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ABSTRACT Kisspeptin is a member of the RFamide neuropeptide family that is
implicated in gonadotropin secretion. Because kisspeptin-GPR54 signaling is
implicated in the neuroendocrine regulation of reproduction, GPR54 ligands
represent promising therapeutic agents against endocrine secretion disorders. In
the present study, the selectivity profiles of GPR54 agonist peptides were investi-
gated for several GPCRs, including RFamide receptors. Kisspeptin-10 exhibited
potent binding and activation of neuropeptide FF receptors (NPFFR1 andNPFFR2).
In contrast, short peptide agonists boundwithmuch lower affinity to NPFFRswhile
showing relatively high selectivity toward GPR54. The possible localization of
secondary kisspeptin targets was also demonstrated by variation in the levels of
GnRH release from the median eminence and the type of GPR54 agonists used.
Negligible affinity of the reported NPFFR ligands to GPR54 was observed and
indicates the unidirectional cross-reactivity between both ligands.
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Gonadotropin secretion is regulated by several upstream
neuropeptides and peptide hormones at the hypothala-
mo-pituitary-gonadal (HPG) axis. Kisspeptins, mem-

bers of the RFamide neuropeptides, are peptides that regulate
hormonal levels in peripheral circulation,1 whereas in earlier
studies, theywere identified as antimetastatic peptides (named
metastins).2 Stimulation of the receptor GPR54 by kisspeptins
promotes the release of the gonadotropin-releasing hormone
(GnRH) from GnRH neurons,3 which is required for increasing
the plasma level of gonadotropins4 and the onset of puberty.5

It has also been disclosed that a GPR54 mutation led to
idiopathic hypogonadotropic hypogonadism (IHH).6-8 Thus,
the kisspeptin-GPR54 system represents a potential therapeutic
target for disorders associated with gonadotropin secretion.

A number of peptide or nonpeptide GPR54 ligands have
been reported. Kisspeptin-10 (Kp-10) is the minimal sequence
for GPR54 activation, which corresponds to the C-terminal 10
residues of the full-length kisspeptin (Kp-54). Intraventricular
or peripheral administration of Kp-10 into rats induces an
increase in the plasma level of the luteinizing hormone
(LH).9,10 The 3-(indazol-3-yl)maleimide derivative also stimu-
lates the GPR54 receptor.11 In contrast, Roseweir et al. reported
the peptide antagonists for GPR54, in which Leu8 in Kp-10 was
substituted with D-Trp.12 More recently, small molecule GPR54
antagonists with a 2-acylamino-4,6-diphenylpyridine scaffold

were reported.13 Intravenous administration of these antago-
nists to castrated male rats suppressed the plasma LH level.

We also previously identified two GPR54 agonist peptides
through a down-sizing study of Kp-10 and the subsequent
structure-activity study using a series of peptidomimetics
(Figure 1).14,15 FTM080 1 is a pentapeptide agonist, which
exhibits equipotent GPR54 activation to Kp-10. The 4-
fluorobenzoyl group of 1 can serve as a functional surrogate
of the N-terminal five residues of Kp-10. The analogue
FTM145 2was designed to offer stability under physiological
conditions,16 in which the (E)-alkene dipeptide isostere at
the Gly-Leu site prevents proteinase-mediated cleavage of the
peptide bond17 with maintenance of potent GPR54 agonistic
activity. Both peripheral administration of peptides 1 and 2
effectively induced ovulation of musk shrew (Suncus murinus)
in vivo,18 suggesting that these short peptides could be useful
modulating agentsof hormonal levels in thecirculatorysystem.

The aim of this study was to investigate the receptor
selectivity of these peptides to avoid the potential off-target
interactions, which cause adverse effects. Because the over-
all characteristics of the peptides resemble several other
members of theneuropeptide family, these short peptidesmay
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be recognized by the other neuropeptide receptors. One recent
example reportedbyLyubimovet al. is themoderate activation
of neuropeptide FF receptor 2 (NPFFR2/GPR74) by endoge-
nous kisspeptin-13 (Kp-13) and kisspeptin-14 (Kp-14).19 In the
report herein, the evaluationof thebioactivityofGPR54agonist
peptides against several G protein-coupled receptor (GPCRs)
and the functional analysis are described.

Initially, to demonstrate the receptor selectivity of GPR54
ligands 1 and 2, the binding affinity to several GPCRs was
evaluated using binding inhibition assays (Table 1). Because
GPR54 shares significant homology with galanin receptors
(GALRs),20 the inhibitory effects of galanin binding to three
subtypes of the galanin receptors (GALR1, GALR2, and
GALR3) were evaluated. As reported previously for kisspep-
tins, no inhibitory effect by peptides1 and2 to these receptors
was observed at 10 μM. In contrast, GPR54 agonist peptides
exhibited moderate to potent binding affinity toward three
receptors of RFamide peptides. Binding of prolactin-releasing
peptide to the receptor (PrRPR/GPR10) was inhibited by 10
μM peptides 1 and 2 by 21 and 16%, respectively. Signifi-
cantly high inhibition was exerted by these peptides against
neuropeptide SF binding to neuropeptide FF receptors
(NPFFR1/GPR147 andNPFFR2/GPR74), suggesting that these
peptides bind to NPFF receptors with high affinity.

Dose responses of the binding affinity of GPR54 agonists
with two NPFF receptors were assessed by the binding
inhibition assay (Table 2). Peptides 1 and 2 showed approxi-
mately 80- and 330-fold less inhibitory activity against
NPFFR1 as compared with the control neuropeptide SF
(NPSF); a known endogenous ligand for NPFFR1 [IC50(1) =
0.16 μM and IC50(2)=0.64 μM]. Of note, the full length
Kp-54 and Kp-10 also bound to NPFFR1 with slightly less
binding affinity than NPSF [IC50(Kp-54)=15 nM and IC50-
(Kp-10)=4.7 nM]. In the same experiment for NPFFR2,
moderate binding of Kp-54 and Kp-10 to the receptor was
exhibited [IC50(Kp-54)=0.40 μM and IC50(Kp-10)=76 nM],
which is consistent with a recent report.19 The binding
affinity of peptides 1 and 2 to NPFFR2 was less than a

quarter of the Kp-54 binding affinity value [IC50(1)=1.8 μM
and IC50(2)=2.4 μM]. The results demonstrated that GPR54-
selectivity of peptides 1 and 2 was better than that of the
original Kp-10.

GPR54 agonist-mediated receptor activation of NPFFRs
was next evaluated by a Ca2þ flux assay using HEK293Tcells
expressing NPFFR along with Gqi5 (Figure 2a,b).21 Kisspep-
tins and peptides 1 and 2 induced NPFFR1- or NPFFR2-
mediated intracellular calcium mobilization in a dose-
dependent manner. Equipotent NPFFR1 activation by Kp-10
to the reference neuropeptide AF (NPAF) was observed
(Kp-10: 86% activity at 0.24 μM), whereas peptides 1 and 2
exhibited slightly less potency (1, 49% activity; 2, 52%
activity at 0.24 μM). However, these GPR54 agonists exerted
less NPFFR2 stimulation than NPAF. Calcium mobilization
responses by these peptides largely coincided with the bind-
ing affinity to NPFFR1 and NPFFR2, respectively.

Inhibitory effects of GPR54 agonists against forskolin-
induced cAMPproductionwere also examined using NPFFR-
expressing CHO cells (Figure 2c,d). Because both native
NPFFR1 and NPFFR2 couple to Gi/o,

22,23 a decrease in cAMP
levels indicates the receptor activation ability of the peptides.
Kp-54andKp-10 reduced thecAMP level inNPFFR1-expressing

Figure 1. Sequences and bioactivity of GPR54 agonists. EC50
values represent the concentration required for 50% of the full
agonistic activity induced by Kp-10 (1 μM).16

Table 1. Inhibitory Effects of GPR54 Agonists on Radioligand
Binding to Various Receptors

inhibitory rate (%)a

receptor 1 2

GALR1b -e -e

GALR2b -e -e

GALR3b -e -e

PrRPR/GPR10c 21.1 16.1

NPFFR1/GPR147d 99.4 88.3

NPFFR2/GPR74d 90.7 95.7
aDetermined at a peptide concentration of 10 μM. The data are

expressed as the mean value of duplicate analysis. b Inhibitory rate of
[125I]Tyr9-galanin binding to the membrane preparation of GALR. c Inhibi-
tory rate of [125I]-prolactin-releasing peptide-20 binding to the membrane
preparation of PrRPR. d Inhibitory rate of (D-[125I]Tyr1, MePhe3)-NPFF
binding to the membrane preparation of NPFFR. eNo inhibition.

Table 2. Inhibitory Effects of GPR54 Agonists on Radioligand
Binding to Neuropeptide FF Receptors (NPFFRs)

IC50 (M)

peptide GPR54a NPFFR1b,c NPFFR2b,c

Kp-54 -d 1.5�10-8 4.0�10-7

Kp-10 1.2 � 10-10 4.7� 10-9 (39) 7.6�10-8 (630)

FTM080 1 7.1 �10-10 1.6�10-7 (230) 1.8�10-6 (2500)

FTM145 2 1.2 � 10-10 6.4�10-7 (530) 2.4�10-6 (20000)

neuropeptide SF >3.0 � 10-5 1.9�10-9 7.9�10-10

a IC50 values indicate the concentration needed for 50% inhibition of
receptor binding of [125I]kisspeptin-15 to GPR54.16 b IC50 values indicate
the concentration needed for 50% inhibition of receptor binding of
(D-[125I]Tyr1, MePhe3)-NPFF to NPFFRs. The data were derived from the
dose-response curves generated from triplicate data points. c Shown in
parentheses are the selectivity indexes (SIs) calculated by SI= IC50-
(NPFFR)/IC50(GPR54).

dNot tested.
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CHO cells. The potency of Kp-10 was comparable to the
reference NPSF. Conversely, a NPFF2-mediated decrease in
cAMP levels by Kp-54 and Kp-10 peptides was considerably
lower than observed with NPSF. Peptides 1 and 2 exhibited
significantly low inhibitory activity against forskokin-induced
cAMP production of both NPFFR1- and NPFFR2-expressing
CHO cells.

Because GPR54 ligands exhibit cross-reactivity for NPFFRs,
the bioactivity of NPFFR ligands for GPR54 was investigated
as an opposite cross-reactivity (Figure 3 and the Support-
ing Information). Among the reported NPFFR ligands, NPFFR
antagonis, RF9 324 and NPFFR agonist peptide 425 showed
significantly low affinity with GPR54 [IC50(3) = 0.83 μM,
IC50(4)=16 μM, and IC50(Kp-10) = 78 pM], whereas both
compounds did not induce intracellular calciummobilization of
GPR54-expressing CHO cells at 10 μM. Of note, although the
agonistic activity of 3 for GPR54 was not observed in this study,
thebinding toGPR54maypossibly involve the stimulationof LH
secretion.26 The other NPFFR ligands including NPSFand NPFF
were not recognized by GPR54.11 In contrast, a variety of
RFamide sequences have been reported to bind to NPFFRs,27

indicating that themolecular recognition byGPR54 seems to be
highly stringent.

Among the GPR54 agonists evaluated, peptide 2 had the
best selectivity as a potent GPR54 agonist with less binding
and receptor activation activities for other GPCRs, which
were selected for bioevaluation, based on the receptor
family or related physiological functions of RFamide ligands.
The higher selectivity can be attributed to the truncation of

the N terminus of endogenous kisspeptins and the substitu-
tion of the C-terminal phenylalanine with tryptophan. Alter-
natively, moderate to potent stimulation of NPFFRs by full-
length Kp-54 and Kp-10 was observed. This is the first report
on the binding of kisspeptins to NPFFR1. Of interest, Kp-10,
which exhibited the most potent binding to NPFFRs among
the GPR54 agonists examined, has a similar length to known
NPFF receptor ligands, such as NPSF. The lower bioactivity of
the full length Kp-54 and short peptides 1 and 2may suggest
that the potency of kisspeptins for NPFFRs varies during the
degradation process in vivo. The recent report19 on NPFFR2
recognition by endogenous Kp-13 and Kp-14 may also
support this process.

The preliminary investigation of the functional effects by
peptides 1 and 2was performed (Figure 4). Plasma LH levels
were dramatically increased by in vivo administration of
Kp-10, peptides 1 and 2 into the preoptic area ofmale rats, in
which the majority of GnRH neuronal cell bodies are dis-
tributed (Figure 4a). These effects apparently coincided with
the equipotent GPR54 activation of the peptides. On the
other hand, in vitro experiments showed that Kp-10 (0.1 μM)
stimulated GnRH release from ratmedian eminence, while a
significantly lower releasewas observed by peptides1 and 2,
even at 1 μM (Figure 4b). These are likely to correspond to
the potencies for NPFFR activation by these peptides. As
such, the kisspeptin-NPFFR pairs, which were newly iden-
tified using a series of GPR54 agonists, may possibly repre-
sent an alternative system to activate GnRH neurons.

Kisspeptin-GPR54 and RFamide-related peptide-3 (RFRP-3)-
NPFFR1 systems arewell-known to regulate GnRH release in a
positive and negative manner, respectively. RFRP-3, a mam-
malian orthologue of avian gonadotropin-inhibitory hormone
(GnIH), decreases plasma LH levels inmammals in vivo.28Our
studies may suggest that kisspeptins apparently regulate two
incompatible receptor signals when the receptor activation for
GPR54 and NPFFRs is focused. However, it is envisaged that

Figure 2. GPR54 agonist-mediated activation of NPFFRs. (a and b) Intracellular Ca2þ mobilization in HEK293Tcells expressing NPFFR1
(a) or NPFFR2 (b). The intracellular Ca2þ response was calculated from the maximum fluorescence intensity after the addition of
neuropeptide AF (NPAF; 6 μM for NPFFR1 and 1.2 μM for NPFFR2). (c and d)GPR54 agonist-mediated inhibition of forskolin-induced cAMP
production in CHOcells expressingNPFFR1 (c)orNPFFR2 (d). The cAMP levelwas calculated from themaximumsignal after the addition of
NPSF (100 μM) using an AlphaScreen cAMP detection system. The data are expressed as the mean ( SD (N = 3).

Figure 3. Structures of NPFF ligands with moderate binding
affinity for GPR54.
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the LH level would be highly regulated by the expression level
of these receptors or ligands, the projection pattern of neurons,
and/or by some unknown mechanisms.29 Further investiga-
tion examining the kisspeptin receptor distributions should
reveal the regulatory mechanism of the highly sophisticated
LH secretion process as well as the molecular basis of incom-
plete hypogonadism in GPR54 knockout mice.30

In conclusion, the investigation of the selectivity profiles of
GPR54 agonist peptides revealed unprecedented interac-
tions between kisspeptins and NPFFRs. Among the GPR54
agonists examined, Kp-10 exhibited highly potent binding
affinity and receptor activation. Five-residue peptide ago-
nists 1 and 2 showed lower bioactivity toward NPFFRs yet
equipotent bioactivity as Kp-10 toward GPR54. As compared
with Kp-10, the lower GnRH release from the median
eminence by peptides 1 and 2with partial GPR54 selectivity
supports the possible localization of a secondary kisspeptin
receptor(s) such as NPFFRs. To further understand the
regulatory systems of the HPG axis, selective GPR54 probe
molecules would be beneficial. On the basis of the results
using peptides 1 and 2, our ongoing efforts aim to develop
potent GPR54 agonists with high selectivity.

SUPPORTING INFORMATION AVAILABLE Experimental
procedures and characterization data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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