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The melanocortin receptors are G-protein coupled receptors (GPCRs) that activate the cAMP
signal transduction pathway and are stimulated by the melanocortin agonist R-melanocyte
stimulating hormone (R-MSH). Members of these melanocortin receptors are antagonized by
agouti (ASP) and agouti-related protein (AGRP), which are the only known endogenous
antagonists of GPCRs identified to date. Structure-function studies of the hAGRP(109-118)
decapeptide, Tyr-c[Cys-Arg-Phe-Phe-Asn-Ala-Phe-Cys]-Tyr-NH2, by replacing the 26-membered
disulfide Cys2-Cys9 ring with lactam bridges resulted in the identification of a novel peripheral
skin melanocortin-1 receptor (MC1R) antagonist. This antagonist, Tyr-c[Glu-Arg-Phe-Phe-Asn-
Ala-Phe-Dpr]-Tyr-NH2, possesses a 27-membered ring with the lactam bridge being formed
from the CR-carboxyl moiety of Glu (instead of the typical side chain carboxyl moiety) with the
amine of the diaminopropionic acid (Dpr) residue. This mouse MC1 receptor antagonist
(pA2 ) 5.9) is also an antagonist at the brain melanocortin-4 receptor (pA2 ) 6.9), with no
observable pharmacology at the melanocortin-3 or -5 receptors. This MC1R hAGRP(109-118)
based decapeptide is novel in that AGRP(83-132) itself does not bind to, agonize, or antagonize
the skin MC1R. Structural analysis has been performed using two-dimensional 1H NMR and
computer-assisted molecular modeling (CAMM) techniques in attempts to identify structural
features of this Tyr-c[Glu-Arg-Phe-Phe-Asn-Ala-Phe-Dpr]-Tyr-NH2 (cyclo Glu RCOOH-Dpr âNH)
peptide that can differentially result in antagonist versus agonist properties at the mMC1R.

Introduction
Agouti-related protein (AGRP) is one of two known

naturally occurring antagonists of G-protein coupled
receptors (GPCRs) identified to date.1,2 AGRP was
identified on the basis of the sequence similarity to the
cysteine-rich C-terminus of agouti (ASP) and found to
be expressed in the hypothalamus of rodents1-3 and
primates.4 A polymorphism in AGRP has been identified
in humans diagnosed with anorexia nervosa,5 linking
a human physiological disease state with AGRP. Inter-
estingly, AGRP only antagonizes the brain melanocortin
receptors MC3R and MC4R2,6 and, when ectopically
expressed in transgenic mice, does not result in the
yellow coat color observed for the agouti mouse,2,7

physiologically demonstrating in vivo that AGRP does
not antagonize the skin melanocortin-1 receptor (MC1R).
The melanocortin receptor family consists of five recep-
tors (MC1R-MC5R) identified to date.8-14 These recep-
tors belong to the superfamily GPCRs that activate the
adenylate cyclase signal transduction pathway.15 The
melanocortin peptides (R-, â-, γ-melanocyte stimulating
hormones and adrenocorticotropin, ACTH) are the en-
dogenous ligands for these melanocortin receptors and
are derived by posttranslational processing of the pro-
opiomelanocortin (POMC) gene transcript. The MC1R
is expressed in melanocytes and is involved in coat

coloration and pigmentation.8,11,16 The MC2R only re-
sponds to simulation by ACTH, is expressed in the
adrenal cortex and adipocytes, and is involved in ste-
roidogenesis.11 The MC3R is expressed in the brain,
heart, placenta, and gut10-12 and is involved in energy
homeostasis.17,18 The MC4R is expressed primarily in
the brain with no detectable expression in peripheral
tissues11,13 and has been demonstrated to be involved
in feeding behavior and obesity.19,20 The MC5R is
expressed in muscle, liver, spleen, lung, brain, adipo-
cytes, and a variety of other tissues14,21 and has been
identified as being involved in exocrine gland function.22

Only two naturally occurring antagonists of GPCRs
have been reported to date (Figure 1). ASP, the first
endogenous GPCR antagonist identified,23 was charac-
terized as antagonizing the skin MC1R and the brain
MC4R.24 These data resulted in the hypothesis that the
yellow and obese phenotype of the agouti (Aya) mouse
(which ectopically expresses the agouti protein due to
a promoter rearrangement)25 is attributed to antago-
nism of the respective MC1 and MC4 melanocortin
receptors by ASP. The cysteine-rich C-terminus of both
agouti and AGRP has been identified as possessing nM
antagonistic properties equipotent to the full length
peptide,6,26-30 thus suggesting the key structural and
molecular recognition features are located in this do-
main. The disulfide bond combinations of AGRP, which
have been perplexing scientists in the field, have been
identified (Figure 1).31

Previous structure-activity studies of the agouti
peptide identified the importance of the three amino
acid motif Arg-Phe-Phe26,32-34 which is conserved in both
agouti and AGRP (Figure 1). A homology molecular
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model of agouti, based upon the NMR structures of
ω-conotoxin GVIA and ω-agatoxin IVB, was generated
which allowed for the visualization of how these an-
tagonist Arg-Phe-Phe residues may be mimicking the
melanocortin R-MSH agonist Phe-Arg-Trp residue in-
teractions with the melanocortin receptors.32 The His-
Phe-Arg-Trp residues in the melanocortin agonist ligands
have been identified as important for melanocortin
receptor stimulation.35-41 More recently, the first struc-
tural study of the NMR structure for the C-terminal
AGRP region has been reported.33 Additionally, we have
identified the AGRP derived decapeptide Yc[CRFFNAF-
C]Y as possessing agonist activity at the skin MC1R,
providing experimental support for the hypothesis that
the antagonist Arg-Phe-Phe motif may be mimicking the
melanocortin agonist Phe-Arg-Trp molecular interac-
tions with the melanocortin receptors.42

The current study was undertaken to identify AGRP
based decapeptides that could be converted from skin
mMC1R agonists to mMC1R antagonists and determine
the structural properties of these MC1R agonists and
antagonists using 1H two-dimensional (2D) NMR and
computer-assisted molecular modeling (CAMM) tech-
niques.

Results
Pharmacology. The peptides examined in this study

are derived from the hAGRP(109-118)42,43 sequence and
have the disulfide bridge replaced by a lactam bridge
between Asp or Glu and Dpr. Figure 2 illustrates the
primary structures of the three peptides reported herein
where the lactam bridge is formed using the CR car-
boxylic acid of Asp or Glu instead of the typical side
chain carboxylic acid moiety. Table 1 summarizes the
pharmacology of the compounds examined in this study
at the mouse melanocortin MC1 and MC4 receptors.
These compounds were also evaluated at the mMC3 and
mMC5 receptors but did not result in agonist or
antagonist activities (data not shown). The 26-mem-

bered ring substituting a lactam bridge (peptide 1) for
a disulfide bridge hAGRP(109-118) resulted in equi-
potent mMC1R agonist activities and only a 3-fold
difference in antagonist potencies at the mMC4R (within
experimental error of these assays). Surprisingly, pep-
tide 2 which possesses a 27-membered lactam ring
composed of the Glu and Dpr amino acid (Figure 2)
resulted in a MC1R antagonist (Figure 3). Peptide 3, a
25-membered ring between Dpr and Asp, resulted in a
5-fold decreased mMC1R agonist potency and 9-fold
decreased antagonist mMC4R potency, compared with
hAGRP(109-118).

Nuclear Magnetic Resonance. The chemical shifts
of each of the peptides in this study were assigned using
standard TOCSY and NOESY 1H-based strategies (see
Supporting Information).44 This approach utilizes TOC-
SY spectra to identify resonances within a given amino
acid and NOESY spectra to correlate one amino acid
with the next through interactions of the R and/or â
protons of residue i with the amide proton of residue
i + 1. This strategy allowed the complete assignment
of all amino acids, including lactam bridges and the
nonstandard orientations of Asp and Glu. The aliphatic
“fingerprint” and amide to amide regions of 750 MHz
NOESY spectra of each peptide are shown in Figure 4.

Despite the fact that the three peptides are similar
chemically (Figure 2), the NMR spectra and NOE
patterns of connectivity are surprisingly different (Fig-
ure 4). NMR chemical shifts are extremely sensitive to
the electronic environment and thus provide useful
probes into changes in molecular structure. However,
a quantitative interpretation of chemical shifts from
small, flexible peptides is currently impossible, because
they are so sensitive to small changes in structure and
represent a population-weighted average of rapidly
interconverting structures with different chemical shifts.
Moreover, most analyses of peptide or protein chemical
shift values are from aqueous solvents and not mixtures
of acetonitrile and water, as in the current study. We

Figure 1. Primary sequence comparison of the only known naturally occurring antagonists of G-protein coupled receptors identified
to date, agouti (ASP) and agouti-related protein (AGRP).

Table 1. Functional Activity of The Lactam Derivatives of hAGRP(109-118) at the Mouse Melanocortin Receptorsa

mMC1R mMC4R

peptide structure
ring
size

agonist
EC50 (µM)

fold
diff

antagonist
pA2

fold
diff

hAGRP(109-118) Tyr-c[Cys-Arg-Phe-Phe-Asn-Ala-Phe-Cys]-Tyr-NH2 26 5.12 ( 3.04 1 6.81 ( 0.24 1
1 Tyr-c[Asp-Arg-Phe-Phe-Asn-Ala-Phe-Dpr]-Tyr-NH2 26 5.96 ( 2.51 1 6.32 ( 0.15 3
2 Tyr-c[Glu-Arg-Phe-Phe-Asn-Ala-Phe-Dpr]-Tyr-NH2 27 pA2 ) 5.92 ( 0.11 Antagonist 6.98 ( 0.07 1.5
3 Tyr-c[Dpr-Arg-Phe-Phe-Asn-Ala-Phe-Asp]-Tyr-NH2 25 28.1 ( 12.8 5 5.84 ( 0.22 9

a The indicated errors represent the standard errors of the mean determined from at least three or more independent experiments.
The antagonists were determined using the Schild analysis with the melanocortin agonist MTII (Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-
NH2) being used. The fold difference of the antagonists were determined by converting the pA2 value to the Ki value where Ki )
- log pA2.
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can, however, make a qualitative comparison of the
backbone 1H shifts in the peptides in this study by
subtracting a common reference value from each shift.
Figure 5 is a histogram of differences between experi-
mental and aqueous random-coil chemical shifts45 for
the conserved Arg-Phe-Phe-Asn-Ala-Phe region of the
three peptides in this study. It is impossible to assess
the degree of well-ordered structure implicit in the
chemical shift data, since random-coil shifts from pure
water and 83% acetonitrile 17% water are certain to be
different. We can, however, compare shifts of the same

amino acid type and the global patterns from one
peptide to another. Each sequence has three common
Phe residues, and it is clear from Figure 6 that the
chemical shifts of these residues can differ significantly,
both within a peptide and between peptides. Finally,
given that each of the histograms in Figure 5 represent
exactly the same common amino acids and that the
difference between the peptides is only a methylene
group or the orientation of the lactam bridge, there is a
remarkable dissimilarity between the groups. We con-
clude from the dissimilarities that each peptide leads
to a unique ensemble of conformations.

Following resonance assignments, we next quantita-
tively determined three NMR parameters for confor-
mational modeling studies: NOEs, J-couplings, and
amide proton temperature coefficients. Each of these
parameters is sensitive to different structural changes.
NOEs provide an estimate of the distance between pairs
of protons closer than about 5 Å in space. J-couplings
are sensitive to dihedral angle according to the well-
known Karplus equation.46 Finally, amide temperature
coefficients are complicated and poorly understood, but
groups with low values are typically involved in internal
H-bonds.47,48 Figure 6 provides a summary of the NOE,
J-coupling, and temperature coefficient (TC) data for
each of the peptides in this study. The C-terminus of
each peptide has similar patterns of NOEs, with several
i - i + 2 or i - i + 3 interactions. Moreover, the Ala
residues, which are also involved in several of the
longer-range NOEs, each have small JHN,HR couplings.
Finally, the variable C-terminal amino acids involved
with the lactam bridges all have small temperature
coefficients. All of these patterns are consistent with a
type I reverse-turn formation in the C-terminal re-
gions.48 In contrast, each peptide appears to have
different conformations in the N-termini. All three
structural parameters from peptide 1, suggest that the
center of the molecule around the “Phe-Phe-Asn” site
is ordered and likely possesses an additional reverse
turn. Peptide 2, in contrast, has very few NOEs in the
central “Phe-Phe-Asn” region, and the J-couplings and
temperature coefficients from that region have inter-
mediate (and uninformative) values. Peptide 2 does
have NOE and temperature coefficient evidence for a
reverse turn near the N-terminus in the “Glu-Arg-Phe”

Figure 2. Primary structure of peptide 1 (26-membered ring),
peptide 2 (27-membered ring), and peptide 3 (25-membered
ring) illustrating the location of the Asp or Glu side chain
(circled) in relationship to the lactam bridge.

Figure 3. Illustration of peptide 2 (Tyr-c[Glu-Arg-Phe-Phe-
Asn-Ala-Phe-Dpr]-Tyr-NH2, 27-membered ring) as an antago-
nist at the mouse melanocortin-1 receptor. The assay was
performed using the Schild analysis and the MTII (Ac-Nle-
c[Asp-His-DPhe-Arg-Trp-Lys]-NH2) melanocortin agonist. Pep-
tide 2 resulted in an antagonist pA2 value of 5.92 which
corresponds to a Ki value of 1.2 µM potency.
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residues; however, peptide 3 appears to have the reverse
turn shifted to the extreme N-terminus.

Restrained Molecular Dynamics Simulations. To
examine the conformational differences between the
AGRP peptides, the NMR NOE and J-coupling data
shown in the Supporting Information were used as
pseudo potentials in restrained molecular dynamics
(RMD) simulations. Interatomic distances were cali-
brated from NOESY spectra, as described in the Ex-
perimental Section, and flat-bottomed harmonic pseudo
potentials were created from the NOE-based distances
by adding 1.0 Å to the experimental distance. Backbone
φ dihedral angles were estimated using the Karplus
equation46,49 and experimental J-couplings that were
smaller than 5.0 Hz. Flat-bottomed torsional harmonic
pseudo potentials were created by adding 30° to each
side of the experimental value for φ. Linear peptides
were first energy minimized, cyclized by forming the
lactam bridges, and energy minimized a second time,
all with no pseudo potentials. Next, the pseudo poten-
tials were added and RMD simulations were done for
at least 20 ns at 500 K in order to attempt to sample
all accessible conformations. Following the RMD simu-
lations, structures from 200 equally spaced points along
the dynamics trajectory were energy minimized and
analyzed.

For each analogue, a superposition of all 200 energy
minimized conformations was not distinguishable, sug-

gesting that the simulations each contained multiple
conformations. The energy minimized conformations
were clustered into families using the computer program
XCluster.50 The clustering was done by comparing the
backbone φ and ψ dihedral angles of the Arg-Phe-Phe-
Asn-Ala-Phe amino acids in the rings of each peptide,
and the results are shown in Figure 7. All clustered
families with a population of 4 or more conformations
(e.g. g2% of the total) were considered for further
analysis. Peptide 1 possessed 9 families with popula-
tions greater than 2% of the total, with the largest
family having 18% of the sampled conformations. Pep-
tide 3 possessed 6 families above the cutoff, with the
largest family having 20% of the sampled conformations.
In contrast, the mMC1R peptide 2 possessed 16 families,
with the most populated having only 7% of the popula-
tion and most families consisting of only 2-4% of the
total populations. This result is consistent with the
number of NMR restraints used for these peptides
(Supporting Information). The MC1R antagonist, 2, had
fewer restraints, suggesting a more flexible structure.
Representative dihedral angles and their corresponding
populations for each cluster family are given in the
Supporting Information.

A representative structure was picked from each
populated family in each peptide. The φ and ψ angles
of the representative structures (Supporting Informa-
tion) were checked for reverse turns, as indicated by

Figure 4. Amide to aliphatic (top) and amide to amide (bottom) regions of NOESY spectra of (a) peptide 1, (b) peptide 2, and (c)
peptide 3. The sequential assignments are indicated in the top panels with the amino acid labels referring to the position of the
corresponding amide protons, and amide to amide cross-peaks are indicated in the lower panel. The data were collected on a
Bruker Avance 750 MHz at 4 °C with a mixing time of 400 ms. The residues labeled “X” are Dpr and “La” are lactams.
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NMR data. Some of the representative structures for
peptides 1 and 2 have a type I â-turn with the central
residues Ala7 and Phe8. In contrast, some representative
structures of peptide 3 have the same turn shifted to
residues Asn6 and Ala7.

Consistent with the NMR data, most of the represen-
tative structures of 1 and 3 have hydrogen bonds
between backbone carbonyl groups and only those amide
protons that had low experimental temperature coef-
ficients. In 2, the Dpr residue is hydrogen bonded in
most conformers, as predicted by a low-temperature
coefficient. However a few low-population peptide 2
conformers have hydrogen bonds to amide protons that
did not have low-temperature coefficients. The different
conformers have different hydrogen bonds and do not
contribute significantly to the bulk temperature coef-
ficients.

Because each peptide in the study is slightly different,
we were unable to do a full cluster analysis on all of
the 600 conformations from all three peptides. To
compare conformations between the different peptides,
we created linear (Gly)9 peptides (in silico) and entered
the φ and ψ angles for each of the populated conforma-
tions shown in Tables 3-5 of the Supporting Informa-
tion from each of the peptides. These (Gly)9 peptides
were then clustered with XCluster as described above
and shown, along with backbone superimpositions of the
representative structures, in Figure 8. With one excep-

tion, the major families of 3 are very similar, as
indicated by the large blue regions in Figure 7c and the
blue region in the lower right-hand corner of Figure 8.
However, most of the peptide 3 conformers bear little
similarity to conformers from the other two peptides.
Interestingly, the 3 conformer that is dissimilar to other
3 conformers is somewhat similar to two conformers
from peptide 2 and one conformer from peptide 1, as
indicated by the light blue boxes in Figure 8. In contrast
to 3, peptides 1 and 2 each have fewer similarities
within each peptide but have a significant number of
conformers that are similar between the two peptides.
Finally, the region of Figure 8 that clearly shows the
least amount of similarity is between analogues 1 and
3, the two MC1R agonists.

Discussion

AGRP has been pharmacologically demonstrated to
antagonize the brain melanocortin receptors (MC3R and
MC4R), while neither binding to nor antagonizing the
peripheral skin melanocortin receptor, MC1R.6 In vivo,
in the overexpressing AGRP transgenic mouse, AGRP
was characterized as not antagonizing the skin MC1R
as a normal coat color phenotype resulted.2,7 Interest-
ingly, the hAGRP(109-118) decapeptide, Tyr-c[Cys-Arg-
Phe-Phe-Asn-Ala-Phe-Cys]-Tyr-NH2, has been charac-
terized as possessing agonist activity at the mMC1R.42

Herein, we have identified a hAGRP(109-118) deriva-
tive that can now antagonize the skin MC1R.

In addition to the endogenous MC1R antagonist
agouti,24 frog skin (putative MC1R) melanocortin-based
antagonists have been reported.51-54 The peptide Ac-
Nle-Asp-Trp-DPhe-Nle-Trp-Lys-NH2 is a derivative of
NDP-MSH (Ac-Ser-Tyr-Ser-Nle-His-DPhe-Arg-Trp-Gly-
Lys-Pro-Val-NH2) that is reported to have an antagonist
pA2 value of 8.4 (3 nM potency) using the classical Rana
pipiens frog skin bioassay.51 Based upon the R-MSH
sequence Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2,
several combinatorial chemistry peptide libraries were
synthesized on the basis of 7, 8, or 9 of these amino acids
(counting form the C-terminus), and greater than 12
linear antagonists were identified with the reported
most potent, based upon its binding affinity, consisting
of the Met-Pro-DPhe-Arg-DTrp-Phe-Lys-Pro-Val-NH2
sequence.52 A separated study of tripeptide libraries
resulted in the identification of the DTrp-Arg-Leu-NH2
as an antagonist of the Xenopus laevis by direct admin-
istration onto the frog skin,53 although this was not
reproducible in the Rana pipiens frog skin bioassay
(Haskell-Luevano, C.; Hruby, V. J.; Hadley, M. E.
Unpublished results). These antagonists were identified
using a novel diffusion assay and Xenopus laevis (frog)
dermal melanophores. These melanocortin-based pep-
tide antagonists are all linear, and other than being
antagonists of the putative frog skin MC1R, they share
no sequence similarity with the AGRP decapeptide
mouse MC1R antagonist Tyr-c[Glu-Arg-Phe-Phe-Asn-
Ala-Phe-Dpr]-Tyr-NH2, peptide 2, described herein. Two
derivatives of the cyclic MTII (Ac-Nle-c[Asp-His-DPhe-
Arg-Trp-Lys]-NH2) agonist, SHU8914 (Ac-Nle-c[Asp-
His-(pI)DPhe-Arg-Trp-Lys]-NH2), and SHU9119 (Ac-
Nle-c[Asp-His-DNal(2′)-Arg-Trp-Lys]-NH2) possessed
antagonistic properties (pA2 g 10.3) in the Rana pipiens
frog skin assay (putative MC1R), but possessed agonist

Figure 5. Histogram of the difference between the random
coil and experimental chemical shifts of (a) peptide 1, (b)
peptide 2, and (c) peptide 3. The amide and R protons are
represented by white bars and black bars, respectively.
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activity (55 and 36 nM, respectively) at the cloned
human skin MC1R.54

The three AGRP-based compounds reported herein
differ only in ring size and in the orientation of the
lactam bridge. Reversing the standard orientation of the
Asp and Glu residues involved in the lactam bridges
allowed us to easily change the ring size without
changing any of the amino acids used in synthesis.
Peptides 1 and 2 differ only by the addition of a single
methylene group in 2, and the orientation of the lactam
is the same for both peptides. This single methylene
completely changes the pharmacology, the NMR spec-
tral parameters, and the resulting conformational fami-
lies. In particular, the chemical shifts of the common
(Arg-Phe-Phe-Asn-Ala-Phe) residues differ for each pep-
tide (Figure 6), and the patterns of NOEs, J-couplings,
and temperature coefficients suggest different locations
and populations of reverse turns in each peptide (Figure

6). In contrast, peptides 1 and 3 are made from the same
amino acids, but because of the placement of the Asp
side chain (Figure 2), the ring size is reduced by one
methylene in 3, and the lactam bridge is in a different
orientation. Thus, strictly on the basis of chemical
similarity, one might predict that peptides 1 and 2
would have similar properties and that these would
differ from 3. However, this prediction was not correct,
as 3 and 1 are both agonists of MC1R, and 2 is an
antagonist at the same receptor.

Conclusions
This is the first report of a novel cyclic decapeptide

melanocortin-1 receptor antagonist that is based upon
the endogenous antagonist AGRP sequence that nor-
mally only interacts with the brain melanocortin-3 and
-4 receptors and not the skin melanocortin receptor
(MC1R). The cyclic decapeptide Tyr-c[Glu-Arg-Phe-Phe-

Figure 6. Summary of the NOEs from 400 ms NOESY data for (a) peptide 1, (b) peptide 2, and (c) peptide 3. The residues
labeled “X” are Dpr and “La” are lactams. The height of the bar indicates the strength of the NOE, and the asterisked line
indicates overlapping NOEs. The 3JHN,HR values indicate scalar coupling constants in hertz. The temperature coefficients (TC)
are in units of -ppb°C and represent the slope of the change in amide proton chemical shift with temperature.
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Asn-Ala-Phe-Dpr]-Tyr-NH2 provides a novel template
for further structure-activity studies of antagonists at
the skin MC1R. Biophysical and computer modeling
studies of the peptides presented herein did not result
in any conclusive structural hypothesize attributed for

the mMC1R antagonism of the cyclic decapeptide Tyr-
c[Glu-Arg-Phe-Phe-Asn-Ala-Phe-Dpr]-Tyr-NH2.

Experimental Section

Peptide synthesis was performed using standard Boc
methodology55 on an automated synthesizer (Advanced Chem-
Tech 440MOS, Louisville, KY). The amino acids Boc-Tyr-
(2ClBzl), Boc-Dpr(Fmoc), Boc-Asp(NR carboxyl-OFm), Boc-
Arg(Tos), Boc-Phe, Boc-Asn, and Boc-Ala were purchased from
Bachem. The peptides were assembled on pMBHA resin (0.28
meq/g substitution), purchased from Peptides International
(Louisville, KY). All reagents were ACS grade or better. The
synthesis was performed using a 40 well Teflon reaction block
with a course Teflon frit. Approximately 200 mg of resin (0.08
mmol) was added to each reaction block well. Each peptide
was synthesized in two separate reaction wells due to reaction
volume limitations. The resin was allowed to swell for 2 h in
5 mL of dimethylformamide (DMF) and deprotected using 4
mL of 50% trifluroacetic acid (TFA) and 2% anisole in
dichloromethane (DCM) for 3 min followed by a 20 min
incubation at 500 rpms, and washed with DCM (4.5 mL, 2 min,
500 rpms 3 times). The peptide-resin salt was neutralized by
the addition of 4 mL of 10% diisopropylethylamine (DIEA) in
DCM (3 min, 500 rpms, 2 times) followed by a DCM wash (4.5
mL, 2 min, 500 rpms 4 times). A positive Kaiser56 test resulted,
indicating free amine groups on the resin. The growing peptide
chain was added to the amide-resin using the general amino
acid cycle as follows: 500 µL of DMF is added to each reaction
well to “wet the frit,” 3-fold excess amino acid starting from
the C-terminus is added [400 µM of 0.5 M solution in 0.5 M
N-hydroxybenzotriazole (HOBt) in DMF] followed by the
addition of 400 µL of 0.5 M N,N′-diisopropylcarbodiimide (DIC)
in DMF, and the reaction well volume is brought up to 3 mL
using DMF. The coupling reaction is mixed for 1 h at 500 rpms,
followed by emptying of the reaction block by positive nitrogen
gas pressure. A second coupling reaction is performed by the
addition of 500 µL of DMF to each reaction vessel, followed
by the addition of 400 µL of the respective amino acid (3-fold
excess), 400 µL of 0.5 M O-benzotriazolyl-N,N,N′,N′-tetra-
methyluronium hexafluorophosphate (HBTU), 300 µL of 1 M
DIEA, the reaction well volume is brought up to 3 mL with
DMF, and mixed at 500 rpm for 1 h. After the second coupling
cycle, the reaction block is emptied and the resin-NR-protected
peptide is washed with DCM (4.5 mL 4 times). NR-Boc
deprotection is performed by the addition of 4 mL of 50% TFA
and 2% anisole in DCM and mixed for 5 min at 500 rpms
followed by a 20 min deprotection at 500 rpms. The reaction

Figure 7. Cluster map of 200 energy minimized conformations of (a) peptide 1, (b) peptide 2, and (c) peptide 3. The clustering
was done by comparing the backbone (φ and ψ) dihedral angles of the amino acids in the ring of each peptide. The input structures
were reordered into groups of similar structures. The first structure from the input list defined the first cluster, and subsequent
clusters were formed sequentially from the remaining input list structures. The conformations in the region shaded with blue
(dihedral RMSD e 30°) are closely related to each other and form a family, while those shaded from green to red are least related.

Figure 8. Representative structures of the common residues
of each family of (a) peptide 1, (b) peptide 2, and (c) peptide 3.
One conformation was found in all three peptide families,
shown in red, within each of the backbone molecular struc-
tures. In the cluster map of the representative structures (d),
the regions shaded with blue (atomic RMSD e 1.0 Å) are
closely related to each other, while those shaded from green
to red are least related. The clustering was done by comparing
the backbone atomic coordinates of the amino acids in the ring
of each peptide.
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well is washed with 4.5 mL of DCM (4 times), neutralized with
10% DIEA (3 min, 500 rpms, 2 times) followed by a DCM wash
(4.5 mL, 2 min, 500 rpms 4 times), and the next coupling cycle
is performed as described above. The side chain lactam bridge
is formed between the Asp CR-carboxyl moiety (instead of the
common lactam bridge incorporating the Asp side chain
carboxy group) and the â amine group of Dpr. The Fmoc and
OFm protecting groups are removed from Dpr and Asp or Glu,
respectively, by treatment with 4.5 mL of 25% piperidine in
DMF (20 min at 500 rpm) with a positive Kaiser test resulting.
The lactam bridge between the Asp and Dpr amino acids is
formed using 5-fold excess benziotriazolyloxytris(dimethy-
lamino)phosphonium hexafluorophosphate (BOP) and 6-fold
excess DIEA as coupling agents and mixing at 500 rpms. The
lactam bridges were formed (negative Kaiser test) after
approximately 4-5 days at room temperature and 3 days at
36 °C. Deprotection of the remaining amino acid side chains
and cleavage of the amide-peptide from the resin was
performed by incubation the peptide-resin with anhydrous
hydrogen fluoride (HF, 5 mL, 0 °C, 1 h) and 5% m-cresol, 5%
thioanisole as scavengers. After the reaction is complete and
the HF has been distilled off, the peptide is ether precipitated
(50 mL × 1) and washed with 50 mL cold (4°) anhydrous ethyl
ether. The peptide is filtered off using a course frit glass filter
and dissolved in glacial acetic acid, frozen, and lyophilized.
The crude peptide yields ranged from 60 to 90% of the
theoretical yields. A 40 mg sample of crude peptide was
purified by RP-HPLC using a Shimadzu chromatography
system with a photodiode array detector and a semipreparative
reversed-phase high-performance liquid chromatography
(RP-HPLC) C18 bonded silica column (Vydac 218TP1010,
1.0 × 25 cm) and lyophilized. The purified peptide was >95%
pure as determined by analytical RP-HPLC and had the
correct molecular mass (University of Florida protein core
facility), Table 2.

Cell Culture and Transfection. Briefly, HEK-293 cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal calf serum and seeded 1 day prior to
transfection at (1-2) × 106 cell/100 mm dish. Melanocortin
receptor DNA in the pCDNA3 expression vector (20 µg) were
transfected using the calcium phosphate method. Stable
receptor populations were generated using G418 selection (1
g/mL) for subsequent bioassay analysis.

Functional Bioassay. HEK-293 cells stably expressing
melanocortin receptors were transfected with 4 µg of CRE/â-
galactosidase reporter gene as previously described.57,58 Briefly,
5000-15 000 posttransfection cells were plated into 96 well
Primera plates (Falcon) and incubated overnight. At 48 h
posttransfection the cells were stimulated with 100 µL of
peptide (10-4-10-10 M) or forskolin (10-4 M) control in assay
medium (DMEM containing 0.1 mg/mL of BSA and 0.1 mM
isobutylmethylxanthine) for 6 h. The assay media were
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° 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 of
phosphate-buffered saline with 0.5% BSA was added to each
well. Subsequently, 150 µL of substrate buffer (60 mM sodium
phosphate, 1 mM MgCl2, 10 mM KCl, 5 mM â-mercaptoetha-
nol, 200 mg ONPG) was added to each well, and the plates

were incubated at 37°. The sample absorbance, OD405, was
measured using a 96-well plate reader (Molecular Devices).
The relative protein was determined by adding 200 µL of 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 nonrecep-
tor-dependent forskolin stimulation. The antagonistic proper-
ties of these peptides were determined by the ability of these
ligands to competitively displace the MTII agonist (Bachem)
in a dose-dependent manner. The pA2 values were generated
using the Schild analysis method.59

Data Analysis. EC50 and pA2 values represent the mean
of duplicate experiments performed in triplicate, quadruplet,
or more independent experiments. EC50 and pA2 value esti-
mates and their associated standard errors were determined
by fitting the data to a nonlinear least-squares analysis using
the PRISM program (v3.0, GraphPad Inc.). The results are
not corrected for peptide content.

NMR Spectroscopy. (See Supporting Information for data
tables.) NMR samples were prepared by dissolving 1.0-1.3 mg
of the purified peptides in a 550 µL solution of 82% (v/v)
acetonitrile-d3 (Cambridge Isotope Labs, 99% enriched) and
18% H2O. NMR data were collected using Bruker Avance
spectrometers operating at 600 and 750 MHz at the Advanced
Magnetic Resonance and Imaging and Spectroscopy (AMRIS)
Facility in the McKnight Brain Institute at the University of
Florida. All NMR data were collected at 4 °C, unless otherwise
specified.

One-dimensional (1D) 1H data were collected at 600 MHz
with the carrier frequency centered on water and a spectral
width of 12.51 ppm covered by 32 768 data points. The water
signal was reduced by presaturation during the 1.5 s relaxation
delay. The 1D data were processed with XWIN-NMR software
(Bruker NMR) using an exponential function with a 0.1 Hz
line broadening, zero-filled once to a final data size of 65 536
points, and Fourier transformed. Data were referenced to
acetonitrile (1.93 ppm). One-dimensional temperature titration
data were recorded from 4 to 40 °C at 4 °C increments. The
temperature dependence of each amide peak was determined
by plotting the measured frequencies as a function of temper-
ature. Chemical shift changes of all amides were linear over
the temperature range investigated, and amide temperature
coefficients were determined from the slopes of the best fit
lines.

Two-dimensional (2D) 1H NMR data were collected with the
same spectral parameters as the 1D data but with 2048 and
256 complex data points in the acquisition and indirect
dimensions, respectively. Quadrature detection in the indirect
dimension was achieved using States-TPPI.60 Water in all 2D
experiments was reduced using the 3-9-19 watergate se-
quence.61 Total correlation spectroscopy (TOCSY)62 data were
recorded with a 60 ms mixing time using the MLEV-17 spin-
lock sequence.63 Nuclear Overhauser effect spectroscopy (NOE-
SY)64 data were recorded with 200, 300, and 400 ms mixing
times. Data were processed with NMRPipe65 by applying a
cosine squared window function and zero filling once prior to
Fourier transformation and baseline correction. Data were
analyzed with the interactive computer program NMRView.66

The 1H resonances assignments of the backbone atoms were
made using standard TOCSY- and NOESY-based methods.44

Amino acid spin systems were primarily identified from

Table 2. Analytical Data for the Peptides Synthesized in This Studya

HPLC k′

peptide structure syst 1 syst 2
purity

(%)
mass spectral analysis

(M + 1)

1 Tyr-c[Asp-Arg-Phe-Phe-Asn-Ala-Phe-Dpr]-Tyr-NH2 4.8 10.7 >98 1308.6
2 Tyr-c[Glu-Arg-Phe-Phe-Asn-Ala-Phe-Dpr]-Tyr-NH2 5.1 11.3 >95 1324.1
3 Tyr-c[Dpr-Arg-Phe-Phe-Asn-Ala-Phe-Asp]-Tyr-NH2 4.6 10.1 >96 1308.2

a HPLC k′ ) [(peptide retention time - solvent retention time)/solvent retention time] in solvent system 1 (10% acetonitrile in 0.1%
trifluroacetic acid/water and a gradient to 90% acetonitrile over 40 min) or solvent system 2 (10% methanol in 0.1% trifluroacetic acid/
water and a gradient to 90% methanol over 40 min). An analytical Vydac C18 column (Vydac 218TP104) was used with a flow rate of 1.5
mL/min. The percentage peptide purity is determined by HPLC at a wavelength of 214λ.
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TOCSY cross-peak patterns. In particular, the Ala was identi-
fied by its single methyl resonance, and the Arg was identified
by the multiple characteristic cross-peaks in the amide to
aliphatic region. Sequential assignments were made using the
i to i + 1 connectivities in the NOESY spectra. The presence
of lactam bridges were confirmed by NOE cross-peaks from
the lactam amide protons to R and amide protons of the
bridging residue. NOE cross-peak intensities were measured
in NMRView, and 3JHNHR values were measured directly from
the 1D spectra using xwinnmr software (Bruker).

Computer-Assisted Molecular Modeling (CAMM). (See
Supporting Information for data tables.) All conformational
modeling was performed using InsightII software (Molecular
Simulations Inc, San Diego, CA). Random structures for the
peptides were generated and initially energy minimized with
the NMR distance and φ torsional restraints added as pseudo-
potentials to the cvff force field. Distances were calibrated
using the relationship rab

6 ) rcal
6Ical/Iab, where rab is the distance

between atoms a and b, Iab is the NOESY a to b cross-peak
intensity, rcal is a known distance, and Ical is the corresponding
intensity of the NOESY calibration cross-peak. The distance
used for calibrations was from the Tyr10 aromatic protons (2.46
Å). Only the interresidue NOE cross-peaks were used as
distance restraints in calculations. One (1.0) Å was added to
the calculated distances to define the flat bottom potential
energy well and allow for conformational averaging. Scalar
coupling constants, 3JHNHR, were used to restrain φ tor-
sion values using the Karplus equation.46,49 Only values of
3JHNHR e 5 Hz were used as restraints, and the corresponding
φ were restrained to -60° with a flat bottomed potential of
(30°.

The restrained molecular dynamics were run for at least
21 ns in a vacuum with a dielectric constant of 4.0 and 500 K
using the cvff force field with cross-terms, Morse potentials,
and no cutoff distances. History files from the dynamics were
written every 10 ps. Two hundred structures from the history
file starting at 1 ns and spaced every 100 ps were energy
minimized with the NMR restraints using 2000 steps of
steepest decent followed by conjugate gradients and Newton-
Raphson until a convergence of 0.1 was reached. The confor-
mations that did not converge (five total) were removed from
further analysis. The energy minimized structures were
checked for NMR restraint violations using PROCHECK-NMR
software.67 Most of the conformations were in agreement with
the restraints with no violations. The conformations with
violations were limited to no more than two restraints with
maximum upperbound violations of 0.7 Å.

The energy minimized structures were grouped into families
using the XCluster program.50 The conformations were clus-
tered using the dihedral angles of the backbone atoms in the
ring and grouped into families of related structures. Because
each of the three peptides in the study are different, we were
unable to cluster them together. Therefore, for each group of
related structures with populations greater than 2% of the
total, a representative structure were selected for comparison
to groups from the other peptides. This was done by creating
template peptide sequences of Gly-9 with the dihedral angles
measured from the representative structures. The resulting
31 Gly-9 structures were clustered and analyzed as described
above.

Abbreviations: ACTH, adrenocorticotropin; AGRP, agouti-
related protein; ASP, human agouti protein; BOP, benziotri-
azolyloxytris(dimethylamino)phosphonium hexafluorophos-
phate; CAMM, computer-assisted molecular modeling; DCM,
dichloromethane; DIC, N,N′-diisopropylcarbodiimide; DIEA,
diisopropylethylamine; DMEM, Dulbecco’s modified Eagle’s
medium; DMF, dimethylformamide; Dpr, diaminopropionic
acid; GPCRs, G-protein-coupled receptors; HBTU, O-benzo-
triazolyl-N,N,N′,N′-tetramethyluronium hexafluorophosphate;
HF, hydrogen fluoride; HOBt, N-hydroxybenzotriazole; Hz,
hertz; MC1R, melanocortin-1 receptor; R-MSH, R-melanocyte
stimulating hormone; MTII, melanotan II; NMR, nuclear
magnetic resonance; NOE, nuclear Overhauser effect ; NOE-
SY, nuclear Overhauser enhanced spectroscopy; POMC, pro-

opiomelanocortin; RP-HPLC, reversed-phase high-performance
liquid chromatography; TFA, trifluroacetic acid; TOCSY, total
correlation spectroscopy.

Acknowledgment. This work has been funded by
NIH Grant RO1-DK57080 (C.H.-L.), a University of
Florida Opportunity grant to C.H.-L., N.R., and A.S.E.,
and an NSF CAREER award (A.S.E.). C.H.-L. is a
recipient of a Burroughs Wellcome Fund Career Award
in the Biomedical Sciences.

Supporting Information Available: Tables listing pro-
ton chemical shifts, NMR-derived distance restraints, and
backbone dihedral angles. This material is available free of
charge via the Internet at http://pubs.acs.org.

References
(1) Shutter, J. R.; Graham, M.; Kinsey, A. C.; Scully, S.; Lüthy, R.;
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