0TT 06+09Z (%S52-) v¥9T 1070’8 [01d@-aud-e|v~/85 -aUd-aud-Bav-01d]o 268-€3AN
LTy 0S¥02T (%0€-) 9%8 T0Fr'8 [o1d@-sud-elvs/H-8Ud-aud-Biv-01d]o  9ET-6TT-€3AN
VFIT T¥9T (9%0€-) ¢Fr 10%¥9'8  [0idQ-sud-elv-0egg-aud-aud-biv-0id]o  9.-6TT-€3AN
TF1T 192 (%05-) 6'TF7'€ 1078’8 [01d@-aud-elv-0Eg-aud-aud-Biv-01d]o  98-6TT-€3AN
9¥8. 0£F00C (%0€-) €F71T 20%e'8 [01d@-dud-elv-Ust/-aud-aud-Bav-01d]o  90T-80T-G3AN
T¥T gt (%5e-) S0Fr'T z0%88 (ceT-98)d¥OVY
() %59 (INu) %503 ¢vd
dU9V-lgzr  HSW-dAN-lger SIUBY 85 BAU | siuobejuy souenbes apnded
drO Y

m;oaooow_ ¥-Unod0ouRBIA UewnH 3yl 1e AUy Buipuig pue ‘AlIANoY 1s1uoby aslanul ‘ABojodeweyd 1siuobeiuy apndad

‘T algeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

ACS Chem Neurosci. Author manuscript; available in PMC 2022 February 03.



Page 28

Ericson et al.

"(9 a1qeL Ul panodal ale [eseq wouy uorrelAap Juaalad pue sanjea 0503) J01dadal ay) e AlAnoe 1siuobe asianul passassod apndad ay) yeyy sayedl

“uoneINWINS HSIA-AN [ewixew wsiad pue anfea 0G93 Jussedde paresipul sy Yim ‘uoieAnde 101dadal fewixew-gns ul paynsal spndad ays 1eys sexeaipul 1siuobe [ented ‘1 00T 03 dn SUOHEAUSIUOD

1e AuAnoe 1siuobe ssassod jou pip apidad 1043U02 8y Jeyl Sa1edIpUl 000‘00T< “SluswiIadxa Juspuadapul 81y} 1Sea| Je WOy PaUILLIBISP UeaW ay) JO J04I3 pIepuels ayl Juasaidal s1011e paledlpul ay Pm

000'00T< 000'00T< 1s1U0BY 8sIaAU| 151U0BY as1anu| 1SIU0BY 8s1anUl  1S1UOBY aslanu]  1s1IUOBY 8s1anu]  (ZET-98)dHOV

(HSN-daN %S2)
000'00T<  00000T< 000'00T< INU 7'0F0'T 000'00T< 000'00T< 000°00T< 6TT6NHS
1s1uoby |efed

00Z¥00.'Z  000'2Z¥000°'G 027081 87€9 0670812 9719 02¥09 HSIN-¢A
Z0¥FL0 7€ £00'0¥ST0°0 T00'0¥810°0 90'0F/E0 800°0¥2£0°0 ¥00'0%72€0°0 1L
20°0709°0 VOFLT L00'0FTY0'0 G00'0%S¥0°0 Y0'0FLT0 L00°079¥0°0 10°0¥90°0 HSIN-daN
0T¥0S 0ZF0TT T0¥FL0 €0°'0¥22°0 8¥.€ €0°0¥6T°0 LO'0FTZ0 HSIN-?
M68TA v68Td s68Td 068Td N68TA 36814 Im
apnded
(INu) %503

' SUFOINY JUBINIAL 68TA PUe 8dA1-plIA BU3 e SPUBGIT UILIOJ0URIBIA [03U0D JO AUAIDY ISIU0BY

‘¢ dlgeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

ACS Chem Neurosci. Author manuscript; available in PMC 2022 February 03.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ericson et al.

Table 3:

Binding Affinities of Control Melanocortin Ligands at the Wild-type and D189 Mutant hMC4Rs.”

Binding ICsy (NM)

Peptide
WT  DI189E  D189N D189Q D189Ss D189A D189K

NDP_MSH“lZS_NDp_MSHb 10+1 17+5 17+3 10+2 8.9+0.1 13.4 0.7 17+4

AGRP(86-132)/I'5-AGRP(86-132) 12+2 6+1 105+07 10+x1 125+07 >1000 150 + 60

Page 29

a., .. . . . . -
The indicated errors represent the standard deviation determined from two independent experiments. >1000 indicates that an IC5(0 could not be

determined up to 1 uM concentrations.

bThe values for NDP-MSH/I1125-NDP-MSH were previously reported by Haslach.2%
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Table 4:

Antagonist Activity of Control Melanocortin Ligands at the Wild-type and D189 Mutant hMC4Rs.*

PA2

Peptide
WT D189E D189N D189Q D189S D189A D189K

SHU9119 8.9+0.1 9.3#+0.1 9.2+0.1 9.3#0.1 9.5+0.2 9.2+0.1 9.4+0.1
AGRP(86-132) 8.8+0.2 8.8#0.1 8.4+0.1 81+0.1 8.2+#0.8 6.9£0.1 7.2+0.2

a., . . . . . -
The indicated errors represent the standard error of the mean determined from three independent experiments. The antagonistic pA2 values were
determined using the Schild analysis and the agonist NDP-MSH.
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