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ABSTRACT: The agouti-related protein (AGRP) is an endogenous antagonist of
the melanocortin receptors MC3R and MC4R found in the hypothalamus and
exhibits potent orexigenic activity. The cysteine-rich C-terminal domain of this
protein, corresponding to AGRP(87-132), exhibits receptor binding affinity
and antagonism equivalent to that of the full-length protein. We recently de-
termined the NMR structure of AGRP(87-132) and demonstrated that a por-
tion of the domain adopts the inhibitor cystine-knot fold. Remarkably, this is
the first identification of a mammalian protein with this specific architecture.
Further analysis of the structure suggests that melanocortin receptor contacts
are made primarily by two loops presented within the cystine knot.!0 To test
this hypothesis we designed a 34-residue AGRP analogue corresponding to
only the cystine knot. We found that this designed miniprotein folds to a ho-
mogeneous product, retains the desired cystine-knot architecture, functions as
a potent antagonist, and maintains the melanocortin receptor pharmacological
profile of AGRP(87-132).26 The AGRP-like activity of this molecule supports
the hypothesis that indeed the cystine-knot region possesses the melanocortin
receptor contacts. Based on these design and structure studies, we propose that
the N-terminal loop of AGRP(87-132) makes contact with a receptor exoloop
and helps confer AGRP’s selectivity for the central MCRs.

KEYWORDS: melanocortin receptor; agouti-related protein; nuclear magnetic
resonance

INTRODUCTION

The agouti-related protein (AGRP) plays a key role in the regulation of feeding
behavior and energy homeostasis in mammals.! =3 This orexigenic, paracrine signal-
ing molecule is produced in the hypothalamus and is a potent antagonist of o-MSH
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Agouti-related protein (AGRP)

| N
Human CVRL HESCLGQQVP CCDPCATCYC RFFNAFCYCR KLGTAMNPCS RT
Bovine CVRL HESCLGHQVP CCDPCATCYC RFFNAFCYCR KLGTTTNPCS RT
Mouse CVRL HESCLGQQVP CCDPCATCYC RFFNAFCYCR KLGTATNLCS RT
Pig CVRL HESCLGHQVP CCDPCATCYC RFFNAFCYCR KLGTATNPCS RT
Norwegian Rat CVRL HESCLGQQVP CCDLCATCYC RFFKT-CYCR -
Chicken CVRL LESCLGHQIP CCDPCATCYC RFFNAFCYCR KISTTF-PCG KN
Agouti protein
Human CVAT RNSCKPPAPA CCDPCASCQC RFFRSACSCR VLSLNC
Bovine CVAT RDSCKPPAPA CCDPCAFCQC RFFRSACSCR VLNPTC
Mouse CVAT RDSCKPPAPA CCDPCASCQC RFFGSACTCR VLNPNC
Pig CVAN RDSCKPPALA CCDPCAFCQC RFFRSACSCR VLNPTC
Norwegian Rat CVAT RDSCKPPAPA CCNPCASCQC RFFGSACTCR VLNPNC
Red Fox CVAT RNSCKSPAPA CCDPCASCQC RFFRSACTCR VLSPSC

FIGURE 1. Sequences of the agouti and AGRP cysteine-rich, C-terminal domains for
various species. Disulfide bonds between cysteines are indicated. Residues of the RFF
triplet, which dock at a receptor transmembrane pocket, are shaded.

activity at melanocortin receptors (MC3R and MC4R) of the central nervous sys-
tem. The melanocortin receptor family consists of five subtypes (MC1R-MC5R)
and belongs to the superfamily of G-protein coupled receptors (GPCRs) which acti-
vate the adenylate cyclase signal transduction pathway.*> AGRP was discovered by
its homology with the agouti protein, which participates in the control of coat pig-
mentation in rodents by antagonizing MC1 receptors.!:2 As shown in FIGURE 1,
both AGRP and the agouti protein possess a cysteine-rich C-terminal domain, and
these domains alone are sufficient for high-affinity MCR binding, selectivity, and
potent antagonism.%’ Between AGRP and the agouti protein, the C-terminal do-
mains are approximately 40% identical, yet they bind to distinct sets of MCR sub-
types; AGRP binds with high affinity to MC3R and MC4R whereas the agouti
protein binds to MC 1R and MC4R.!® The molecular basis for this receptor subtype
selectivity is currently unknown.

AGRP is the focus of current attention for several reasons. First, AGRP and the
agouti protein exhibit unique biochemical function, as they are the only known en-
dogenous competitive antagonists of GPCRs.!-? Second, 6 of the 10 cysteines in
AGRP’s C-terminal domain participate in a network of disulfide cross-links with
spatial positioning that is more reminiscent of an invertebrate toxin than a mamma-
lian protein.!® Third, controlling the interaction between AGRP and its receptors in
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the brain may open up new avenues for treating consumptive disorders. Indeed, obe-
sity and other diseases of energy balance such as diabetes are approaching epidemic
proportions in the United States.!! MC3R and MC4R, the two receptors for which
AGRP exhibits high affinity, may be ideal pharmacological targets for treating these
disorders.3-12 In addition, the wasting condition known as cachexia is one of the ma-
jor contributors to declining health in AIDS and cancer. It has been suggested that
molecules with AGRP-like activity may be useful in treating this condition.!?

STRUCTURE OF AGRP(87-132) AND DESIGN OF A MINI-AGRP

Shortly after the discovery of AGRP, we sought to determine the three-
dimensional structure of this novel protein. Given the unique function of AGRP as
an endogenous antagonist and its emerging importance in diabetes and obesity re-
search, structural studies were clearly warranted. Disulfide connectivities had been
determined for both agouti’ and AGRP.14 The Cys spacing within the C-terminal
domains and the disulfide maps are similar to that found in a number of invertebrate
toxins. Homology models indeed suggested that agouti and AGRP would adopt a
specific toxin-like fold called an inhibitor cystine-knot (ICK) motif.!3-16 Although
such a prediction seems reasonable by the criteria of homology models, suggesting
an ICK fold for AGRP or agouti is remarkable because this type of structure had not
been previously observed in mammalian proteins. In addition, members of the ICK
motif class differ widely in their detailed structures, and the pseudoknot nature of
this fold allows for non-ICK arrangements of the polypeptide.!’ 1 Thus, we con-
cluded that structural modeling alone would not provide a robust structural
characterization.

Active AGRP(87-132) was prepared by total chemical synthesis.> Nuclear mag-
netic resonance (NMR) data were obtained at 800 MHz from a sample at 15°C in pH
5.0 phosphate buffer.!0 A suite of homonuclear experiments yiclded 799 distance
restraints and 92 torsion restraints. Using these restraints along with known disul-
fide connectivities, we calculated a family of 40 low-energy structures as shown in
FIGURE 2. The backbone fold is well defined as indicated by the overall backbone
RMSD of 0.535 A. The first 34 residues corresponding to AGRP(87-120) show an
even greater degree of order with a backbone RMSD of 0.360 A. In contrast, the
final 12 residues show significant conformational variability that, in turn, reflects the
near absence of long-range NOEs linking this region of the protein to the first 34
residues.

A ribbon diagram of the three-dimensional structure of AGRP(87-132) is shown
in FIGURE 2.19 The protein is characterized by a three-strand anti-parallel B-sheet
stabilized by a network of disulfide bonds. We refer to the short loop presenting res-
idues 111-113 as the active loop, and the flanking loops as the N-terminal and C-
terminal loops, respectively. A defining feature of the ICK motif is that the disulfide
emerging from the third cysteine threads through a topological circle formed by two
other disulfides and their intervening peptide segments. Examination of AGRP(87-
132) indeed demonstrates that the disulfide involving the third Cys passes from the
front of the protein to the back through the appropriate circle. Thus, AGRP(87-132)
adopts the ICK fold and is the first mammalian protein assigned to this structure
class.
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FIGURE 2. NMR structure of the AGRP C-terminal domain, AGRP(87-132). (Left)
Family of 40 low-energy structures. The structures are aligned from residues 87-120 to
highlight the observed ordering of this region and the relative disorder of residues 121-132.
Only backbone atoms are shown. (Right) Ribbon diagram of AGRP(87-132). Backbone
arrows identify a three-strand B-sheet; the Cys side chains involved in disulfide bonds are
in black. The threading disulfide assigns this protein to the ICK family. Relevant loops and
residues of the RFF triplet are indicated.

The triplet of residues at positions 111113, highlighted for both agouti and
AGRP sequences in FIGURE 1, is essential for MC4R antagonism. An alanine scan-
ning experiment on agouti showed that replacement of any residue within the RFF
triplet caused at least a 40-fold loss of affinity for MC4R binding.!> We have shown
that replacement of R with A in the triplet leads to a complete loss of AGRP antag-
onism.2! FIGURE 2 shows that the RFF triplet resides within a short octapeptide loop
—the active loop—closed by a single disulfide bond.

Tota et al. reasoned that the active loop forms a primary contact point for the
ligand—receptor interaction.!® They tested their hypothesis by screening short cyclic
peptides derived from the RFF-containing region of agouti and AGRP for MC3R and
MCA4R antagonism. Indeed, they demonstrated inhibition of NDP-MSH binding and
inhibition of o-MSH-stimulated cAMP production. However, the AGRP-derived
cyclic peptide exhibited a greater than 10-fold lower affinity than that of the full
AGRP C-terminal domain at MC4R. Also, their cyclic peptides showed almost no
affinity for MC3R regardless of whether the peptide sequences were derived from
agouti or AGRP. Thus, other structural determinants must play a role in selectivity
and tight binding at central MCRs.

Mutagenesis studies suggest that the RFF triplet interacts with its cognate recep-
tors by docking to a cluster of negatively charged residues presented by two adjacent
transmembrane helices.22-23 Both agonists and antagonists appear to share this com-
mon transmembrane MCR docking location. However, there are additional regions
in the receptors that influence only the binding of AGRP and the agouti protein. Cas-
sette mutagenesis studies have shown that the second and third extracellular loops
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AGRP(87-120, C105A)  CVRLHESCLGQQVPCCDPA ATCYCRFFNAFCYCR

FIGURE 3. Structure and sequence of AGRP(87-120, C105A), mini-AGRP. Structural
features follow FIGURE 2 legend.

(exoloops) connecting transmembrane helices are particularly important.>4>>  Al-
though the MC1R does not bind AGRP, a chimeric MC1R containing the second and
third exoloops from MC4R results in a receptor that binds AGRP with high affini-
ty.2* In addition, chimeric MC4R with MCIR exoloops loses its high affinity for
AGRP.

Based on these mutagenesis studies and the AGRP(87-132) structure, we hypoth-
esized that the ordered region of AGRP’s C-terminal domain possessed the determi-
nants that control its MCR function. To test this hypothesis, we developed a
miniprotein designed to present only the ordered region.2® The sequence of this
“mini-AGRP,” designated AGRP(87-120, C105A), is shown in FIGURE 3. The ratio-
nale of this sequence is as follows. First, the ICK motif is found for numerous toxins
with widely varying sequences and thus should fold as an independent domain.!”
Second, while the 33-residue segment corresponding to AGRP(87-119) contains all
of the disulfide bonds involved in the ICK structure, the NMR structure demon-
strates that Arg120 participates directly in the hydrogen bonded -sheet and thus was
included in the sequence.'® To avoid having a free cysteine that in turn might lead
to non-native disulfides, we eliminated Cys105 by replacing it with alanine. Finally,
AGRP(87-120, C105A) was synthesized with an acetyl group at the N-terminus and
an amide (-NH,) at the C-terminus to avoid non-native electrostatic charges at these
backbone positions.

Side-by-side receptor activity assays were performed on AGRP(87-120, C105A)
and AGRP (87-132).26 AGRP(87-120, C105A) functions as an antagonist and dis-
places NDP-MSH with ICs, values of 7.5 nM at MC3R and 6.1 nM at MC4R. These
values are within experimental error of those determined for AGRP(87-132) (5.2 nM
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and 11.0 nM). Considering the full characterization over the family of MCRs, the
function of mini-AGRP is indistinguishable from that of AGRP(87-132). We also
determined the NMR structure of this designed protein following the protocols used
for AGRP(87-132).26 The structure family revealed a low RMSD of 0.41 A and thus
a well-defined backbone fold. The ribbon diagram, shown in FIGURE 3, shows that
the B-hairpin region from residues 106—120, which includes the active loop, is struc-
tured the same as in AGRP(87-132). On the other hand, it appears that the N-termi-
nal loop and the B-hairpin are further separated from each other in AGRP(87-120,
C105A) than in AGRP(87-132). Interestingly, hydrogen/deuterium exchange exper-
iments identify only one marginally protected hydrogen bond between the B-strand
from residues 92-94 and the B-hairpin in AGRP(87-120, C105A), whereas in
AGRP(87-132) two hydrogen bonds are identified with each showing significant
protection from exchange.?%

INSIGHTS INTO POSSIBLE RECEPTOR CONTACTS

The above findings identify clearly the core region of AGRP responsible for
MCR selectivity and antagonism. We may now begin to identify regions of AGRP
that interact with MC receptors. There are no structures available for any member of
the melanocortin receptor family. However, the MCRs are homologous to rhodop-
sin, another member of the GPCR family for which a high-quality X-ray structure
has been determined.?’” Homology models of MC1R28:2% and MC4R23 have been
developed and locate the transmembrane region responsible for AGRP active loop
recognition to helices 2 and 3 near the receptor’s extracellular surface.2%-23 FIGURE
4 shows the rhodopsin structure, representative of MC4R, along with AGRP’s C-
terminal domain. AGRP(87-132) is oriented such that its active loop presenting the
RFF triplet points towards the transmembrane binding region, and its N-terminal
loop is directed to the receptor’s third exoloop (between helices 6 and 7). The C-
terminal loop, which our miniprotein shows is not needed for MCR recognition, is
pointed away from the receptor surface. The bars in the figure are drawn to establish
the distance between the relevant interaction sites. In the receptor, the bar reaches
from the transmembrane site (left) to the third exoloop (right), whereas in AGRP the
bar reaches from the active loop to a distal point on the N-terminal loop. In each
case, the bar is approximately 24 A long and thus suggests that the relevant regions
of AGRP can indeed span the portions of the receptor that influence AGRP binding.
Moreover, the specific interaction between the AGRP(87-132) N-terminal loop and
the receptor exoloop may be responsible for AGRP’s ability to bind selectively to
central MCRs.

Also highlighted in FIGURE 4 is a collection of basic residues in AGRP(87-132)
that contribute to a patch of positive charge on the protein surface. One of these res-
idues is from the RFF triplet. However, the remaining four are all within, or near,
the C-terminal loop. Although no function has yet been ascribed to this loop, its con-
served sequence and participation in surface charge is suggestive. Recent studies
suggest that syndecans may play a role in potentiating the effects of AGRP. Synde-
cans are a class of heparin sulfate proteoglycans (HSPGs), which are found ubiqui-
tously on cell surfaces. Syndecan-3 is found on neurons in the hypothalamic feeding
centers; feeding state regulates its level of expression, and syndecan-3 knockout
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FIGURE 4. Model of AGRP(87-132) oriented for receptor docking. AGRP is posi-
tioned above the extracellular surface of rhodopsin, a GPCR with homology to MCRs. The
bars are 24 A and show that the distance between AGRP’s active loop and N-terminal loop
is approximately matched to the distance between the receptor transmembrane segment and
the third exoloop. The Arg and Lys residues on AGRP(87-132) shown in black (positions
89, 111, 120, 121 and 131, FI1G. 1) contribute to a patch of positive charge on the AGRP sur-
face. Arglll, in the active loop, docks to the transmembrane segment. The remaining pos-
itively charged residues point away from the receptor surface and may facilitate interactions
with syndecans.

mice show reduced reflex hyperphagia in response to food deprivation. Pharmaco-
logical studies by Reizes et al. suggest that syndecan-3 potentiates AGRP function
at MC4R.30 Although it is currently thought that the AGRP N-terminus mediates
this interaction, the finding of a positive patch on a surface region of AGRP(87-132)
that points away from the receptor suggests that the C-terminal domain may
participate as well.

By combining protein design with structure determination, we have identified the
core region responsible for AGRP function at MCRs. In light of our studies, and
those of others, it seems very plausible that the active loop and flanking region of the
N-terminal loop comprise the receptor-binding interface, with the C-terminal loop
perhaps a contributor to AGRP’s interaction with syndecans. The next step is to di-
rectly test these hypotheses. An unexpected benefit of our investigations is the find-
ing that the synthesis of mini-AGRP is straightforward. Thus, mini-AGRP may
serve as a scaffold into which one may engineer biophysical probes for exploring re-
ceptor interactions. Such studies, now ongoing in our laboratory, should greatly ad-
vance the understanding of how AGRP uses its unique fold to exert its antagonist
function at melanocortin receptors.
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