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Abstract
Neuropeptides constitute an important part of the nervous system, since the simple nerve
nets (i.e. of Hydra). The assigned functions of these peptides vary enormously. For
instance, besides inhibiting or stimulating the release of some hormones, they can be
responsible for tentacle contraction of the Hydra, dropping the tail of the lizard, postnatal
care of the beetles and also aggressiveness of humans. They perform these tasks via
activating their cognate GPCRs, which are hypothesized to be coevolved with their ligand
neuropeptides. In this chapter, we will introduce the concept of neuropeptide, its intracellular maturation process, characteristics of some typical neuropeptide families and the
common properties of their cognate GPCRs. At last, we will try to give information about
the widely used methods for studying GPCR-neuropeptide interactions.
Keywords: neuropeptide, GPCR, peptide hormone, interaction

1. Introduction
Neuropeptides are polypeptides expressed in and secreted from neurons. They are produced
as propeptides, cleaved into smaller fragments and matured via posttranslational modifications, differing from classical neurotransmitters in size, concentration and secretion mechanisms. They are expressed everywhere in the nervous system, take role in synapsis and can
have distal target organs, as do the hormones.
Neuropeptides constitute the most diverse class of molecules in the body. They have various
roles in development, reproduction, physiology and behavior of the animals. There are at least
70 known genes coding for neuropeptide precursor proteins, called prepropeptides, in
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mammals and 42 genes in Drosophila. Secreted forms are processed from these prepropeptides
and can vary from 5 to 80 amino acids in length. They coexist with classical neurotransmitters;
for instance, neurotensin is released with dopamine [1] or vasoactive intestinal peptide with
acetylcholine [2]. They mostly act on G-protein coupled receptors (GPCRs) and transduce their
signals via intracellular secondary messenger systems.

2. Evolution of neuropeptide signaling
Simple nerve nets have evolved since the earliest animals like cnidarians (such as Hydra, sea
anemones and jellyfish). Even they have no real brain, their nervous system includes secretory
vesicles and produces different types of neuropeptides [3]. Neuropeptides constitute an important part of their nervous system. Therefore, neuropeptide signaling should have been evolved
before the divergence of cnidarians and bilaterians, which means more than 550 million years
of evolution.
Secretory vesicles of cnidarian nervous system are accumulated at the synapses [4, 5]. This
may help for directed-signal transmission such as tentacle contraction of Hydra [6]. However,
in vertebrates, the peptide secretory vesicles are not localized only to the synapse but distributed also along the nerve body and soma. Because neuropeptides interact mostly with GPCRs,
their action mechanism is slower than classical neurotransmitters. This fact should be disadvantageous for the peptidergic nervous system of the Hydra. However, it was found that they
have evolved different receptor-binding mechanisms to overcome this problem. For instance,
mammalian RFamide neuropeptides activate different GPCRs and this activation leads to a
slow response. On the other hand, Hydra-RFamide I and II act through a so-called peptidegated ionotropic receptor, which is a trimeric complex of ion channels [7]. This system results
in an advantage like faster transmission than that of classical neuropeptide-GPCR system, in
absence of classical neurotransmitters.
In evolution of neuropeptide signaling, echinoderms are the second most important because
they constitute an intermediate step between Protostomia (which include fruit fly) and
Deuterostomia (which include both the vertebrates and echinoderms). Echinoderm neuropeptides are suggested to be involved in unusual mechanisms such as autotomy (dropping the tail
of the lizard) and regeneration, or control of stiffness of connective tissue [8].
The major assumptions behind the diversity of neuropeptide genes are tandem duplications
and following substitutions. Neuropeptide sequences are conserved in most cases (such as
oxytocin family). However, some neuropeptide sequences show variations, and these variations can lead to differences in half-life, receptor affinity or expression profiles. Finally, these
changes can generate a pressure in the direction of neuropeptide-receptor coevolution. Additionally, the mature peptides that are processed from the same gene can have sequence
variations. These variations cannot be explained by gene duplication. An example for this is
37 peptide products of metamorphosin A prepropeptide of sea anemone [9]. All of these
peptides can show functional redundancy, which means that they can be coexpressed,
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cosecreted and activating the same receptor. In a study on Drosophila genus, multiple copies of
peptides from the same prepropeptide were analyzed [10], and it was found that they were
highly conserved and under stabilizing selection. The numbers of peptide copies were the
same within the genus (except FMRFamides). This conservation is important for receptor
selectivity, affinity or the final response. Additionally, the researchers showed that the most
conserved peptides were the most potent ligands for their receptors. Finally, these results on
Drosophila neuropeptides supported the idea of evolutionary pressure of peptide-receptor
coevolution on neuropeptide selection. This idea was proposed also for the vertebrate neuropeptides. Some regions of the vertebrate peptides are conserved, and these regions are thought
to be the most important parts for functioning. For instance, the C-terminal residues of
tachykinins are strictly conserved within vertebrates, and this region has roles in binding with
tachykinin receptors. However, these similarities between neuropeptides of different species
do not have to mean cross-reactivity with the receptors of different species [11, 12]. And this
fact would be a support for the discussion of peptide-receptor coevolution.

3. Processing and trafficking of neuropeptides
Neuropeptides are the gene products that range from 5 to 80 amino acids in length. They born
like prepropeptides, which contain an N-terminal signal sequence (between 15 and 40 residues
in length). A typical signal sequence contains a positively charged region, a hydrophobic
region and some polar but uncharged amino acids until the cleavage site, in the order [13].
This signal sequence is responsible for the anchorage of prepropeptide to the endoplasmic
reticulum (ER) membrane via a complex called translocon, where folding and signal peptide
cleavage occur. In some prepropeptides, the N-terminal region includes a signal anchor instead
of a signal sequence. This signal anchor is responsible for the anchorage of precursor protein to
the ER membrane but not cleaved. An example for this signal anchor can be given for the
precursor of Allatostatin CC peptides of insects [14]. These signal anchors produce single-pass
membrane proteins, which can act as juxtacrines in nervous system.
Cleaved propeptides are exported to the Golgi for further processing. Mainly, two types of
“trypsin-like” endopeptidases are responsible for the cleavage of propeptides. These enzymes
are called proprotein convertase 1 (PC1/3) and 2 (PC2). Seven PC types are expressed in
mammals, but only three PCs in fruit fly (Amontillado, Dfurin1 and Dfurin2). PCs recognize
and cleave the C-terminal site of dibasic residues such as KR or RR, especially of R-X-(R/K/X)R motif on propeptides [15]. However, cleavage preferences differ within organisms. For
instance, if valine or leucine is placed in place of X, the site will become resistant to cleavage
by vertebrate PC (furin) but will be efficiently cleaved by insect PCs (Dfurin) [16]. In processing
of neuropeptides, mammalian PC1 and PC2 and fly Amontillado are widely expressed in
neurons, whereas furins have ubiquitous expression [17, 18].
Cleaved propeptide contains a basic C-terminus, which is further cleaved by carboxypeptidase
E. In order to stabilize peptide structure against degradation, C-terminal glycine of most of

79

80

Ligand

intermediate propeptides is amidated. This amidation is a multistep process of two enzymes in
invertebrates, while vertebrates have a multifunctional enzyme to perform this task, called as
peptidylglycine alpha-amidating monooxygenase (PAM).
Mature peptides are transported in large dense core vesicles (DCV), which are different from
small vesicles delivering classical neurotransmitters. Furthermore, posttranslational modifications occur in DCVs. These modifications may include acetylation, sulfation, glycosylation,
phosphorylation and cyclization. Some peptides can be processed even after secretion to the
extracellular space. For instance, it was found that CPA6 of A/B family of carboxypeptidases is
secreted to the extracellular matrix, cleaves hydrophobic C-terminal residues of neuropeptides
and can lead to activation of Angiotensin I while degradation of some other peptides [19].
The engagement of DCVs to the nerve terminals is a very rare event. This is because DCVs
respond to the changes in Ca+2 content and hundreds of spikes are needed to stimulate a DCV
to release its content [20]. Even in these rare events, very large amounts of neuropeptides are
released to the synaptic cleft where they are enzymatically cleaved and degraded. On the other
hand, unlike neuropeptides, classical neurotransmitters are very rapidly transported to the
membrane, easily released and recycled from the synaptic cleft.
Finally, one precursor protein can generate more than one neuropeptide and these peptides
can be distinct or the same. Additionally, a precursor molecule can be alternatively spliced to
yield different mature neuropeptides in different cells [21].

4. Types, cognate GPCRs and functions
As the simplest nervous system, cnidarians express at least 17 different neuropeptides,
which can be grouped in three: FMRFamide-like peptides (FLPs), GLWamides and Hym355 [3]. The neuropeptides expressed in worm C. elegans are also classified in three major
groups, depending on their structural and functional similarities [21]. These groups are
called as insulin-like peptides (ILPs), FLPs and neuropeptide-like peptides (NLPs). Vertebrate neuropeptides can be clustered in a wide range of families according to sequence
similarities [22]. However, in human, neuropeptides expressed from 96 different genes were
clustered in 22 distinct families together with the no-family peptides and deposited in
neuropeptide databases [23].
In a study of metazoan (all animals) propeptides, neuropeptides of 10 phyla were taken and
clustered in about 80 families according to their similarities within propeptide sequences [22].
Twenty-two of these families showed high similarity with each other. These included
FMRFamides, LWamides, myoinhibitory peptide (MIP), neuropeptide FF and gonadotropin
inhibitory hormone (GnIH).
In this chapter, we will introduce some of the neuropeptides that show conservation within
species (as reviewed from the study of Jékely [22]) or that are specific examples for vertebrates
and exclude the ligands interacting with non-GPCR targets. Summary of all mentioned neuropeptide families is given in Table 1.

Expressed in

Structural similarity

Function(s)

Cognate GPCR

FMRFamidelike peptides

FMRFamide

Mollusks

Tetrapeptide FMRFamide

Cardioacceleration

nd

FLP peptides

Nematodes

C-terminal FMRFamide

Control of feeding, reproduction, sensation

Various NPRs

C-terminal QFamide

Control of feeding behavior, energy
homeostasis

C-terminal RFamide

Cardioacceleration

FMRFamide and
sulfakinin receptors

Inhibition of gonadotropin release

GPR147

Neuropeptide FF

Nociception

NPFFR1, NPFFR2

Pyroglutamylated
RFamide peptide

Control of feeding

GPR103

Prolactin-releasing peptide

Stimulation of prolactin release

PrRP receptors

Kisspeptin

Reproductive development

Kisspeptin receptor

Promotion of aggression, sexual activity and
fecundity

NK-1

Stimulation of muscle contractions

NKRs

Vasodilation, hypotension

NK-1

Vasodilation

NKRs

CCK/gastrin-type peptides

Tachykinins

FMRFamide-like peptides

Arthropods and
Cnidaria

Gonadotropin-inhibitory
hormone

Vertebrates

Substance P-like
tachykinins

Cnidaria, nematodes,
arthropods

Locustatachykinins

Invertebrates

Eledoisin

Eledone

Sialokinin I and II

Arthropods

Skin tachykinins

Amphibians

Brain/gut tachykinins

Submammalian
vertebrates

Vasodilation, smooth muscle contraction

Neurokinin A

Mammals

Regulation of inflammation and pain
responses

NK-2

Neurokinin B

Regulation of reproduction, secretion of
gonadotropin-releasing hormone

NK-3

Neuropeptide K

Regulation of sensation

NK-2

Neuropeptide γ

Regulation of reproduction

NK-2

Substance P

C-terminal FXGXRamide

C-terminal F(Y/I)GLMamide

C-terminal FXGLMamide

Ion transport

NK-1
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Peptide family Examples for active
peptides
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Expressed in

Structural similarity

Function(s)

Cognate GPCR

Regulation of inflammation and pain
responses, promotion of aggression
Vasopressin/
oxytocin

Conopressins

Invertebrates

Diuretic hormones
Mesotocin

Submammalian
vertebrates

Vasopressin

Vertebrates

Sequence similarity and disulfide
bridge between the 1st and 6th
residues

Sex peptide

From cnidarians
through annelids

Myoinhibitory/allatostatinB peptide

Regulation of water balance

Diuretic hormone
receptor

Antidiuretic activity

V1A, V1B and V2

Contraction of the uterus, lactation

OXTR

C-terminal W(X)8 W–amide

Increasing egg laying, reduction in the
female’s receptivity, stimulation of juvenile
hormone synthesis

SPR

C-terminal W(X)6 W–amide and
disulfide bridge

Inhibition of contractions of hindgut and
oviduct, ecdysteroid synthesis and juvenile
hormone synthesis

MIPR

Regulation of reproduction, release of
ecdysone hormone

Torso (not GPCR),
also activates SPR

Sex organ growth, regulation of reproduction

nd

Stimulation of juvenile hormone synthesis,
cardioacceleration, myostimulation

AT receptor

Prothoracicostatic
hormone

Orexin/
allatotropin

Conopressin receptor

Mesotocin receptor

Oxytocin
Myoinhibitory
peptide/
GWamides

Regulation of reproduction

APGWamides

Mollusks

Tetrapeptide

Allatotropin

Arthropods (except
Drosophila), mollusks,
annelids

N-terminal GFK
residues

Orexin A

Mammals

Sequence similarity

Sleep and wakefulness

OX1 and OX2

Corazonin

Arthropods

N-terminal pyroglutamate

cardioacceleration, melanization and
developmental processes

Corazonin receptor

Adipokinetic hormone

Arthropods

Phe in 8th
position

Mobilization of carbohydrates, lipids and
proteins from the fat body

AKH receptor

GnRH-like peptides

Annelids and
mollusks

Stimulation of testosterone and progesterone
synthesis

GnRHR

GnRH

Vertebrates

Following
HWS
residues

No
structural
similarity

Orexin B
GnRH/
corazonin/
AKH

Stimulation of gonadotropin release

Ligand

Peptide family Examples for active
peptides

Peptide family Examples for active
peptides

Expressed in

Structural similarity

Function(s)

Cognate GPCR
GnRH1 and GnRH2
receptors

Neuropeptide
Y

Somatostatin/
allatostatin C

Neuropeptide Y

Vertebrates and
invertebrates

C-terminal amidation and a
pancreatic polypeptide fold
structure

Peptide tyrosine tyrosine

Vertebrates

Pancreatic polypeptide

Vertebrates

Allatostatin C

Arthropods

C-terminal PISCF
and a disulfide
bridge

SST14

Vertebrates

Sequence similarity

Allatostatin A

Arthropods

C-terminal
FGLamide

Galanin

Vertebrates

N-terminal similarity
and C-terminal
amidation

α-Pigment dispersing
factor

Invertebrates

C-terminal
amidation

Vertebrates

β-turns and α-helical
structures

Regulation of blood pressure and feeding
behavior
Inhibition of gastric motility and electrolyte
secretion
Inhibition of pancreatic exocrine secretion

AlstR-C

Inhibition of growth hormone release

SSTR1, SSTR2A,
SSTR2B, SSTR3,
SSTR4 and SSTR5

No
structural
similarity

Inhibition of juvenile hormone synthesis,
regulation of food intake

AST-A receptors

Nociception, feeding and osmotic regulation

GalR1, GalR2 and
GalR3

VIP/PACAP

No
structural
similarity

Regulation of circadian clock

PDF receptor

β-Pigment dispersing
factor
VIP
PHI

VPAC1 and VPAC2

PHM
PHV
PACAP27
PACAP38

Table 1. Summary of the neuropeptide families and the similarities within these families.

PAC1, VPAC1 and
VPAC2
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Inhibition of juvenile hormone synthesis

No
structural
similarity

SST28
Galanin/
allatostatin A

Y1,2,4,5 and y6
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4.1. FMRFamide-like peptides
Genome searches and mass spectrometry-based methods on nematode C. elegans yielded
around 30 genes encoding for FLPs. These peptides share a common C-terminal motif like
FMRF residues. RNAi studies on these genes showed that FLPs can have roles on different
processes such as hyperactivity, timing of egg laying, number of laid eggs, fat metabolism and
acetylcholine signaling [24–26]. In mollusk Macrocallista nimbosa, this neuropeptide takes role
in cardioexcitatory activity [27]. FLPs are expressed in all of the animal species. However, the
conserved C-terminal residues may become FMRFamide, QFamide or RFamide. In arthropods, sulfakinins, myosuppressins, RFamides and other extended FMRFamides have the
common C-terminal amidated RF residues. Myosuppressins seem to be restricted to crustaceans and insects and have a role in inhibiting contractions of the hindgut, cardiac muscle and
release of adipokinetic hormone [28, 29]. Extended FMRFamides of arthropods affect respiration, heart rate, gut motility and muscle contractions. Drosophila sulfakinin (drosulfakinin) was
shown to regulate locomotor behavior [30], feeding behavior [31] and smooth muscle contraction [32]. FMRFamides act through two types of receptors. Most of them activate GPCRs.
However, FMRFamides of snail Helix aspersa lead to an excitatory response in amiloridesensitive Na+ channels [33].
4.2. Tachykinins
Vertebrate tachykinins are one of the largest groups of neuropeptides expressed in both
invertebrates and vertebrates. They contain conserved C-terminally amidated motifs such as
FXGLM residues, while some of arthropod tachykinins show FXGXRamide conservation.
These five residues are very conserved but not vital for receptor activation, instead phenylalanine at the fifth position and the C-terminal amidation are essential for their activity. They can
be localized both to the brain and the gut of various organisms, as well as the skin of amphibians. They can be secreted from the enteroendocrine cells of mammals as paracrines or as true
hormones.
Human tachykinin family includes neurokinin A (NKA), neurokinin B (NKB), neuropeptide K
(NPK), neuropeptide γ (NPγ) and substance P (SP), which are expressed from two genes.
These peptides activate three types of GPCRs: NK-1, NK-2 and NK-3. SP interacts with NK-1,
while NKA with NK-2 and NKB with NK-3. Higher concentrations of SP in patients with
personality disorders were correlated with aggressive behavior [34]. It was also shown that
Drosophila tachykinins have aggression-promoting functions [35] and control systemic lipid
homeostasis [36]. Tachykinin-like natalisin peptide regulates sexual activity and fecundity of
arthropods [37]. Another tachykinin family peptide, eledoisin, was identified from the salivary
glands of mollusk Eledone in 1962 [38]. And, eledoisin and kassinin were shown to be
expressed and stimulated ion transport in the frog skin [39].
4.3. Vasopressin/oxytocin
Vasopressin (VP) and oxytocin (OXT) are members of the same family due to their sequence
similarity. They are conserved from arthropods to mammals. Vertebrate VP/OXT peptides are
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expressed from different genes. Processing of propeptides of vasopressin gene produces three
peptides called VP, neurophysin II and copeptin, while processing of oxytocin gene produces
only OXT and neurophysin I peptides. OXT and VP bind with their corresponding
neurophysins, OXT with neurophysin I and VP with neurophysin II. These neurophysins are
responsible for the storage of VP and OXT inside DCVs. In physiological pH, VP and OXT do
not bind with neurophysins and circulate freely in the plasma. Both mature VP and OXT are
nine amino acids in length, eight of which are identical and contain a disulfide bridge between
the first and sixth residues [40], while neurophysins have seven bridges. The first cysteine and
the following tyrosine residues play the major role in neurophysin binding [41]. Although VP
and OXT show sequence similarity, their functions differ from each other. VP has antidiuretic
activity and released as a response to increased blood plasma osmolarity, while OXT has roles
in contraction of the uterus and in lactation and is stimulated with suckling movement of the
newborn. VP and OXT receptors constitute a big family of GPCRs. There are three types of
vasopressin receptors: V1A, V1B and V2. However, only one type of oxytocin receptor was
identified: OXTR [42].
Invertebrate homologous peptides also contain the disulfide bridge at the same position and
five or six amino acids of the peptides are well conserved. The invertebrate homologs of
vertebrate VP/OXT peptides are conopressins and diuretic hormones (DH) [43].
4.4. Myoinhibitory peptide/GWamides
These peptides are expressed from Cnidaria to Annelids but not present in vertebrates. This
family of peptides shares a common motif like W(X)6W and includes various similar peptides
such as myoinhibitory/allatostatin-B peptide (MIP/AST-B), sex peptide (SP), prothoracicostatic
hormone (PTTH) and GWamides (of mollusks).
The first AST-B peptide is identified in Locusta migratoria as an MIP. It inhibits contractions of
hindgut and oviduct, as well as ecdysteroid synthesis. It has a W(X)6Wamide motif on its Cterminus and is widely expressed in the central nervous system. Similar peptides are identified
in Gryllus bimaculatus and found that they inhibited juvenile hormone synthesis in corpora
allata. Therefore, they are called as allatostatins.
SP is found in Drosophila male accessory glands and regulates mating behaviors of the females.
During mating, SP is released from male’s ejaculatory duct and acts on the corresponding
receptor on the female reproductive duct, increases egg laying and reduces the female’s receptivity. This peptide is 36 amino acids in length. N-terminal eight residues are responsible for
sperm binding and stimulation of juvenile hormone synthesis. Following 12 amino acids have
roles in innate immune responses against bacteria. And the C-terminal 16 amino acids have role
in postmating responses. A disulfide bridge is localized to the C-terminal part of the peptide. In
addition, there is an internal W(X)8W motif instead of W(X)6Wamide of the others. Therefore, the
tryptophan residues on both peptides seem to be important for receptor binding [44]. Sex
peptide receptor (SPR) of Drosophila is CG16752, and this receptor is expressed in female reproductive organs and in the central nervous system of both genders. It is proposed to be Gαicoupled. MIP and SP both activate SPR, but MIP has lower affinity for this receptor [45].
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APGWamide is a mollusk tetrapeptide. It is mostly correlated with sex organ growth and
reproduction of the animal.
PTTH is a homodimer of two identical peptide chains that are hold together by disulfide
bridges [46]. It regulates the reproduction and release of ecdysone hormone. The target receptor of PTTH is Torso, which is a kind of receptor tyrosine kinase [47]. However, it can also
activate SPR [48].
4.5. Orexin/allatotropin
Allatotropin (AT) was first identified in Manduca sexta, stimulating juvenile hormone synthesis
[49]. These peptides show conservation on their N- and C-termini. They include glycine, phenylalanine and a following basic residue in the order in their N-termini (for instance, GFK residues).
This N-terminus is important for biological activity of the peptide. On their C-termini, aromatic
amino acids are conserved, followed by an amide group (such as R-amide or Y-amide). These
peptides are not identified in Drosophila, Apis mellifera and Nasonia vitripennis. However, Drosophila expresses sex peptide for the same function. Therefore, it seems that different peptides may
work for the same function in different species. Additionally, AT has other roles such as
cardioacceleration, stimulation of muscle contractions and myostimulation in the gut [50–52].
Orexin receptors (or hypocretin receptors) are found to be orthologs of AT receptors, via
similarity on their C-terminus [22]. However, their peptide ligands are not structurally or
functionally related. Orexin peptides are about 28–33 amino acids in length. They are hypothalamic neuropeptides and have roles mainly in sleep and wakefulness [53].
4.6. GnRH/corazonin/AKH
Gonadotropin releasing hormone (GnRH) is the peptide-stimulating gonadotropin release in
vertebrates. However, invertebrates, such as annelids and mollusks, also express GnRH-like
peptides. Octopus GnRH induces synthesis of testosterone and progesterone in the ovary and
testis, respectively. From tunicates to mammals, GnRH sequence shows a high conservation. It
is a decapeptide that has an N-terminal pyroglutamine and following HWS residues and Cterminal PGamide residues [54].
Insects express corazonin and adipokinetic hormone (AKH), instead. Corazonin is 11 amino
acids in length and has a cardioacceleratory effect in cockroaches. However, other actions are
defined in other insects, such as melanization in locusts and developmental pathways in other
insects such as M. sexta and Bombyx mori. AKH is generally 8–10 amino acids in length. It has an
N-terminal pyroglutamate, C-terminal amidation and at least two aromatic residues in between.
These aromatic residues (at positions 4 and 8) are important for receptor binding. Its structure
exhibits a β-turn between these positions. It regulates mobilization of carbohydrates, lipids and
proteins from the fat body. Additionally, it has roles in cardioacceleration as corazonin.
Vertebrate GnRH receptors and insect AKH receptors are closely related. Drosophila corazonin
receptor is clustered in the same family of AKH and VP receptors. However, corazonin
receptor is highly selective for corazonin peptide [55].
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4.7. Neuropeptide Y
Neuropeptide Y (NPY) family of vertebrate neuropeptides includes NPY, peptide tyrosine tyrosine (PYY) and pancreatic polypeptide (PP). These peptides are C-terminally amidated and show a
hairpin-like structure called pancreatic polypeptide fold (PP-fold). This fold was composed of one
polyproline helix and one α-helix running antiparallel to each other [56]. Five types of Y receptors
(for NPY family) are expressed in mammals (Y1,2,4,5 and y6). It is proposed that hydrophobic
surface of the PP-fold is responsible for receptor binding. NPY is localized to the brain, while PP
and PYY are localized to the gastrointestinal tract. NPY is a highly conserved peptide from frog to
human. Circulating NPY acts on regulation of blood pressure and eating behavior [57].
A mollusk NPY was identified in Lymnaea stagnalis via activation assays on its corresponding
NPY receptor homolog [58]. This peptide was 39 amino acids in length and very similar to the
vertebrate NPYs. Invertebrate NPY prepropeptides lead to two peptides, one is NPY and the
other one is C-terminal peptide of NPY (CPON). The important residues that are responsible
for the PP-fold of vertebrate NPYs are conserved in mollusk NPYs, but only some of them are
conserved in Drosophila NPYs. Additionally, C-terminal four residues and amidation, which
are essential for the activity of the peptide [59], are conserved between vertebrate and invertebrate NPYs. Lymnaea NPY has role in regulation of energy consumption processes, while the
other invertebrate NPYs mostly affect food intake of the animal [60].
4.8. Somatostatin/allatostatin C
Allatostatin C (AST-C) is the arthropod homolog of vertebrate somatostatin (SST). SST is found
as the inhibitor of growth hormone release from the pituitary gland. And AST-C is the
inhibitor of juvenile hormone synthesis in corpora allata. From the same SST propeptide, one
peptide with 14 amino acids and another with 28 amino acids are released, which are secreted
from and acting on different tissues such as central and peripheral nervous system, as well as
gastrointestinal tract. Both SST and AST-C peptides exhibit a disulfide bridge, which is important for receptor affinity [11]. The pharmacophore of SST is defined with FWKT residues. And
it functions for the inhibition of pituitary hormones such as growth hormone, thyroid stimulating hormone and adrenocorticotropic hormone. SST acts on six different subtypes of SST
receptors (SSTRs), SSTR1, SSTR2A, SSTR2B, SSTR3, SSTR4 and SSTR5.
On the other hand, AST-C has highly conserved C-terminal PISCF amino acids. In addition to
juvenile hormone inhibition, it inhibits heart muscle contraction in Drosophila.
4.9. Galanin/allatostatin A
Galanin peptide is first identified in porcine intestine. Human galanin propeptide produces two
peptides, galanin (30 amino acids) and galanin-message associated peptide (GMAP), after cleavage. N-terminal residues and a C-terminal amidation (except in human) of galanin are highly
conserved. These peptides are expressed in both central and peripheral nervous systems and
have roles in nociception, feeding and osmotic regulation, via acting on three GPCRs; GalR1,
GalR2 and GalR3.
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Allatostatin A (AST-A) exhibits a conserved C-terminal FGLamide group, which is not
similar to galanin peptide. However, these two peptides activate ortholog receptors of vertebrates and arthropods. AST-A peptides are mainly expressed in brain and gut and serve for
the inhibition of juvenile hormone synthesis and regulation of food intake, as similar to other
AST types.
4.10. Vasoactive intestinal peptide/pituitary adenylate cyclase activating peptide
Expression of vasoactive intestinal peptide (VIP) and pituitary adenylate cyclase activating
peptide (PACAP) is restricted to vertebrates. They belong to the glucagon/secretin superfamily that also includes glucagon, secretin, growth hormone releasing hormone (GHRH)
and gastric inhibitory peptide (GIH). VIP and PACAP show structural similarity on their Nterminal 27 amino acids. VIP is expressed in both central and peripheral nervous system,
while PACAP in hypothalamus, central nervous system, respiratory and gastrointestinal
tract. Mature VIP peptide is very well conserved in both mammals and nonmammalian
vertebrates. Short PACAP (27 amino acids in length) is restricted to mammals, but the longer
form (38 amino acids in length) can be found also in nonmammalian vertebrates [61]. It
exhibits an α-helical structure on binding to the receptor but can fold into different secondary structures in different solutions. PACAP is responsible for the release of growth hormone, luteinizing hormone, adrenocorticotropic hormone, follicle-stimulating hormone and
prolactin from the pituitary gland, acts on testis and ovary and stimulates insulin and
glucagon release [62]. VIP was discovered due to its vasodilatory effects [63]. It can act as
both a paracrine or a hormone. However, its half-life is very short when compared to
classical hormones [64]. VIP gene produces other forms of peptides such as peptide histidine
isoleucine (PHI), peptide histidine methionine (PHM) and peptide histidine valine (PHV), in
different organisms. However, the information about the functions of these peptides is
limited.
High similarity between PACAP and VIP peptides make them to activate the same receptors,
but with different affinities. Three different PACAP receptors are identified (PAC1, VPAC1
and VPAC2). And two types of PACAP selectivity were detected in tissues. In one type, PAC1
receptor has high affinity for PACAP peptides (PACAP27 and PACAP38) and expressed in
anterior pituitary and hypothalamus. For the second selectivity, VPAC1 and VPAC2 receptors
showed affinity for both PACAP and VIP peptides, and this was detected in peripheral organs.
All of these receptors are known to activate adenylate cyclase, leading to cAMP stimulation. In
other circumstances, they can stimulate Ca+2 levels and phospholipase D.
Pigment dispersing factor (PDF) receptors are homologs of VPAC2 in invertebrates. They regulate circadian clock. In nematodes, they regulate locomotion, but in crustaceans, they regulate
pigment movements in the retina.
There are other additional neuropeptide families that interact with GPCRs, such as proopiomelanocortin (POMC) family, which is typical for its precursor complexity and others. However, we
will not go into details of other families in this chapter.
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5. Common features of neuropeptide GPCRs
Neuropeptides activate various receptors most of which are GPCRs. Some neuropeptides as
given in Section 4.4 can bind to membrane receptors that couple with receptor tyrosine kinases
(i.e. insulin receptors and Torso for PTTH). Some small neuropeptides do not have defined
receptors but are ligands for other peptides or enzymes (i.e. 7B2 binding to PC enzymes and
neurophysins binding to VP or OXT). Most of the others interact with their cognate GPCRs
from the extracellular region and activate a downstream signal transduction pathway. Peptide
GPCRs belong to either Class A (rhodopsin-like) or Class B1 (secretin-like) receptor.
Class A GPCRs exhibit two types of ligand-binding pockets. In one type, the hydrophobic
ligand interacts with the transmembrane (TM) region, and the N-terminal region together with
the second extracellular loop (ECL2) forms a closed lid-like structure (i.e. rhodopsin and S1P
receptors that have highly hydrophobic ligands). However, in the second type, ECL2 folds
over the extracellular region of the receptor and forms a pocket-like vacancy, which is exposed
to the soluble environment. Peptide GPCRs show the characteristics of this latter binding
pocket. Here, ECL2 comprises sheets, instead of β-hairpin loops of rhodopsin or helices of
adrenergic receptors. Another feature of Class A GPCRs is the presence of a disulfide bridge
between transmembrane domain 3 (TM3) and ECL2. This bridge is important for the stability
of the receptor and serves as a barrier against conformational changes in this region, which is
important for the ligand affinity. In a review on the defined 3D structures of Class A GPCRs,
the depths of bound ligands were compared with regard to positioning of TM4 [65]. Within the
Class A GPCRs that exhibit open binding pockets, amines (i.e. doxepine) were interacting
deeply, while peptides and nucleoside ligands were closer to the extracellular environment.
Three TM regions (TM3, TM6 and TM7) of Class A GPCRs were proposed to have consensus
binding residues. These consensus amino acid positions are 3.32, 3.33, 3.36, 6.48, 6.51 and 7.39
(Ballesteros-Weinstein numbering). However, peptide receptors such as neurotensin receptor
(NTSR) and allatostatin C receptor (AlstR-C) were shown to have different interactions within
the TM regions. For instance, neurotensin forms salt bridges and hydrogen bonds with the
Y3.29, R6.54, R6.55, F6.58 and Y7.35 residues of NTSR1 [66]. Additionally, AST-C was binding
with proposed AlstR-C model from the extracellular site, except for the two amino acids of
TM6 (I6.59 and F6.60 residues) [67]. In addition to these consensus residues, Venkatakrishnan
et al. proposed that the positions 6.48 and 6.51, which were conserved within Class A GPCRs,
might be responsible for the structural folding of the binding pocket, forming a scaffold
consensus [65]. However, the evidences for these consensus residues of binding pockets and
scaffold interfaces of peptide GPCRs are limited.
Secretin-like neuropeptide GPCRs include the receptors for VIP/PACAP, PDF (in invertebrates), calcitonin, insect DHs, corticotropin releasing factor (CRF), GHRH and parathyroid
hormone (PTH) peptides. There is less information about the structures of secretin-like neuropeptide receptors than that of rhodopsin-like receptors. Within the receptors mentioned above,
the only solved full-length structures come from CRF1 receptor (PDB entry: 4Z9G) and calcitonin receptor (PDB entry: 5UZ7). Additionally, there are ligand-bound structures of glucagon
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receptors of which the ligand is not a neuropeptide. Because glucagon receptor has the most
well-known structure and secretin receptor is the most studied in this class, we will use them
as examples to understand ligand binding of secretin-like neuropeptide GPCRs, even though
they are not neuropeptides. Additional information comes from the N-terminal region of
ligand-bound structures of PAC1 (PDB ID: 2JOD) and PTH receptor (PDB ID: 3C4M), together
with the free forms of V2 receptor (PDB ID: 2X57) and GHRH receptor (PDB ID: 2XDG).
In order to understand ligand-binding features of this class, we need to look at their ligands.
Neuropeptide ligands that couple with secretin-like GPCRs have a common secondary structure of at least one α-helix. As that of glucagon peptide, PACAP and CRF exhibit two αhelices. VIP, PTH and calcitonin peptides have only one helical structure. On the other hand,
the common feature of these family receptors is that they have a long and complex N-terminus
that may include three disulfide bridges forming an α-β-β-α fold [68]. This N-terminal region
of the receptors is shown to be important in ligand binding. Provided by the experimental
structure of human glucagon receptor, another region on the N-terminus was identified as
“stalk” at the top of TM1. And mutagenesis studies on this stalk region proved that it was
important for ligand binding, by providing a defined conformation of N-terminal loop with
regard to TM1 [69, 70]. As another hypothesis, Dong et al. proposed an endogenous agonism
for the N-terminal region of secretin receptor [71]. Here, binding of C-terminus of the ligand to
the N-terminus of the receptor results in a conformational change that results in movement of a
hidden tripeptide region and becomes an endogenous agonist for the receptor itself. This
tripeptide region consists of WDN residues (inside one of the N-terminal helices) on secretin
receptor, which are also conserved for calcitonin and VPAC1 neuropeptide receptors.
According to FRET study by Harikumar et al., C-terminal part of secretin peptide was in
proximity to the groove above the β-hairpin of receptor N-terminus, while N-terminal part of
it was in proximity to ECL3 and TM6 [72]. This model of secretin binding is proposed as a
general mechanism for all secretin-like GPCRs. N-terminus of the peptide ligands was shown
to be important for receptor activation (i.e. for CRF, calcitonin, glucagon and VIP) [73–76].
Deletion of this region revealed antagonism for the receptor. And C-terminus of the peptide
was shown to be involved in ligand binding to the receptor (i.e. VIP, PTH and CRF) [77–79].
This binding includes hydrophobic residues of the helical structures on receptor N-terminus,
as well as hydrogen bonds or salt bridges formed between the ligand and polar receptor
residues. In this model, the ligand adopts an α-helical structure upon binding to the receptor.
This is supported by the soluble structures of glucagon, PTH or PACAP in aqueous solution
and their helical structures in organic solvents. Only calcitonin did not change in either media,
due to stabilization by disulfide bridges. The salt bridges between the ligand and the receptor
are thought to be responsible for the helix formation. After forming a binding helix, this
structure is covered by two β-sheets of the receptor N-terminus. Exceptionally, in case of
PACAP binding, the peptide wraps around the helical structures of receptor N-terminus [80].
All the details proposed for ligand binding to secretin-like GPCRs add up to a common model
of “two-domain” binding. The C-terminus of the peptide is responsible for receptor binding,
mostly to the N-terminus of the receptor, producing a conformational change here. And Nterminus of the peptide enters to the TM region and produces a second conformational change
that will lead to signal transduction.
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6. Methods to study neuropeptide-GPCR interactions
Studying the ligand interaction properties of GPCRs is an essential concept in pharmacology.
Neuropeptide GPCRs contribute to the majority of drug targets in central nervous system
disorders. Also, insect neuropeptide GPCRs are valuable targets for pesticide designs. Finding
the binding sites, discovering agonists, antagonist and even allosteric modulators, understanding the binding affinities and thermodynamic properties and measuring retention times produce a need for case-specific types of GPCR-ligand interaction studies. These may require
direct, indirect or in silico methods, or a combination of these.
Direct methods for studying GPCR-ligand interactions involve nuclear magnetic resonance
(NMR) spectroscopy, X-ray diffraction and surface plasmon resonance (SPR) techniques. The
information coming from these studies are deposited in Protein Data Bank (PDB) and increasing every day. However, the increase in deposition of GPCR structures is not as fast as that of
soluble protein structures. For instance, most of the data coming from NMR studies include
only partial GPCR structures bound with their ligands. Obtaining pure crystals of GPCRs is a
challenge in X-ray analysis. And studying with hydrophobic ligands is difficult in SPR
method. Therefore, we will not go in detail of these direct methods in this chapter, due to their
challenges in working with membrane-bound proteins.
Indirect methods for studying GPCR-ligand interactions include fluorescent-based methods,
radioligand binding, photoaffinity labeling, luminescence-based methods, force spectroscopy
and activity-based assays.
In silico approaches do not yield direct or indirect evidence for GPCR-ligand interactions, but
they reduce the problem space, facilitate the following assays and qualitative comparisons
between molecules and can mimic the assay conditions, so that they are highly valuable tools
for drug design studies.
In this chapter, we will only focus on the indirect methods that are widely used for GPCRligand interaction.
6.1. Radioligand-binding assays
In principle of radioligand-binding assays, the ligand is previously radiolabeled and added
onto the receptor, and its binding is measured quantitatively. The first study of radioligands on
GPCRs is that of Lefkowitz and his collaborators where they used I125-labeled adrenocorticotropic hormone (ACTH) against ACTH receptor [81]. Since then, modifications on the method
made use of membrane patches and also whole cells [82]. With the help of radioligand
saturation binding, indirect binding or kinetic-binding assays can be performed and result in
calculation of EC50, Kd values together with the retention time of the ligand on the receptor.
Also, they show if the ligand binding is reversible or not. The major challenges of this method
are the cost and half-lives of radioligands and the health issues in regard to exposure to them.
Agonists cannot be distinguished from antagonists with these assays. Additionally, optimizations should be performed to minimize nonspecific binding (i.e. to the cell, to the plastic ware).
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6.2. Photoaffinity labeling
In the study of GPCR-ligand interactions, photoaffinity labeling (PAL) is one of the oldest
methods. Here, the ligand is bound with a photoreactive group (PRG). Upon binding with the
receptor, PRG is activated by UV light and forms an irreversible covalent bond with the closest
residues on the receptor. This approach can be combined with immunoprecipitation and mass
spectrometry to sequence the amino acids that are in proximity to the ligand-binding pocket.
An example can be given as the study of Ceraudo et al. for the interaction between VIP and
VPAC1 receptor. They first labeled the C-terminus of VIP with a photoreactive p-benzoyl-pphenylalanine (Bpa) group. Then they followed by cleavage and Edman sequencing. Finally,
they found that the C-terminus of VIP was interacting with the N-terminus of VPAC1 [83].
In another study, Grunbect et al. have performed site-directed mutagenesis on some proposed
residues of CXCR4. These mutant residues were producing amber stop codons, which can be
engineered to incorporate photocrosslinkers (i.e. BzF and azF). They have transfected HEK
cells with these mutant constructs and treated the cells with the ligand. After UV activation,
lysis and immunopurification of the receptor-ligand complexes, they saw that 189F residue of
the receptor was in close proximity to the ligand during binding [84].
6.3. Fluorescence-based methods
The use of fluorescently labeled ligands has many advantages when compared to radioactively
labeled ligands. For instance, detection efficiency is higher in fluorescent ligands, and health
safety issues are easier to handle for the methods utilizing fluorescent ligands. Additionally,
fluorescence-based methods can generate quantitative data as given by radioligand assays (i.e.
EC50, etc.). For instance, microscopy and flow cytometry can be used in real-time experiments;
they can measure the amount of fluorescence that is interacting with or within the cells [85].
Dissociation rate constants (Kd) of fluorescently labeled ligands can be calculated in various
approaches. First, physical separation of bound ligand from free ligand in different fractions
can be measured by means of concentrations. Second, the emission intensity of the ligand
changes upon binding with the receptor and this change can be measured. Third, diffusion
rates of bound and free ligands differ. In an approach called fluorescence correlation spectroscopy (FCS), diffusion rate of labeled ligand can be measured on a highly sensitive confocal
microscope. Another approach depends on anisotropy, which means that polarization of the
molecule changes between bound and free ligands. As a fifth approach, flow cytometry can be
used to detect presence of labeled ligands on receptor carrying cells or beads. At last, the most
frequently used sensitive approach is called as fluorescence resonance energy transfer (FRET).
There are other methods such as fluorescence recovery after photobleaching (FRAP) that is
similar to FCS in principle. However, this method is used only for GPCR oligomerization or Gprotein coupling until now [86, 87], but no study was performed on GPCR-ligand interactions
yet. Another complex approach combines two-photon excitation microscopy with FCS and
quantum dot technology (TPE-XCS), which seems very promising for the following days [88].
In this chapter, we will give some more detail on FRET experiments performed on GCPRligand studies that are widely preferred by the researchers.
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FRET is based on the energy transfer between two different fluorophores when they come
close to a defined distance (typically between 10 and 100 Å). In principle, emission of first
fluorophore (donor) should excite the second fluorophore (acceptor). In case of GPCR-ligand
interactions, different approaches can be used. First, the ligand and an extracellular domain of
the receptor can be expressed in fusion with different fluorescent proteins. When the ligand is
in proximity to the receptor, two fluorophores also come close to yield an energy transfer. The
difference between the FRET signals of interacting and noninteracting GPCR-ligand couples
gives an information about the presence of interaction. FRET can also be time-resolved so that
information on kinetics of ligand binding can be achieved. This method was used for various
types of receptors such as M1 muscarinic acetylcholine receptor, PTH receptors, neurokinin
NK2 receptor, cholecystokinin receptor and secretin receptor [89–93]. In another approach,
mapping of the ligand-binding region is possible. Here, cysteine residues can be added to
different locations of the proposed binding pocket of GPCR via site-directed mutagenesis.
These cysteine residues can bind with small fluorophores which would not interfere ligand
binding. Additionally, the environment of the ligand-binding pocket can be assessed, via
accessibility of aqueous solution and changes in quenching and polarity upon ligand binding.
In a technique by Hoffman et al., tetracysteine residues were added to ICL3 and C-terminus of
the GPCR. These residues can bind with FlAsH reagent, which is a small fluorophore. When
used in combination with cyan fluorescent protein (CFP), conformational changes upon binding of the ligand were made possible to detect [93].
6.4. Bioluminescence resonance energy transfer (BRET)
In principle, BRET is similar to FRET by using a bioluminescent donor on one molecule and a
fluorescent acceptor on the target molecule. Generally, a luciferase (i.e. Rluc8) is used as the
donor. It can be performed real time, giving quantitative information about ligand binding. It
is advantageous over FRET, because it does not require an initial illumination of the donor
molecule. As an example, Stoddart et al. performed BRET on beta adrenergic receptor 2 (β2AR)
with an antagonist in live cells. They generated the N-terminus of the receptor with luminescent donor and used a fluorescently labeled ligand [94].
6.5. Atomic force microscopy (AFM)
AFM is based on the principle of single-molecule force spectroscopy, in which binding force of
two single molecules is measured as a difference in laser deflection. One molecule is bound on the
tip of a cantilever and the other molecule stays on a rigid surface (or on cell surface). If interaction
occurs, the laser deflection from the cantilever tip differs from the state of no-interaction events.
Here, the receptors can be in lipid bilayers, as performed by Pfreundschuh et al. [95] and Alsteens
et al. [96], and binding the ligand to the cantilever tip. Also, the method can utilize the receptors
on live cells directly as performed by our group for AlstR-C receptor [67].
In AFM, direct measurements can be obtained from single molecules, and the controls can be
designed to exclude nonspecific-binding events. There is no need for fluorescent, luminescent or
radiolabeling of the molecules, which may interfere with the binding sites. In most of the cases,
peptide ligands are much smaller than fluorescent proteins. However, in AFM, the peptides can
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be utilized in their native forms, or they can be functionalized from defined terminal sites. The
method in our study also provides the native environment of the receptor as in FRET experiments. And this makes it more advantageous than the methods analyzing purified receptors.
AFM setup is suitable for working on adherent cancer cells for long hours, so that the performer
can take hundreds of data points from the same cell. And ectopic expression produces enough
saturation of the receptor on the surface to detect at each approaching step. Therefore, AFM
seems a promising and easy way to study GPCR-ligand interactions on live cells.
6.6. Activity-based assays
Activity-based assays depend on the previously known downstream effects of the GPCR in cells.
The advantage of these assays is that they allow discrimination of agonists from antagonists and
also partial agonists. Quantification of EC50 values is possible, so that they can also be used in
high-throughput pharmacological studies. Examples can be given as GTPγS (guanosine 5'-O[gamma-thio]triphosphate) binding assays, cAMP (cyclic adenosine monophosphate) assays, IP3
(inositol triphosphate) and Ca+2 assays, TGF-α (transforming growth factor alpha) shedding
assay, β-arrestin recruitment and internalization assay, dimerization assays and voltage-clamp
experiments. These assays can be coupled with fluorescent techniques or site-directed mutagenesis of the receptor when required.

7. Conclusion
There are at least 80 genes encoding for neuropeptide precursors in human. These precursors
give rise to at least 150 mature neuropeptides. And until now, at least 109 of these peptides
were shown to signal via GPCRs. All these peptides and their cognate GPCRs are still being
studied against the neurological disorders, which range from the simplest stress and pain relief
cases to the complex schizophrenia and Alzheimer’s disease. Therefore, understanding the
kinetics, interactions and transduction pathways of GPCR-neuropeptide signaling systems
will remain crucial for the human wealth.

Author details
Burcin Duan Sahbaz* and Necla Birgul Iyison
*Address all correspondence to: burcin.duan1@boun.edu.tr
Molecular Biology and Genetics Department, Bogazici University, Istanbul, Turkey

References
[1] Ruggeri M, Ungerstedt U, Agnati LF, Mutt V, Harfstrand A, Fuxe K. Effects of cholecystokinin peptides and neurotensin on dopamine release and metabolism in the rostral and

Neuropeptides as Ligands for GPCRs
http://dx.doi.org/10.5772/intechopen.73504

caudal part of the nucleus accumbens using intracerebral dialysis in the anaesthetized rat.
Neurochemistry International. 1987;10(4):509-520
[2] Dori I, Parnavelas JG. The cholinergic innervation of the rat cerebral cortex shows two
distinct phases in development. Experimental Brain Research. 1989;76(2):417-423
[3] Takahashi T, Takeda N. Insight into the molecular and functional diversity of cnidarian
neuropeptides. International Journal of Molecular Sciences. 2015;16:2610-2625. DOI:
10.3390/ijms16022610
[4] Westfall JA, Grimmelikhuijzen CJP. Antho-RFamide immunoreactivity in neuronal synaptic and nonsynaptic vesicles of sea anemones. The Biological Bulletin. 1993;185(1):109-114
[5] Westfall JA, Sayyar KL, Elliott CF, Grimmelikhuijzen CJP. Ultrastructural localization of
antho-RWamides I and II at neuromuscular synapses in the gastrodermis and oral sphincter
muscle of the sea anemone Calliactis parasitica. The Biological Bulletin. 1995;189(3):280-287
[6] Rushforth NB, Hofman F. Behavioral and electrophysiological studies of hydra. III. Components of feeding behavior. The Biological Bulletin. 1972;142(1):110-131
[7] Dürrnagel S, Kuhn A, Tsiairis CD, Williamson M, Kalbacher H. Three homologous subunits form a high affinity peptide-gated ion channel in hydra. The Journal of Biological
Chemistry. 2010;285(16):11958-11965
[8] Elphick MR. The protein precursors of peptides that affect the mechanics of connective
tissue and/or muscle in the echinoderm Apostichopus japonicus. PLoS One. 2012;7(8):
e44492. DOI: 10.1371/journal.pone.0044492
[9] Leviev I, Grimmelikhuijzen CJ. Molecular cloning of a preprohormone from sea anemones
containing numerous copies of a metamorphosis-inducing neuropeptide: A likely role for
dipeptidyl aminopeptidase in neuropeptide precursor processing. Proceedings of the
National Academy of Sciences of the United States of America. 1995;92(25):11647-11651
[10] Wegener C, Gorbashov A. Molecular evolution of neuropeptides in the genus Drosophila.
Genome Biology. 2008;9(8):R131. DOI: 10.1186/gb-2008-9-8-r131
[11] Kreienkamp HJ, Larusson HJ, Witte I, Roeder T, Bigul N, Hönck HH, et al. Functional
annotation of two orphan G-protein coupled receptors, Drostar1 and 2, from Drosophila
melanogaster and their ligands by reverse pharmacology. Journal of Biological Chemistry.
2002;277(42):39937-39943
[12] Belmont M, Cazzamali G, Williamson M, Hauser F, Grimmelikhuijzen CJP. Identification of
four evolutionarily related G protein-coupled receptors from the malaria mosquito Anopheles gambiae. Biochemical and Biophysical Research Communications. 2006;344:160-165
[13] Nielsen H, Krogh A. Prediction of signal peptides and signal anchors by a hidden Markov
model. Intelligent Systems for Molecular Biology. 1998;6:122-130. DOI: 10.1.1.47.4026
[14] Veenstra JA. Allatostatin C and its paralog allatostatin double C: The arthropod somatostatins. Insect Biochemistry and Molecular Biology. 2009;39(3):161-170. DOI: 10.1016/j.
ibmb.2008.10.014

95

96

Ligand

[15] Remacle A, Shiryaev S, Oh E, Cieplak P, Srinivasan A, Wei G, et al. Substrate cleavage
analysis of furin and related proprotein convertases: A comparative study. Journal of
Biological Chemistry. 2008;203(30):20897-20906
[16] Cano-Monreal GL, Williams JC, Heidner HW. An arthropod enzyme, Dfurin 1, and a
vertebrate furin homolog display distinct cleavage site sequence preferences for a shared
viral proprotein substrate. Journal of Insect Science. 2010;10(29). Available online:
insectscience.org/10.29
[17] Seidah NG, Prat A. The biology and therapeutic targeting of the proprotein convertases.
Nature Reviews Drug Discovery. 2012;11:367-383. DOI: 10.1038/nrd3699
[18] Siekhaus DE, Fuller RS. A role for amontillado, the Drosophila homolog of the neuropeptide precursor processing protease PC2, in triggering hatching behavior. Journal of Neuroscience. 1999;19(16):6942-6954
[19] Lyons PJ, Callaway MB, Fricker LD. Characterization of carboxypeptidase A6, an
extracellular-matrix peptidase. Journal of Biological Chemistry. 2008;283(11):7054-7063
[20] Leng G, Ludwig M. Neurotransmitters and peptides: Whispered secrets and public announcements. The Journal of Physiology. 2008;586:5625-5632. DOI: 10.1113/jphysiol.2008.159103
[21] Li C, Kim K. Neuropeptides. In: WormBook. ed. The C. elegans Research Community,
WormBook. 2008. pp. 1-36. DOI: 10.1895/wormbook.1.142.1
[22] Jékely G. Global view of the evolution and diversity of metazoan neuropeptide signaling.
Proceedings of the National Academy of Sciences of the United States of America. 2013;
110(21):8702-8707
[23] Neuropeptides [Internet]. Available from: www.neuropeptides.nl [Accessed: October 8, 2017]
[24] Nelson LS, Rosoff ML, Li C. Disruption of a neuropeptide gene, flp-1, causes multiple
behavioral defects in Caenorhabditis elegans. Science. 1998;281:1686-1690. DOI: 10.1126/
science.281.5383.1686
[25] Ringstad N, Horvitz HR. FMRFamide neuropeptides and acetylcholine synergistically
inhibit egg-laying by C. elegans. Nature Neuroscience. 2008;11:1168-1176. DOI: 10.1038/
nn.2186
[26] Cohen M, Reale V, Olofsson B, Knights A, Evans P, de Bono M. Coordinated regulation of
foraging and metabolism in C. elegans by RFamide neuropeptide signaling. Cell Metabolism. 2009;9:375-385. DOI: 10.1016/j.cmet.2009.02.003
[27] Price DA, Greenberg MJ. Structure of a molluscan cardioexcitatory neuropeptide. Science.
1977;197(4304):670-671
[28] Stevens JS, Cashman CR, Smith CM, Beale KM, Towle DW, Christie AE, et al. The peptide
hormone pQDLDHVFLRFamide (crustacean myosuppressin) modulates the Homarus
americanus cardiac neuromuscular system at multiple sites. The Journal of Experimental
Biology. 2009;212:3961-3976. DOI: 10.1242/jeb.035741

Neuropeptides as Ligands for GPCRs
http://dx.doi.org/10.5772/intechopen.73504

[29] Nichols R. Signaling pathways and physiological functions of Drosophila melanogaster
FMRFamide-related peptides. Annual Review of Entomology. 2003;48:485-503
[30] Kiss B, Szlanka T, Zvara A, Zurovec M, Sery M, Kakaš S, et al. Selective elimination/RNAi
silencing of FMRF-related peptides and their receptors decreases the locomotor activity in
Drosophila melanogaster. General and Comparative Endocrinology. 2013;191:137-145
[31] Williams MJ, Goergen P, Rajendran J, Zheleznyakova G, Hägglund MG, Perland E, et al.
Obesity-linked homologues TfAP-2 and Twz establish meal frequency in Drosophila
melanogaster. PLoS Genetics. 2014;10(9):e1004499. DOI: 10.1371/journal.pgen.1004499
[32] Palmer GC, Tran T, Duttlinger A, Nichols R. The drosulfakinin 0 (DSK 0) peptide encoded
in the conserved Dsk gene affects adult Drosophila melanogaster crop contractions. Journal
of Insect Physiology. 2007;53(11):1125-1133
[33] López-Vera E, Aguilar MB, Heimer de la Cotera EP. FMRFamide and related peptides in
the phylum mollusca. Peptides. 2008;29(2):310-317. DOI: 10.1016/j.peptides.2007.09.025
[34] Coccaro EF, Lee R, Owens MJ, Kinkead B, Nemeroff CB. Cerebrospinal fluid substance
P-like immunoreactivity correlates with aggression in personality disordered subjects.
Biological Psychiatry. 2012;72:238-243
[35] Asahina K, Watanabe K, Duistermars BJ, Hoopfer E, González CR, Eyjólfsdóttir EA, et al.
Tachykinin-expressing neurons control male-specific aggressive arousal in Drosophila.
Cell. 2014;156(1):221-235
[36] Song W, Veenstra JA, Perrimon N. Control of lipid metabolism by tachykinin in Drosophila. Cell Reports. 2014;9(1):40-47. DOI: 10.1016/j.celrep.2014.08.060
[37] Jiang H, Lkhagva A, Daubnerová I, Chae HS, Šimo L, Jung SH, et al. Natalisin, a
tachykinin-like signaling system, regulates sexual activity and fecundity in insects. Proceedings of the National Academy of Sciences of the United States of America. 2013;
110(37):E3526-E3534. DOI: 10.1073/pnas.1310676110
[38] Erspamer V, Anastasi A. Structure and pharmacological actions of eledoisin, the active
endecapeptide of the posterior salivary glands of Eledone. Experientia. 1962;18:58-59
[39] Lippe C, Bellantuono V, Ardizzone C, Cassano G. Eledoisin and Kassinin, but not
Enterokassinin, stimulate ion transport in frog skin. Peptides. 2004;25(11):1971-1975
[40] Koehbacha J, O’Brienb M, Muttenthalerc M, Miazzoa M, Akcand M, Elliottd AG, et al.
Oxytocic plant cyclotides as templates for peptide G protein-coupled ligand design. Proceedings of the National Academy of Sciences of the United States of America. 2013;
110(52):21183-21188
[41] Wu CK, Hu B, Rose JP, Liu ZJ, Nguyen TL, Zheng C, et al. Structures of an unliganded
neurophysin and its vasopressin complex: Implications for binding and allosteric mechanisms. Protein Science. 2001;10:1869-1880

97

98

Ligand

[42] Kimura T, Tanizawa O, Mori K, Brownstein MJ, Okayama H. Structure and expression of
a human oxytocin receptor. Nature. 1992;356:526-529. DOI: 10.1038/356526a0
[43] Cruz LJ, de Santos V, Zafaralla GC, Ramilo CA, Zeikus R, Gray WR. Invertebrate
vasopressin/oxytocin homologs. Characterization of peptides from Conus geographus
and Conus striatus venoms. The Journal of Biological Chemistry. 1987;262(33):1582115824
[44] Conzelmanna M, Williamsa EA, Tunarub S, Randela N, Shahidia R, Asadulina A.
Conserved MIP receptor–ligand pair regulates Platynereis larval settlement. Proceedings
of the National Academy of Sciences of the United States of America. 2013;110(20):
8224-8229
[45] Kima YJ, Bartalskaa K, Audsleyc N, Yamanakad N, Yapicia N, Lee JY, et al. MIPs are
ancestral ligands for the sex peptide receptor. Proceedings of the National Academy of
Sciences of the United States of America. 2010;107(14):6520-6525
[46] Ishizaki H, Suzuki A. The brain secretory peptides that control moulting and metamorphosis of the silkmoth, Bombyx mori. The International Journal of Developmental Biology.
1994;38(2):301-310
[47] Rewitz KF, Yamanaka N, Gilbert LI, O'Connor MB. The insect neuropeptide PTTH activates receptor tyrosine kinase torso to initiate metamorphosis. Science. 2009;326(5958):
1403-1405. DOI: 10.1126/science.1176450
[48] Yamanaka N, Hua YJ, Roller L, Spalovská-Valachová I, Mizoguchi A, Kataoka H, et al.
Bombyx prothoracicostatic peptides activate the sex peptide receptor to regulate
ecdysteroid biosynthesis. Proceedings of the National Academy of Sciences of the United
States of America. 2010;107(5):2060-2065. DOI: 10.1073/pnas.0907471107
[49] Kataoka H, Toschi A, Li JP, Carney RL, Schooley DA, Kramer SJ. Identification of an
allatotropin from adult Manduca sexta. Science. 1989;243(4897):1481-1483
[50] Duve H, East PD, Thorpe A. Regulation of lepidopteran foregut movement by allatostatins
and allatotropin from the frontal ganglion. The Journal of Comparative Neurology. 1999;
412(2):405-416
[51] Sterkel M, Riccillo FL, Ronderos JR. Cardioacceleratory and myostimulatory activity of
allatotropin in Triatoma infestans. Comparative Biochemistry and Physiology. 2010;155(3):
371-377. DOI: 10.1016/j.cbpa.2009.12.002
[52] Alzugaray ME, Adami ML, Diambra LA, Hernandez-Martinez S, Damborenea C,
Noriega FG, et al. Allatotropin: An ancestral myotropic neuropeptide involved in feeding. PLoS One. 2013;8(10):e77520. DOI: 10.1371/journal.pone.0077520
[53] Ebrahim IO, Howard RS, Kopelman MD, Sharief MK, Williams AJ. The hypocretin/orexin
system. Journal of the Royal Society of Medicine. 2002;95(5):227-230
[54] Tsai PS. Gonadotropin-releasing hormone in invertebrates: Structure, function, and evolution. General and Comparative Endocrinology. 2006;148(1):48-53

Neuropeptides as Ligands for GPCRs
http://dx.doi.org/10.5772/intechopen.73504

[55] Kim YJ, Spalovská-Valachová I, Cho KH, Zitnanova I, Park Y, Adams ME. Corazonin
receptor signaling in ecdysis initiation. Proceedings of the National Academy of Sciences
of the United States of America. 2004;101(17):6704-6709
[56] Blundell TL, Pitts JE, Tickle IJ, Wood SP, Wu CW. X-ray analysis (1. 4-Å resolution) of
avian pancreatic polypeptide: Small globular protein hormone. Proceedings of the
National Academy of Sciences of the United States of America. 1981;78(7):4175-4179
[57] Kokot F, Ficek R. Effects of neuropeptide Y on appetite. Mineral and Electrolyte Metabolism. 1999;25(4–6):303-305
[58] Tensen CP, Cox KJA, Burke JF, Leurs R, van der Schors RC, Geraerts WPM, et al. Molecular cloning and characterization of an invertebrate homologue of a neuropeptide Y
receptor. European Journal of Neuroscience. 1998;10:3409-3416
[59] Lundberg JM, Franco-Cereceda A, Hemsen A, Lacroix JS, Pernow J. Pharmacology of
noradrenaline and neuropeptide tyrosine (NPY)-mediated sympathetic cotransmission.
Fundamental and Clinical Pharmacology. 1990;4:373-391
[60] Jong-Brinka M, Maata A, Tensenb CP. NPY in invertebrates: Molecular answers to altered
functions during evolution. Peptides. 2001;22:309-315
[61] Holmgren S, Jensen J. Evolution of vertebrate neuropeptides. Brain Research Bulletin.
2001;55(6):723-735
[62] Kastin A, editor. Handbook of Biologically Active Peptides. 2nd ed. San Diego, CA:
Elsevier/Academic Press; 2013. p. 2032
[63] Said SI, Mutt V. Potent periphery and splanchnic vasodilator peptide from normal gut.
Nature. 1970;225:863-864
[64] Henning RJ, Sawmiller DR. Vasoactive intestinal peptide: Cardiovascular effects. Cardiovascular Research. 2001;49(1):27-37
[65] Venkatakrishnan AJ, Deupi X, Lebon G, Tate CG, Schertler GF, Babu MM. Molecular
signatures of G-protein-coupled receptors. Nature. 2013;494:185-194
[66] White JF, Noinaj N, Shibata Y, Love J, Kloss B, Xu F, et al. Structure of the agonist-bound
neurotensin receptor. Nature. 2012;490(7421):508-513
[67] Duan Sahbaz B, Sezerman OU, Torun H, Birgul Iyison N. Ligand binding pocket of a
novel allatostatin receptor type C of stick insect, Carausius morosus. Scientific Reports.
2017;7:41266. DOI: 10.1038/srep41266
[68] Furness SGB, Wootten D, Christopoulos A, Sexton PM. Consequences of splice variation
on secretin family G protein-coupled receptor function. British Journal of Pharmacology.
2012;166(1):98-109. DOI: 10.1111/j.1476-5381.2011.01571.x
[69] Siu FY, He M, Graaf C, Han GW, Yang D, Zhang Z, et al. Structure of the class B human
glucagon G protein coupled receptor. Nature. 2013;499(7459):444-449. DOI: 10.1038/
nature12393

99

100

Ligand

[70] Zhang H, Qiao A, Yang D, Yang L, Dai A, Graaf C, et al. Structure of the full-length
glucagon class B G-protein-coupled receptor. Nature. 2017;546:259-264
[71] Dong M, Pinon DI, Asmann YW, Miller LJ. Possible endogenous agonist mechanism for
the activation of secretin family G protein-coupled receptors. Molecular Pharmacology.
2006;70(1):206-213. DOI: 10.1124/mol.105.021840
[72] Harikumar KG, Lam PCH, Dong M, Sexton PM, Abagyan R, Miller LJ. Fluorescence
resonance energy transfer analysis of secretin docking to its receptor. The Journal of
Biological Chemistry. 2007;282:32834-32843. DOI: 10.1074/jbc.M704563200
[73] Rivier J, Rivier C, Vale W. Synthetic competitive antagonists of corticotropin-releasing
factor: Effect on ACTH secretion in the rat. Science. 1984;224:889-891
[74] Feyen JH, Cardinaux F, Gamse R, Bruns C, Azria M, Trechsel U. N-terminal truncation of
salmon calcitonin leads to calcitonin antagonists. Structure activity relationship of Nterminally truncated salmon calcitonin fragments in vitro and in vivo. Biochemical and
Biophysical Research Communications. 1992;187(1):8-13
[75] Unson CG, Andreu D, Gurzenda EM, Merrifield RB. Synthetic peptide antagonists of
glucagon. Proceedings of the National Academy of Sciences of the United States of
America. 1987;84:4083-4087
[76] Turner JT, Jones SB, Bylund DB. A fragment of vasoactive intestinal peptide, VIP(10-28), is
an antagonist of VIP in the colon carcinoma cell line, HT29. Peptides. 1986;7(5):849-854
[77] Wulffa B, Knudsenb SM, Adelhorstc K, Fahrenkrugb J. The C-terminal part of VIP is
important for receptor binding and activation, as evidenced by chimeric constructs of
VIP/secretin. FEBS Letters. 1997;413(3):405-408
[78] Pioszak AA, Xu HE. Molecular recognition of parathyroid hormone by its G proteincoupled receptor. Proceedings of the National Academy of Sciences of the United States
of America. 2008;105(13):5034-5039
[79] Pioszak AA, Parker NR, Suino-Powell K, Xu HE. Molecular recognition of corticotropinreleasing factor by its G-protein-coupled receptor CRFR1. Journal of Biological Chemistry. 2008;283(47):32900-32912. DOI: 10.1074/jbc.M805749200
[80] Parthier C, Reedtz-Runge S, Rudolph R, Stubbs MT. Passing the baton in class B GPCRs:
Peptide hormone activation via helix induction? Cell. 2009;34(6):303-310. DOI: 10.1016/j.
tibs.2009.02.004
[81] Lefkowitz RJ, Roth J, Pricer W, Pastan I. ACTH receptors in the adrenal: Specific binding
of ACTH-125I and its relation to adenyl cyclase. Proceedings of the National Academy of
Sciences of the United States of America. 1970;65(3):745-752
[82] Flanagan CA. GPCR-radioligand binding assays. Methods in Cell Biology. 2016;132:191215. DOI: 10.1016/bs.mcb.2015.11.004
[83] Ceraudo E, Tan Y, Nicole P, Couvineau A, Laburthe M. The N-terminal parts of VIP and
antagonist PG97–269 physically interact with different regions of the human VPAC1
receptor. Journal of Molecular Neuroscience. 2008;36(1–3):245-248

Neuropeptides as Ligands for GPCRs
http://dx.doi.org/10.5772/intechopen.73504

[84] Grunbeck A, Huber T, Sachdev P, Sakmar TP. Mapping the ligand-binding site on a
GPCR using genetically-encoded photocrosslinkers. Biochemistry. 2011;50(17):3411-3413.
DOI: 10.1021/bi200214r
[85] Sridharana R, Zubera J, Connellya SM, Mathewa E, Mark E. Fluorescent approaches for
understanding interactions of ligands with G protein coupled receptors. Biochimica et
Biophysica Acta. 2014;1838(100):15-33. DOI: 10.1016/j.bbamem.2013.09.005
[86] Guo H, An S, Ward R, Yang Y, Liu Y, Guo X, et al. Methods used to study the oligomeric
structure of G-protein-coupled receptors. Bioscience Reports. 2017;37(2). DOI: 10.1042/
BSR20160547
[87] Aguila B, Simaan M, Laporte SA. Study of G protein-coupled receptor/β-arrestin interactions within endosomes using FRAP. Methods in Molecular Biology. 2011;756:371-380.
DOI: 10.1007/978-1-61779-160-4_23
[88] Swift JL, Heuff R, Cramb DT. A two-photon excitation fluorescence cross-correlation
assay for a model ligand-receptor binding system using quantum dots. Biophysical Journal. 2006;90(4):1396-1410
[89] Markovic D, Holdich J, Al-Sabah S, Mistry R, Krasel C, Mahaut-Smith MP, et al. FRETbased detection of M1 muscarinic acetylcholine receptor activation by orthosteric and
allosteric agonists. PLoS One. 2012;7(1):e29946. DOI: 10.1371/journal.pone.0029946
[90] Castro M, Nikolaev VO, Palm D, Lohse MJ, Vilardaga JP. Turn-on switch in parathyroid
hormone receptor by a two-step parathyroid hormone binding mechanism. Proceedings of
the National Academy of Sciences of the United States of America. 2005;102:16084-16089
[91] Lecat S, Bucher B, Mely Y, Galzi JL. Mutations in the extracellular amino-terminal domain
of the NK2 neurokinin receptor abolish cAMP signaling but preserve intracellular calcium responses. The Journal of Biological Chemistry. 2002;277:42034-42048
[92] Harikumar KG, Miller LJ. Fluorescence resonance energy transfer analysis of the antagonist- and partial agonist-occupied states of the cholecystokinin receptor. The Journal of
Biological Chemistry. 2005;2800:18631-18635
[93] Hoffmann C, Gaietta G, Bünemann M, Adams SR, Oberdorff-Maass S, et al. A FlAsHbased FRET approach to determine G protein–coupled receptor activation in living cells.
Nature Methods. 2005;2(3):171-176
[94] Stoddart LA, Johnstone EKM, Wheal AJ, Goulding J, Robers MB, Wood KV, et al. Application of BRET to monitor ligand binding to GPCR. Nature Methods. 2015;12:661-663.
DOI: 10.1038/nmeth.3398
[95] Pfreundschuh M, Alsteens D, Wieneke R, Zhang C, Coughlin SR, Tampé R, et al. Identifying and quantifying two ligand-binding sites while imaging native human membrane
receptors by AFM. Nature Communications. 2015;6:8857. DOI: 10.1038/ncomms9857
[96] Alsteens D, Pfreundschuh M, Zhang C, Spoerri PM, Coughlin SR, Kobilka BK, et al.
Imaging G protein-coupled receptors while quantifying their ligand-binding free-energy
landscape. Nature Methods. 2015;12(9):845-851. DOI: 10.1038/nmeth.3479

101

