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Abstract: The ligands of many orphan G protein-coupled receptors (GPCRs) remain to be identified, in both vertebrates and
invertebrates, such as Drosophila melanogaster. 1dentification of their cognate ligands is critical for understanding the function
and regulation of such GPCRs. Indeed, the discovery of bioactive peptides that bind GPCRs has enhanced our understanding of
the mechanisms underlying many physiological processes. Here, we identified five endogenous ligands of the Drosophila orphan
GPCRs, using functional assays and reverse pharmacological techniques. dRYamide-1 and -2 were found to be paired with the
Drosophila neuropeptide Y (NPY)-like receptor (CG5811). Both dRYamide-1 and -2 contain a C-terminal RYamide. In
vertebrates, RYamide motifs are found in NPY-family peptides. dRYamides were found to modulate feeding motivation in flies.
These results suggest that deorphanizing the Drosophila orphan GPCRs might facilitate the elucidation of various
physiological functions and identification of the ligands of orphan GPCRs in mammals.
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1. Introduction searching for the ligands of these orphan GPCRs.

Bioactive peptides are involved in a wide variety of peptide extract from tissue
biological phenomena, and it is anticipated that research on CeCe0000
their activity may, in addition to its scientific significance,
facilitate development of novel therapeutic effective products
with few side effects. Thus, discovery of novel bioactive orphan GPCR
peptides can not only elucidate new biological functions, but '
can also facilitate drug development. Most endogenous

@ endogenous ligand

bioactive peptides bond with seven transmembrane G second CHO cell
protein-coupled receptors (GPCRs), and activate G proteins messenger [Ca?]; 1

within the cell. Through regulation of the nervous, circulatory, l cAMP

immune, digestive, and metabolic systems, GPCRs maintain

organismal homeostasis, and are also involved in the ‘

regulation of various vital biological functions such as

reproduction, growth, development, and sensory perception. Discover of novel bioactive peptide
The GPCR ligands, including peptides, identified to date show

extremely diverse characteristics. GPCRs for which the ‘

endogenous ligands remain unknown are known as “orphan
GPCRs;” there are approximately 180 types of orphan GPCRs
(1). Since over half of the most highly sold medical products physiological mechanism
in the world target GPCRs, researchers across the globe are

Elucidation for unknown

Figure 1. Schematic of search of a bioactive peptide using orphan receptor.
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However, in recent years discoveries of novel bioactive
peptides for mammalian GPCRs have decreased. Here, we
have attempted to identify the ligands of Drosophila GPCRs,
in the hope that any ligands discovered might lead to
identification of homologous mammalian bioactive peptides.
We chose Drosophila because, as in mammals, the Drosophila
genome database is extensive (2, 3), relatively simple
techniques are available for genetic recombination and
functional analysis, and many discoveries made using
Drosophila can be applied to mammals, such as the Clock
gene, per, and the Toll-like receptor, which is important in
natural immunity (4-7). We aimed to identify novel bioactive
peptides in Drosophila, to leverage those data to identify
novel mammalian bioactive peptides, and finally to apply our
knowledge for drug development.

First, we were interested in the role of this orphan receptor
CGS5811, because the novel bioactive peptide for this receptor
may provide new insights into feeding mechanisms. The
neuropeptide Y (NPY) family of peptides is widely conserved
among vertebrates and has been implicated in feeding
behavior (8-10). The vertebrate NPY family consists of NPY,
peptide YY (PYY), and pancreatic polypeptide (PP), and these
are grouped together based on structural similarities and
evolutionary relationships. The C-terminal RYamide is
conserved among peptides of the NPY family. In invertebrates,
NPY homologs are designated as neuropeptide F (NPF),
because the C-terminal residue in all cases appears to be an
amidated phenylalanine (F) residue, in contrast to the typical
amidated tyrosine (Y) residue in vertebrate NPY family
peptides (11). The vertebrate NPY receptors can be divided
into 5 subgroups: Y1, Y2, Y4, Y5, and Y6. In Drosophila,
Dm-NPFR (CG1147), the receptor for ANPF (CG10342), was
cloned and found to be homologous to the vertebrate NPY
receptor family of GPCRs (12). NPFR76F (CG7395), the
receptor for SNPF (CG13968), has also been cloned (13, 14).
Both receptors show structural similarities to vertebrate Y2
receptors and are expressed in the brain and gut. NPFR76F is
not activated by other RFamide peptides, indicating that the
fourth arginine from C-terminal is crucial for receptor
activation (14). Another GPCR (CG5811; NepYR) was
identified in Drosophila that could be activated by
mammalian NPY and PYY and that shows some sequence
similarities to NPY and NPF receptor (15). CG5811 did not
specifically bind radiolabeled dNPF, in contrast to Dm-NPFR.
The natural ligand has not yet been found for CG5811. We
identified dRYamide-1 and dRYamide-2 (CG40733), the
ligands for CG5811 in Drosophila melanogaster (16). We
want to leverage the information of dRYamide to find novel
bioactive peptides for mammal NPY receptors.

2. Deorphanizing Strategies
2.1. Construction of Orphan GPCR-Expressing Cells

Among mammalian orphan GPCRs, 50 to 100 types are
theorized to possess ligands that may be bioactive peptides
(17). We targeted these candidate peptide receptors, and chose
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similar receptors from the Drosophila orphan GPCR database
(18). The cDNA of the target Drosophila orphan GPCR was
ligated into an expression vector, and transfected into a
Chinese hamster ovary (CHO) cell; after screening with G418,
a cell line stably expressing the receptor was obtained. A
peptide sample extracted from Drosophila was applied to this
cell line stably expressing the receptor, and an assay system
was constructed to measure intracellular changes in calcium or
cAMP (Fig. 1).

2.2. Purification of Drosophila Peptides

Following boiling 400 g of flies to inactivate intrinsic
proteases the peptides were extracted as described previously
(19), and part of each gel filtration fraction was freeze-dried
and used in the assay system. Active gel filtration fractions
were  repeatedly  developed  using ion-exchange
high-performance liquid chromatography (HPLC) and
reverse-phase (RP)-HPLC, and were finally isolated as single
peaks. The structure of each isolated peptide was determined
using a protein sequencer and mass spectrometry (Fig. 2).
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Figure 2. Flow chart of purification method of bioactive peptide.

3. Structural Determination and
Function of dRYamide

PVFFVASRY-NH, dRYamide-1

NEHFFLGSRY-NH, dRYamide-2

Figure 3. The structure of novel bioactive peptide dRYamide-1 and
dRYamide-2.
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Figure 4. Pharmacological characterization of synthetic peptides using
CG5811 stably expressed in CHO cells. (A) Dose-response relationships of
changes in [Ca’']for dRYamides and non-C-terminal amidated dRYamides
in CHO-CG5811 cells. (B) Sequences of synthetic peptides and half~-maximal
response concentrations (ECsy) (M) for changes in [Ca®']; by using
CHO-CG5811. (C) (D) Dose-response relationships of changes in [Ca’'];
for various peptides. These data refer to Biochem. Biophys. Res. Commun
(2011).

The Drosophila filtration sample fraction 51-54 increased
intracellular calcium activity towards the Drosophila
NPY-like receptor (CG5811), similar to mammalian
NPY-family receptors. Fraction 51-54 was developed using
HPLC, and the assay was repeated to isolate the peptide acting
on the Drosophila NPY-like receptor. Two novel bioactive
peptides were identified. They were named dRYamide-1 and
dRYamide-2 (Fig. 3). For both dRYamide-1 and dRYamide-2,
the C-terminal sequence was SRY-NH,, and thus this was
hypothesized to be the active site. When the amide group was
deleted from the peptides, no activity was observed, indicating
that a C-terminal region that includes the amide group is vital
for activity (Fig. 4A). A search of the cDNA database showed
that dRYamide-1 and dRYamide-2 are derived from the same
precursor, using a method of splicing that is also known in
mammals. CG5811 has been shown to be expressed
predominantly in  the hindgut (by  FlyAtlas;
http://www.flyatlas.org/; University of Glasgow). The gene
expression levels of dRYamides (CG40733) have not been
published in FlyAtlas yet. We generated specific antisera

against ~dRYamide-1 and dRYamide-2. In an
immunohistochemical analysis using dRYamide-2-specific
antiserum, dRYamide-2 was distributed in the larval central
nervous system (CNS), midgut, and hindgut (Sano et al. paper
in preparation). Therefore, dRYamides are suspected to be
brain—gut peptides in insects. When an assay was conducted
by using gel filtration samples of mouse brain extract, those
induced robust increase in [Ca’’); in the CHO-Drosophila
NPY-like receptor. The active fractions were observed in two
peaks of fractions (numbers 47—49 and 54-57). Two separate
agonist activities were purified as a single peak in the final
RP-HPLC. The amino acid sequences of the purified peptides
were determined as neuropeptide Y (NPY) and neuropeptide
FF (NPFF) (Fig. 4B). Synthetic dRYamide-1, dRYamide-2,
mouse NPY-family peptide, and mouse NPFF were added to
the CHO-Drosophila NPY-like receptor, and a comparative
study was conducted to measure increases in the intracellular
calcium activity (Fig. 4C, D). The synthetic dRYamide-1 and
dRYamide-2 both showed extremely high activity.
Unexpectedly, NPFF showed stronger activity for increasing
intracellular calcium than the NPY-family peptide, of a
strength comparable to that of dRYamide-1 and dRYamide-2.
Mouse NPFF belongs to the RFamide peptide family, which is
prevalent in mammals. Many peptides with arginine,
phenylalanine, and amide groups in their C-termini are known,
and many of these also have vital physiological functions.
Tyrosine and phenylalanine are similar in structure, and Phe 6
corresponds to the Tyr 6 of dRYamide, and it could potentially
display strong activity. Based on reports published to date and
current phylogenetic data, it is unclear whether or not the
Drosophila NPY-like receptor is homologous to the receptor
for the NPY-family peptide

or the receptor for NPFF (Fig. 5). A study of whether
dRYamide is more closely related to NPY in mammals or

NPFF should be conducted in future. NPY-family peptides
are important peptides that regulate eating behavior in
mammals. NPFF is involved in regulation of pain sensation.
The physiological effect of dRYamide remains unknown, but
when it was administered to blow flies, the proboscis
extension reflex (PER), thought to be the motivation for eating
behavior, was strongly restrained. In flies and certain other
insects, the PER test has long been used to investigate
behavioral sensitivity to phagostimulative tastes (20). Flies
extend their proboscis when the contact chemosensilla on their
labella detect sweetness of sugar above a certain threshold
concentration. Thus, we estimated appetite or feeding
motivation of the fly by the PER test to sucrose, in which the
threshold concentration of sucrose was evaluated as an
indicator of feeding sensitivity. The present study showed that
the injection of dRYamide-1 increased the threshold for
feeding on a sucrose solution. These data suggest that
dRYamides attenuated the feeding motivation of the flies.
Thus, dRYamide may have potential for application to
extermination of harmful insects. Next, potential applications
of dRYamide in mammals were examined. When dRYamide-1
and dRYamide-2 were applied to CHO cells expressing the
mouse NPY receptors or the NPFF receptors, neither
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increased intracellular calcium activity, cyclic AMP, or
showed a restraining effect. However, when dRYamide-2 was
administered to the mouse intra-abdominally, eating behavior
and intestinal movement were significantly decreased.
Additionally, when dRYamide-2 was administered
intravenously to a rat, the firing rate of the stomach vagus
nerve efferent pathway, as well as blood pressure and heart
rate, increased (unpublished data). Generally, if the
parasympathetic nervous system is estimulated, both blood
pressure and heart rate decrease; in this case, both increased,
and it may be that in mammals the effect of dRYamide is
non-specific. However, a previously unknown mechanism
may be involved. If future investigations can reveal which
mammal receptor dRYamide acts on, and what effect it
produces, they may facilitate drug development.
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Figure 5. Relation with drosophila NPY-like receptor (CG5811), mouse NPY
and a NPFF receptor.

4. Conclusion

To facilitate discovery of novel mammalian bioactive
peptides, a search was conducted using Drosophila as a model
organism, and then applications to mammals were studied.
Novel bioactive peptides were discovered in Drosophila, but
did not lead to identification of novel mammalian peptides.
However, the Drosophila novel bioactive peptides discovered
were detected to have physiological effects in rats and mice. In
the future, although research into this area in mammals is
somewhat stymied, it is anticipated that novel bioactive
peptides will be discovered, their functions analyzed, and that
drug development may follow.
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