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Abstract

Kisspeptins and their cognate receptor, the kisspeptin receptor, play pivotal roles in
the regulation of the development of puberty and cancer metastasis. However, the
signalling pathways activated by kisspeptins and the kisspeptin receptor remain
largely to be demonstrated. Aims of the thesis are to investigate the biological
functions of kisspeptin analogues and the human kisspeptin receptor. Since
kisspeptins show low metabolic stability, it may limit the studies in the long-term
signalling of kisspeptins and the kisspeptin receptor. To improve the metabolic
stability of kisspeptins, in the thesis, three novel phosphinic peptides were designed
and synthesised based on the amino acid sequence of KP-10, which are the last ten
amino acids shared by all native and functional kisspeptins. Whether the synthetic
peptides can bind to and activate the kisspeptin receptor and their ability to inhibit
MMP were tested. The results showed that among synthesized peptides, compound
B possesses the kisspeptin receptor-agonistic activity and could function as a
selective inhibitor of MMP-2. However, the binding of the synthesized peptides to
the kisspeptin receptor was undetectable using the presented methods. In addition,
the Pro-rich region within the C-terminal tail of the kisspeptin receptor has been
proposed to function as a SH3 binding motif to mediate the interactions of the
receptor with non-G protein effectors. Therefore, the interaction of the kisspeptin
receptor with two candidates, p85a or c-SRC, was elucidated by using co-IP assays
and their potential biological functions were examined. Direct interactions of the
human kisspeptin receptor with p85a and c-SRC were observed in human breast cells
and the interactions were not affected by short-time KP-10 stimulation. Functionally,

the kisspeptin receptor may directly bind to p85a or c-SRC to activate Ggi1-
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independent PI3K/AKT and c-SRC-dependent ERK1/2 signalling pathways.
Importantly, a weak negative crosstalk of the kisspeptin receptor with insulin
receptor, which kisspeptins inhibited insulin-induced phosphorylation of AKT, was
observed. Furthermore, two Cys residues, Cys338 and Cys34°, in the C-terminal tail of
the kisspeptin receptor are predicted to be palmitoylation sites and, therefore, be
important for the expression and function of the kisspeptin receptor. In the thesis,
the roles of Cys®*® and Cys®*® on the receptor expression and signalling were
investigated by using mutagenesis studies. The Ser substitution of Cys**® had little
effect on receptor expression, internalization and functions. By contrast, although

the mutation of Cys>*°

to Ser had little effect on expression and the downstream
signalling evens measured, it did affect the internalization of the receptor. The Ser
substitution of both Cys338 and Cys340 decreased the total expression of the receptor
and abolished receptor signalling and internalization. The results may indicate that
Cys‘:‘40 is a primary palmitoylation site and Cys338 acts as an alternative palmitoylation
site to rescue the signalling, at least some aspects, of the receptor, when is Cys340
mutated. Alternatively, Cys338 may be normally palmitoylated, but this has effects on

signalling functions not measured here, and does not impact on receptor

internalization.
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Chapter 1

Introduction
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1.1 Overview

Guanine nucleotide-binding (G) protein-coupled receptors (GPCRs) constitute the
largest family of cell surface receptors and are encoded by approximately 800 distinct
genes, which account for more than 1% of the human genome (Luttrell, 2008). GPCR
family plays important roles in intercellular signalling in response to a variety of
extracellular stimuli such as neurotransmitters and peptide hormones (Luttrell,
2008). Dysfunctions of GPCRs can contribute to numerous diseases from neuro
diseases to cancers (Huang et al., 2017, Dorsam and Gutkind, 2007). Not surprising
then, GPCRs are targets of over half of all drugs currently used in the clinic (Dorsam
and Gutkind, 2007, Luttrell, 2008) and remain a main avenue for future development

of drugs.

GPCRs are characterised by seven transmembrane domains (TMs), which are
connected by three extracellular loops (ECL1-3) and three intracellular loops (ICL1-3).
The extracellular region containing ECLs and the N-terminus, together with the
extracellular ends of TMs, are responsible for the recognition and binding of ligands.
The 7TMs form a structural core of a GPCR and are involved in ligand-induced
signalling transduction via their conformational changes. The intracellular region
containing ICLs and carboxyl (C)-terminus interacts with intracellular signalling
transducers, such as G proteins, which mediate the amplification and diversity of the
downstream signalling. Based on the similarity of amino acid sequences of TMs of
GPCRs, Fredriksson and colleagues proposed a GRAFS classification system, which
divided 802 known and predicted human GPCRs into five main families: Rhodopsin

(R), Glutamate (G), Adhesion (A), Frizzled/taste2 (F) and Secretin (S) (Fredriksson et
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al., 2003). The Rhodopsin family is the largest family and is subdivided into four
subgroups: a, B, y and 6. The GRAFS classification system is used and extended by the
International Union of Pharmacology, Committee on Receptor Nomenclature and
Drug Classification (NC-IUPHAR) committee, which provides guidelines for the
nomenclature of GPCRs. The NC-IUPHAR committee divides human GPCRs into five
main families: class A (Rhodopsin), class B (Secretin), class C (Glutamate), Frizzled and
Adhesion family (Alexander et al., 2013) and this classification system is used in the

thesis.

A novel GPCR cDNA was isolated from a rat brain in 1999 and the open reading frame
of the cDNA encodes a 396-amino-acid protein termed GPR54 (Lee et al., 1999). Two
years later, the human orthologue of GPR54, which shares 81% homology in the
primary sequence with rat GPR54, was cloned from a human brain and was
alternatively termed AXOR12 (Muir et al., 2001) or hOT7T175 (Ohtaki et al., 2001).
The kisspeptin receptor, which is the official name for GPR54 designated by the NC-
IUPHAR committee (Kirby et al., 2010), is used here. According to the GRAFS
classification system, the kisspeptin receptor belongs to the y branch of the
Rhodopsin family and shares highest identity of the amino acid sequence with
galanin receptor 1 (GALR1) (Fig. 1.1) (Fredriksson et al., 2003). In mammalian species,
the kisspeptin receptor is encoded by a single gene known as kissrir with exception
of platypus (Ornithorhynchus anatinus), which has two genes (kissrir and kissrdr)
that encode two subtypes of the receptor (Tena-Sempere et al., 2012). In the
following sections, the characteristics of the kisspeptin receptor and its endogenous

ligands, the physiological functions of the kisspeptin receptor and the kisspeptin
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receptor-mediated signalling will be discussed.
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Figure 1.1 Phylogenetic relationships between GPCRs in the y subgroup of the human
Rhodopsin family. Based on the GRAFS classification system, the Rhodopsin family can be
subdivided into four subgroups: a, B, y and 6. The numbers indicate the distances between
proteins, which were calculated using the maximum parsimony by using the Phylip package.
The kisspeptin receptor is highlighted in a red rectangle. Figure is adapted from Fredriksson
etal., 2003.

1.2 The kisspeptin receptor and its ligands

1.2.1 Structure-function relationships of the human kisspeptin receptor
The human kisspeptin receptor, which contains 398 amino acids, comprises an N-

terminus in the extracellular region with approximate 43 amino acids, 7TMs that are
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connected by ECL1-3 and ICL1-3, and a C-terminal tail in the intracellular region with
approximate 70 amino acids (Fig. 1.2). The N-terminus of the human kisspeptin
receptor has three Asn residues (Asnlo, Asn'® and Asnzg), which are located in the
consensus N-linked glycosylation motif (NXS/T, where X is any amino acid except Pro)
and are predicted to be N-glycosylated (Muir et al., 2001, Clements et al., 2001).
Besides, the ECLs of the human kisspeptin receptor contain two Cys residues (Cys'"
at ECL1 and Cys™®* at ECL2), which are highly conserved and form a disulphide bridge
in most GPCRs. The disulphide bridge has been reported to be important for shaping
the ligand-binding pocket and stabilizing the conformation of the extracellular region
in GPCRs (Venkatakrishnan et al., 2013, Zhang et al.,, 2015a). Therefore, the
disulphide bridge formed between Cys'® and Cys'® of the human kisspeptin

receptor may also exhibits similar functions.

In TMs, the human kisspeptin receptor contains several motifs, which are conserved
in most class A GPCRs (Sandoval et al., 2016, Zhang et al., 2015a, Venkatakrishnan et
al., 2013). It has a conserved (D/E)R**°(Y/W) motif [superscript denotes Ballesteros-
Weinstein numbering, in which the most conserved residue among class A GPCRs in
each TM is designated x.50, where x is the number of TM (1-7) located in (Ballesteros
and Weinstein, 1995)] in TM3, a Ccwe48xp®-0 (X is any amino acid) motif in TM6 and a
NP’XXY (X is any amino acid) motif in TM7. The conserved motifs may be
implicated in the activation of the kisspeptin receptor, since they are classified as
molecular micro-switches to regulate the activation of other GPCRs (Nygaard et al.,
2009). For example, in human adenosine A,a receptor (A;4AR), the Arg>* residue in

the (D/E)R**°(Y/W) motif forms a salt bridge by an interaction with the Asp/Glu®*
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residue when the receptor is inactivated (Xu et al., 2011). The salt bridge is broken
when A;,AR is activated by a full agonist. In addition, a rotameric switch of the
aromatic side chain of the Tyr’>® in the NP’°°XXY motif is observed in the full
agonist-activated conformation of A,,AR compared with the inactive structure.

6-48xp8>0 motif locates at the bottom of the

Moreover, the Trp®*® residue in the CW
ligand binding pockets of A;AAR and may be involved in the trigger of an outward tilt
of the intracellular side of TM6 by interacting with agonists upon the activation of full
agonist. In addition to the conserved motifs, the human kisspeptin receptor also
contains several residues that are conserved among most class A GPCRs, including
Asn® in TM1, Asp® in TM2, Trp™®” in TM4 and Pro*'® in TM5 (Asn™*°, Asp>°?, Trp*°
and Pro>*° according to Ballesteros-Weinstein numbering). These residues are

proposed to mediate the tertiary interactions between TMs and be involved in the

formation of the TM helix bundle of GPCRs (Venkatakrishnan et al., 2013).
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Figure 1.2 The primary structure of the human kisspeptin receptor. The consensus sequences are shown in orange and the conserved residues are shown

in red. Residues predicted to be involved in the formation of ligand-binding pocket are shown in green. The residues in red square are the disease-causing
mutation sites. Three Pro-Arg-Arg repeats are shown in blue. The GenBank accession number of the human kisspeptin receptor plotted here is AAK83235.1.
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In the intracellular region, a short amphipathic helix, termed helix 8 (H8), is reported
to be present in most crystallized class A GPCRs, such as B,-adrenergic receptor
(B2AR) (Cherezov et al., 2007, Rasmussen et al., 2011b, Rasmussen et al., 2011a),
A,AAR (Jaakola et al., 2008), M, muscarinic acetylcholine receptor (Haga et al., 2012),
dopamine D3 receptor (Chien et al., 2010), histamine H; receptor (Shimamura et al.,
2011) and neurotensin receptor type 1 (NTR1) (Egloff et al., 2014), with the
exceptions of protease-activated receptor 1 (PAR1) (Zhang et al., 2012) and
chemokine receptor type 4 (CXCR4) (Wu et al., 2010). H8 locates after the NP”°XXY
motif and contains a conserved sequence [F(R/K)XX(F/L)XXX(L/F), where X is any
amino acid] (Fig. 1.3.). NTR1, which was previously crystalized without H8 being
formed (White et al., 2012), has been recently shown to exhibit a less stable H8 in
several crystalized structures compared with that of AsAR and the H8 structure may
only occur under certain conditions (Egloff et al., 2014). In the same regard, PAR1,
CXCR4 and the kisspeptin receptor, which have a less conserved
F(R/K)XX(F/L)XXX(L/F) sequence, may possess an even less stable H8 structure that
only be formed under certain scenarios. Functionally, H8 is essential for the cell
surface expression of some GPCRs, such as B,AR (Parmar et al.,, 2016), and can
mediate the interaction of receptors with cognate G proteins (Kaye et al., 2011) and

other interacting proteins, such as Rab11 (Reid et al., 2010).
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AAK83235.1 NPLLYAFLGSHFRQAFRRV-CPCA Kisspeptin receptor
NPXXY F(R/K)XX(E/L)XXX(L/F)

Figure 1.3 Sequence alignments among the end of TM7 and H8 region of GPCRs. The NPXXY
and the F(R/K)XX(F/L)XXX(L/F) motifs are labelled in green and the putative palmitoylated
Cys residues are highlighted in yellow. Accession number of GenBank or NCBI reference
sequence of each receptor is given in the left. Figure is adapted from Egloff et al., 2014.

Pasquuier and colleagues predicted some residues of the human kisspeptin receptor
that are involved in the formation of the ligand-binding pocket by the molecular
modelling (Pasquier et al.,, 2014). They are GIn*??, GIn'?, val'*® and GIn*?” within
T™M3, Tyrlgo, Cys191 and Glu™®® within ECL2, Asn*® and Tyr213 within TM5 (Asns'42 and
Tyr5'47 according to Ballesteros-Weinstein numbering), Leu?’?, Trp276, lle®”® and GIn*®*°
within TM6 (Leu®*, Trp6'48, l1e®>! and GIn®? according to Ballesteros-Weinstein
numbering) and His** and Tyr313 within TM7 (His’*° and Tyr7'43 according to
Ballesteros-Weinstein numbering). In addition, some natural occurring mutations of
the human kisspeptin receptor, including Leu’® in TM2 (Leu*® according to
Ballesteros-Weinstein numbering) (de Roux et al., 2003), Leu'® in ICL2 (Seminara et
al., 2003) Cys*® in TM5 (Cys>>” according to Ballesteros-Weinstein numbering) and

27 in ECL3 (Semple et al., 2005), have been reported in the patients with

Arg
idiopathic hypogonadotropic hypogonadism (IHH), which is defined by the failure to

initiate puberty or display a severe delayed puberty. The mutations result in a

decrease in the activity of the human kisspeptin receptor, indicating these residues
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could be essential for mediating folding, trafficking and expression of the receptor
and/or the activation of the receptor. Nevertheless, high-resolution structures of the
kisspeptin receptor remain to be demonstrated for the understanding of the

activation and activity of the receptor.

1.2.2 Post-translational modifications of the kisspeptin receptor

Several post-translational modifications, such as glycosylation (Soto and Trejo, 2010,
Min et al.,, 2015), ubiquitination (Alonso and Friedman, 2013), phosphorylation
(Butcher et al., 2012) and palmitoylation (Qanbar and Bouvier, 2003), occur on
GPCRs to regulate the activities of receptors by modulating their expression,
trafficking, structure and function. Upon activation by agonists, GPCRs are
phosphorylated by GPCR kinases (GRKs), which specifically phosphorylate Ser and
Thr residues within the ICLs and C-terminal tail of receptors. The phosphorylation of
a GPCR promotes the recruitment of B-arrestins and, consequently, activates
desensitization of the receptor (Ferguson et al., 1996). B-arrestins can also target
GPCRs for internalization in clathrin-coated pits via directly interact with clathrin
(Goodman et al., 1996) and the B2-adaptin subunit of the heterotetrameric complex
of adaptor protein 2 (Laporte et al., 2000). Like other GPCRs, the kisspeptin receptor
is able to be phosphorylated by GRKs, which is mediated by a direct interaction with
GRK2 through its sequences in the ICL2 and C-terminal tail. The interaction of GRK2
with the kisspeptin receptor mediates the desensitization of the receptor, as
transfection of human embryonic kidney 293 (HEK293) cells, which express
exogenous the kisspeptin receptor, with GRK2 results in a right-shift of the dose-

response curve of KP-10-induced turnover of inositol phosphates (IPs) (Pampillo et
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al., 2009). Following the phosphorylation of kisspeptin-bound kisspeptin receptor by
GRKs, B-arrestin-1 and B-arrestin-2 can be recruited to the receptor (Pampillo et al.,
2009). The interaction of B-arrestins with the kisspeptin receptor is proposed to
colocalize the receptor to clathrin-coated pits, which initiate the internalization of

the receptor.

The statuses of other post-translational modifications on the kisspeptin receptor
remain unclear. One possible post-translational modification on the human
kisspeptin receptor is N-glycosylation, which attaches complex oligosaccharides to
GPCRs during their journey from the endoplasmic reticulum to the Golgi apparatus
(Duvernay et al., 2005, Norskov-Lauritsen and Brauner-Osborne, 2015, Zhang and
Kim, 2017). The human kisspeptin receptor has three putative sites of N-glycosylation
(Asn®®, Asn® and Asn?®) in its N-terminus (Section 1.2.1) (Muir et al., 2001, Clements
et al., 2001). They might be involved in the regulation of functions of the kisspeptin
receptor, since N-glycosylation has been reported to play important and diverse roles
in the regulation of activities of GPCRs, including regulations of cell surface
expression, ligand binding, desensitization and endocytosis of receptors (Zhang and
Kim, 2017). Another potential post-translational modification that may occur on the
human kisspeptin receptor is S-palmitoylation, which attaches palmitate to the Cys
residues within the ICLs and C-terminal tails of GPCRs via a reversible thioester
linkage. Cys residues that locate adjacent to the end of H8 region of many GPCRs,
such as B,AR (Adachi et al., 2016), dopamine D3 receptor (Zhang et al., 2016), PAR1
(Dowal et al., 2011) (Fig. 1.3), dopamine D, receptor (D,R) (Sensoy and Weinstein,

2015) and CB; cannabinoid receptor (Oddi et al., 2012), are major sites of S-
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palmitoylation. S-palmitoylation on these sites is thought to assist the association of
H8 with the inner surface of the cell membrane (Qanbar and Bouvier, 2003, Escriba
et al., 2007). Indeed, recent in silico analysis of CB; cannabinoid receptor find that
palmitoylation of the Cys residue could stabilize the H8 structure (Oddi et al., 2017).
In addition, in silico analysis of D,R reveals that palmitoylation on the Cys residues
adjacent to the end of H8 increases the depth of the insertion of H8 into plasma
membrane, indicating that palmitoylation may regulate GPCR signalling by reducing
the accessibility of H8 to the aqueous environment (Sensoy and Weinstein, 2015).
The human kisspeptin receptor contains a putative H8 region, which ends with two
Cys residues (Cys**® and Cys**) (Fig. 1.3). Hence, Cys**® and Cys>*° are highly possible
to be palmitoylated. In support of the note, Cys**® is predicted as a potential site for
S-palmitoylation by the NBA-Palm (Xue et al., 2006) and CSS-Palm 4.0 program (Ren
et al., 2008). Functionally, since S-palmitoylation is a reversible modification, the
turnover of S-palmitoylation is widely hypothesized to be involved in the signalling,
trafficking and stability of GPCRs (Goddard and Watts, 2012, Norskov-Lauritsen and
Brauner-Osborne, 2015, Zhang and Kim, 2017). It has been found that substitutions
of palmitoylated Cys residues with Ala lead to a reduction in the surface expression
of CC chemokine receptor 5 (CCR5) and decrease the half-life of the receptor
(Percherancier et al., 2001). Moreover, Ala substitutions on the palmitoylation sites
of u-opioid receptor (u-OR) result in a decrease in cholesterol association and
attenuation of the signalling of the receptor via disrupting receptor
homodimerization and G protein coupling (Zheng et al., 2012). Thus, investigations in
the statuses of palmitoylation on the kisspeptin receptor may provide new

understanding of its structure-functional relationships.
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1.2.3 Ligands of the kisspeptin receptor

1.2.3.1 Kisspeptins

Although the closest homologue of the kisspeptin receptor is galanin receptors (Fig.
1.1), galanin is unable to bind and activate the kisspeptin receptor (Lee et al., 1999).
Until 2001, three surrogate agonistic peptides of the kisspeptin receptor were firstly
isolated from the human placental extracts and termed either kisspeptins (13-, 14-
and 54-amino-acid peptides) (Kotani et al., 2001) or metastin (54-amino-acid
peptide) (Ohtaki et al., 2001). Kisspeptins, which are used by the NC-IUPHAR
nomenclature system, are encoded by kiss1 gene (Ohtaki et al., 2001). So far, only a
single kiss1 gene is identified in eutherian mammals without any alternative splicing
product (Pasquier et al., 2014). In humans, the kiss1 gene consists of three exons and
two introns and its spliced mRNA product can be translated into a 145-amino-acid
precursor of kisspeptins (Fig. 1.4). The polypeptide precursor is subsequently
processed to several size-varied and biologically functional kisspeptins, including 54-,

14-, 13- and 10-amino-acid peptides named KP-54, KP-14, KP-13 and KP-10.

. Exon1l | Intron | Exon2 | Intron | Exon 3 kiss1 gene

1 19 68 121 138

NH, [sP__} | |~——COOH Precursor Peptide

GTSLSPPPESSGSPQQPGLSAPHSRQIPAPQGAVLVQREKDLPNYNWNSFGLRF KP-54

41 54
DLPNYNWNSFGLRF KP-14

42 54
LPNYNWNSFGLRF KP-13

45 54
YNWNSFGLRF KP-10
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Figure 1.4 The diagrams of human kiss1 gene and its encoded bioactive peptides. The kiss1
gene encodes a 145-amino-acid precursor peptide. The cleavage of the precursor leads to
the formation of KP-54 and the further truncation results in the generation of KP-14, KP-13
and KP-10. The protein sequences of each product are shown. SP stands for signal peptide,
which is the sequence targeting the protein to the secretory pathway.

All bioactive kisspeptin isoforms (KP-54, KP-13, KP-14 and KP-10) share the last ten
amino acids (45-54) at the C-terminus and possess similar potency (Ohtaki et al.,
2001). The last ten amino acids are highly conserved among all vertebrate species
with the exception of Trp47 and Ser®, suggesting their important roles in the
functions of kisspeptins (Pasquier et al., 2014). Indeed, systematic substitutions of
each amino acid of human KP-10 with Ala (Ala scan) lead to decreased agonistic
activity, with the exception of Trp47 and Ser49(Niida et al., 2006, Orsini et al., 2007).
The most dramatic decreases in the activity of KP-10 are observed in analogues with
Ala substitutions of Phe®, Leu®® and Phe®*. Asn®® and amino acids from Phe to
Phe>* are stereochemically important, because substitutions of each residue with
their D-enantiomers, which alter the conformation of the peptides, result in
complete loss of the kisspeptin receptor-agonistic activity (Niida et al., 2006). In
contrast, Trp*” and Ser®, which are less conserved among vertebrates, are relatively
tolerant for D-amino acid substitutions (Niida et al., 2006). In addition, substitutions
of each amino acid of human KP-10 with Ala also result in reductions in the binding
to the kisspeptin receptor, which positively correlate with the kisspeptin receptor-
agonistic activity (Orsini et al., 2007). Moreover, the aromatic side chains of two Phe
residues in the C-terminal tail (Phe®® and Phe*) of kisspeptins are essential for the
binding and activation of the kisspeptin receptor. In supports, substitutions of Phe®

or Phe® with Tyr, Trp, cyclohexylamine and 3-pyridinylalanine, which mimic the

26



aromatic side chain of Phe, have little effects on receptor binding and activation
(Orsini et al., 2007). By contrast, Ala substitutions of Phe®® or Phe®* result in
decreases in the binding to the kisspeptin receptor and a dual Ala substitution on

Phe*® and Phe®* abolished the binding and activation of the receptor.

It remains unclear that how kisspeptin binds to its receptor. Kisspeptins have been
proposed to bind to the kisspeptin receptor via a two-step ligand transportation
model, in which they initially bind to the lipid membrane and then laterally diffuse to
the receptor (Lee et al., 2009). In supports, a close correlation between the binding
of kisspeptins to the lipid membrane and its binding to the kisspeptin receptor is
observed. For instance, human KP-10 is able to bind to 1-palmitoyl-2-oleoyl-
phosphatidylchline (POPC) liposomes, which mimic the environment of the lipid
membrane. The binding of human KP-10 to POPC liposomes is abolished by a
substitution of Phe>® or Phe>* with Ala (Lee et al., 2009), which exhibits impaired
binding ability to the kisspeptin receptor (Orsini et al., 2007). Therefore, some three-
dimensional (3D) structures of kisspeptins in membrane-mimetic environments have
been revealed by nuclear magnetic resonance (NMR) studies (Orsini et al., 2007, Lee
et al., 2009). In a solution of sodium dodecyl sulfate (SDS) micelles, the residues from
Asn®® to Phe>* within the C-terminus of human KP-13 form a helical conformation,
where Phe®®, Phe>* and Arg™ lie on the same face of the helix (Orsini et al., 2007).
The helical structure of human KP-13 is essential for its binding to the kisspeptin
receptor, as single substitutions on either Gly>* or Leu®® with a helix-breaking Pro
residue greatly decreases receptor binding and agonistic activity. However, instead of

the helical structure, in the presence of dodecylphosphocholine (DPC) micelles, a
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human KP-10 analogue with a substitution of Ser*® to Ala folds into several tight turn
structures, encompassing the residues Trp47 to Phe®* (Lee et al., 2009). Additionally,
the C-terminal region of the analogue forms a hydrophobic cluster composed of
Phe®, Phe®* and the aliphatic side-chain of Leu®, which may interact with the
hydrophobic carbon chains of the lipid membrane. The discrepancy between two
NMR structures may be caused by different detergents used for mimicking the lipid
membrane. SDS micelles provide a negatively charged surface, while DPC micelles
form a neutral zwitterionic surface. To understand how the kisspeptin receptor
binding with kisspeptins, the accurate 3D structures of kisspeptins remain to be

solved in the further.

1.2.3.2 Synthetic ligands for the kisspeptin receptor

Kisspeptins are metabolically unstable in serum. It has been shown that more than
50% of human KP-10 can be metabolized in mouse plasma after one-minute
incubation at 37°C (Asami et al., 2012a). The incubation produces more than ten
metabolites and the main fragments are produced by the digestion between Tyr45—
Asn*® and Argsg—Phe54 via aminopeptidase and trypsin-like proteases. Moreover,
kisspeptins have also been shown to be cleaved between GIyE‘l—Leu52 by matrix
metalloproteinases (MMPs), including membrane-type 1-MMP, membrane-type 3-
MMP, membrane-type 5-MMP, MMP-2 and MMP-9 (Takino et al., 2003). The
cleavage leads to inactivation of all bioactive kisspeptins. Therefore, several studies
have attempted to design and synthesize more potent and stable kisspeptin
analogues by downsizing (Niida et al., 2006) and/or by substituting susceptible

residues (Asami et al., 2012a, Asami et al., 2012b, Asami et al., 2013, Tomita et al.,
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2008). For example, a substitution of Arg> of KP-10, which is a target site of the
digestion mediated by trypsin, with guanidino-N (N*)-methyl Arg (Arg(Me)) enables
the analogue to be resistant to trypsin-mediated hydrolysis (Asami et al., 2012a). The
Arg(Me) analogue exhibits improved stability in serum and increased potency
compared with KP-10. However, the peptide is still susceptible to other enzymes in
mouse serum. A further study on the Arg(Me) analogue by substituting Tyr**, Trp*’
and Gly>* residues resulted in several more stable variants (Asami et al., 2012b).
Among them, a peptide with substitutions of Tyr*, Trp*’ and Gly>* with D-Tyr, D-Trp,
azaglycine, in which a-carbon is replaced by a nitrogen atom, and Arg(Me)
respectively shows high metabolic stability with similar agonistic activity and binding

affinity compared with that of KP-10.

In addition to the development of agonists of the kisspeptin receptor, several studies
have focused on the design and synthesis of antagonists of the receptor to develop
therapeutic drugs and assist in the elucidation of the physiological roles of
kisspeptins and the kisspeptin receptor. A peptide antagonist, ac[(D)-Ala]-Asn-Trp-
Asn-Gly-Phe-Gly-[(D)-Trp]-Arg-Phe-NH, (peptide 234), is developed by systematic
substitutions of amino acids of KP-10 (Roseweir et al., 2009). The peptide potently
inhibits KP-10-induced formation of IP in Chinese hamster ovary (CHO) cells, which
stably express the human kisspeptin receptor, with an ICsy value of 7.0 nM and
exhibits a similar binding affinity to the kisspeptin receptor as that of KP-10. In
addition, the antagonistic activity of peptide 234 is also observed in vivo by directly
inhibiting luteinizing hormone (LH) secretion in male mice and blocking KP-10-

induced gonadotropin-releasing hormone (GnRH) neuron firing in female mice brain
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slices. Besides, some small molecules, including a series of 2-acylamino-4,6-
diohenylpyridines derivatives, have been reported to possess the kisspeptin

receptor-antagonistic activity (Kobayashi et al., 2010a, Kobayashi et al., 2010b).

1.3 Physiological and pathophysiological roles of the kisspeptin

receptor

A broader expression profile of mRNA of the kisspeptin receptor and kisspeptin has
been identified in human tissues (Fig. 1.5) and high expression level is observed in
human placenta, pancreas (Ohtaki et al., 2001) and pituitary (Kotani et al., 2001). The
broader expression profile of the kisspeptin receptor and kisspeptin implies their
potential diverse and complex physiological functions. In the following parts,
functions of kisspeptins and the kisspeptin receptor in the regulation of puberty

development and cancer metastasis are discussed.
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Figure 1.5 The expression profile of mRNA of kisspeptin and the kisspeptin receptor in
human tissues. PBL is short for peripheral blood leukocyte. Figure is adapted from Ohtaki et
al., 2001.

1.3.1 Roles of the kisspeptin receptor in the development of puberty
Several natural occurring mutations (Fig. 1.2) on human kiss1r gene are identified in
the patients with IHH (Semple et al., 2005, Seminara et al., 2003, de Roux et al.,

2003). Linkage analysis of the patients reveals a homozygous T-to-C transition

148

resulting in a substitution of Leu™ " to Ser (L148S), a heterozygous C-to-T transition

1

leading to replacement of Arg**! with a premature stop codon (R331X) and a
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heterozygous T-to-A transversion substituting the physiologic stop codon with Arg
(X399R) (Seminara et al., 2003). Overall, these mutations result in a reduction of KP-
10-induced IP response when expressed in COS-7 cells. More detailed analyses
reveals that the L148S mutant impairs Gq/11-mediated signalling by decreasing the
capability of the mutant receptor to catalyze the dissociation of the Ga subunit from
the GBy complex (Wacker et al., 2008). In addition, a deletion of 155 base pairs
encompassing intron 4 and exon 5 of kiss1r gene and a homozygous T-to-C transition
replacing Leu®® with Pro (L102P) are identified in the patients with IHH (de Roux et
al., 2003). The 155-base pair deletion of kiss1r gene results in a truncation of the

receptor at Gly**’

within the ICL3 and leads to a loss of function (de Roux et al.,
2003), whereas the L102P mutant completely abolishes KP-10-induced turnover of IP
when expressed in HEK293 cells (Tenenbaum-Rakover et al., 2007). Furthermore, two
missense mutations, the substitution of Cys223 with Arg (C223R) and the replacement
of Arg®’ with Leu (R297L) (Semple et al., 2005), and a heterozygous insertion of one
Pro-Arg-Arg repeat in the Pro-Arg-rich region of the C-terminal tail after residue 342
(Chevrier et al., 2013) are observed in the patients with IHH. The C223R mutant
profoundly impairs KP-10-induced calcium flux, while the R297L mutant only has a
mild effect on the function of the receptor when expressed in Flp-In""-293 cells. The
insertion of a Pro-Arg-Arg causes a decrease in the maximal KP-10-stimulated
accumulation of IP and phosphorylation of extracellular signal-regulated kinase 1/2
(ERK1/2), and a reduction in the cell surface expression without affecting total
expression of the receptor. Besides, a gain-of-function mutation of the kisspeptin

386

receptor, where the Arg™" is substituted by Pro (R386P), is observed in a patient with

idiopathic central precocious puberty (Teles et al., 2008). The R386P mutant results

32



in prolonged receptor signalling by decreasing agonist-induced receptor
desensitization. Altogether, attenuations or prolongations of the activity of the
kisspeptin receptor lead to dysregulations of puberty, indicating a critical role of the

kisspeptins and the kisspeptin receptor in the regulation of human reproductive axis.

Indeed, kisspeptins are able to stimulate both LH and follicle-stimulating hormone
(FSH) release in a number of species, including humans (Dhillo et al., 2007, Dhillo et
al., 2005), mice (Messager et al., 2005, Han et al., 2005) and rats (Irwig et al., 2004).
The kisspeptin-induced release of LH is inhibited by the presence of a GnRH
antagonist, acyline, suggesting that GnRH might be a mediator of kisspeptin-induced
release of gonadotropin (Irwig et al., 2004). Consistently, administration of kisspeptin
into the cerebrospinal fluid of sheep results in an abrupt increase in the secretion of
GnRH and LH at the same time (Messager et al., 2005). Since the expression of the
kisspeptin receptor is detected in GnRH neurons in both mRNA (Irwig et al., 2004,
Han et al., 2005) and protein level (Messager et al., 2005), kisspeptin could activate
the receptor located on GnRH neurons leading to the secretion of GnRH, and,

consequently, result in the release of LH and FSH.

1.3.2 Roles of the kisspeptin receptor in the development of cancers

Since kiss1 gene is identified as a metastasis suppresser gene (Lee et al., 1996),
kisspeptins and the kisspeptin receptor have been also proposed to suppress cancer
metastasis. In the supports of the note, kisspeptins and the kisspeptin receptor have
been reported to suppress the metastasis of a variety of cancers, including

melanoma (Ohtaki et al., 2001), breast (Tan et al., 2014, Cho et al., 2009a, Lee and
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Welch, 1997), endometrial (Kang et al., 2011), thyroid (Stathatos et al., 2005),
pancreatic (Masui et al., 2004), gastric (Li et al., 2012), renal (Yoshioka et al., 2008),
bladder (Takeda et al., 2012) and ovarian (Jiang et al., 2005) cancers. However,
mechanisms underlying the regulation of migration and invasion of cancer cells via
kisspeptins and the kisspeptin receptor remain largely unknown. One potential
mechanism for the inhibition of cancer metastasis by kisspeptins may involve the
downregulation of MMPs, which play critical roles in the degradation of extracellular
matrix. For example, a negative correlation between the level of expression of
endogenous kisspeptin and MMP-9 is observed in hepatocellular carcinoma tissue
slides, which were collected from human patients (Shengbing et al., 2009).
Consistently, the transfection of BGC-823 cells, which is a gastric carcinoma cell line,
with plasmids containing kiss1 gene, leads to an increase in the expression of
kisspeptin and a decrease in the expression of MMP-9 at both mRNA and protein
levels (Li et al., 2012). The kisspeptin-induced downregulation of MMP-9 expression
is also observed in HT-1080 cells (Yan et al., 2001), MBT-2V cells (Takeda et al., 2012)
and HTC-116 cells (Chen et al., 2016) that belong to human fibrosarcoma, murine
bladder and human colorectal cancer cells respectively. Further studies reveal that
the downregulation of kisspeptin on the expression of MMP-9 may be mediated by
nuclear factor kappa B (NF-kB). It has been demonstrated that the interaction of NF-
kB with MMP-9 promoter in the nucleus is reduced in HT-1080 cells transfected with
constructs containing kiss1 gene, compared with that in untransfected cells (Yan et
al., 2001). The decreased interaction, in part, results from the reduced nuclear
translocation of NF-kB mediated by IkB. Similarly, a decreased nuclear translocation

and increased cytoplasmic expression of NF-kB, which leads to reduced DNA-binding
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activity of NF-kB, is observed in MBT-2V cells upon KP-54 stimulation (Takeda et al.,

2012).

However, kisspeptins and the kisspeptin receptor have been recently demonstrated
to promote invasiveness of some human breast cancer cells, including MDA-MB-231,
Hs578T (Zajac et al., 2011) and SKBR3 (Cvetkovic et al., 2013). KP-10 is able to
promote motility and invasion of MDA-MB-231 and Hs578T (Zajac et al., 2011) cells
endogenously express the kisspeptin receptor, as well as SKBR3 cells transfected with
the kisspeptin receptor (Cvetkovic et al., 2013). One common feature shared by
these breast cancer cells is that they do not express endogenous estrogen receptor a
(ERa). KP-10 does not enhance migration and invasion of ERa-positive breast cancer
cells, including T47D (Zajac et al., 2011, Cvetkovic et al., 2013) and Michigan Cancer
Foundation-7 (MCF-7) cells, which also express endogenous the kisspeptin receptor
(Cvetkovic et al., 2013). Consistently, a treatment of ERa-negative MDA-MB-231 cells
with kisspeptins secreted from human placental explants in the culture medium
(placental kisspeptins) promotes their invasion, while a treatment of ERa-positive
MCF-7 cells with placental kisspeptins does not altered their invasion (Rasoulzadeh
et al., 2016). Therefore, ERa might be involved in the differential modulation of
cancer metastasis by kisspeptins and the kisspeptin receptor. Indeed, KP-10 is unable
to enhance invasion of the MDA-MB-231 cells, when they are transfected with ERa
(Cvetkovic et al.,, 2013). One potential mechanism underlying kisspeptin-induced
metastasis of cancer may involve the transactivation of epidermal growth factor
receptor (EGFR) via the kisspeptin receptor. KP-10 induces the phosphorylation of

EGFR in MDA-MB-231 and Hs578T (Zajac et al.,, 2011) cells, which endogenously
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express the kisspeptin receptor, and SKBR3 cells transfected with the kisspeptin
receptor (Cvetkovic et al., 2013). Inhibition of EGFR signalling by using a selective
receptor tyrosine kinase inhibitor, AG-1478, abolishes KP-10-stimulated invasion of
MDA-MB-231 cells (Zajac et al., 2011), suggesting that KP-10-activated the kisspeptin
receptor can transactivate EGFR to promote cell invasion. However, KP-10 cannot
stimulate the phosphorylation of EGFR in ERa-positive breast cancer cells, such as
MCF-7 and T47D cells (Cvetkovic et al., 2013). Therefore, ERa may modulate the
kisspeptin receptor signalling to EGFR and then regulate cancer metastasis. A better
understanding of the mechanisms underlying the kisspeptin receptor signalling is
required to evaluate its potential as a therapeutic target in the treatment of cancer

metastasis.

1.4 The signalling of the kisspeptin receptor

The intracellular region of a GPCR mediates interactions of the receptor with GPCR-
interacting proteins (GIPs) containing the cognate G proteins or non-G protein
interacting proteins. The interactions of GPCRs with GIPs mediate a variety of
intracellular responses. In the following sections, the signalling pathways activated by

kisspeptins and the kisspeptin receptor are presented and are summarised in Fig. 1.6.
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Figure 1.6 The main signalling pathways stimulated by kisspeptins and the kisspeptin

receptor. The figure illustrates the signalling pathways that have been reported to be
activated by the kisspeptin receptor upon the binding of kisspeptins.

1.4.1 GPCR-mediated G protein activation and G protein-dependent signalling

Canonical GPCR signalling is mediated by their cognate heterotrimeric G proteins.
Heterotrimeric G proteins couple to the intracellular region of activated GPCRs and
are composed of Ga, GB and Gy subunits. The Ga subunit binds to GDP in the
inactive status and binds to GTP, when it is activated. The GB and Gy subunits always
form a stable heterodimeric complex and act as a functional unit. In the basal state,
the GDP-bound Ga subunit binds tightly to the GBy dimer. Upon the agonist-induced
activation of GPCRs, conformational changes of the receptor promote the
recruitment of G proteins and catalyse the exchange of GDP with GTP in the Ga
subunit. The binding of GTP leads to a further conformational change of the Ga
subunit and also results in the dissociation of the active Ga-GTP from the GBy
complex and receptors. Both Ga-GTP and GBy dimer are able to activate downstream
effector proteins and subsequently initiate diverse intracellular signalling pathways.

The duration of the activated status of Ga-GTP is determined by the intrinsic GTPase
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activity within the Ga subunit and is accelerated by the GTPase activating proteins
(GAPs). The hydrolysis of GTP to GDP inactivates the Ga subunit and allows it to

reassociate with GBy subunit (Fig. 1.7) (Lambert, 2008, Zhang et al., 2015b).

GPCRs
GDP l GTP
GagppPY GogrpPY
GAPs
GaGDp + GBV < GCIGTP + GBV
Effectors

Figure 1.7 Overview of GPCR-mediated activation of G protein. In the inactivate status, the
GDP-bound Ga subunit associates with the GBy dimer. The activation of a GPCR induces the
exchange of GDP to GTP in the Ga subunit and subsequently results in a dissociation of GTP-
bound Ga subunit from GBy. Both GTP-bound Ga and Gy can transduce downstream
signalling via interaction with various effectors. The hydrolysis of GTP to GDP through the
intrinsic GTPase activity of the Ga subunit with helps from GAPs terminates the Ga signalling
and leads to reassociation to the Gy complex. Figure is adapted from Lambert, 2008.

In mammals, there are 16 different a subunits, 5 distinct B (GB1s) subunits and 12
different Gy (Gya-s, 7.13) subunits (Downes and Gautam, 1999). The a subunits can be
assigned into four main classes based on the similarity of their protein sequences
(denoted G, with x referring to the specific class) and each class can be further

divided into specific subtypes (denoted Ga, with x referring to the subtypes): G (Ga
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and Goo), Gio (Gir3, GAo, GO Gty and Gagyst), Go11 (GO, Goaa, Gaug, and
Gays/ie) and Giyaz (Gag; and Gays) (Simon et al., 1991, Downes and Gautam, 1999).
Following ligands binding, GPCRs couple to one or more G protein families to

mediate cellular responses.

The kisspeptin receptor is a G g/11-coupled receptor and can, therefore, activate Gg/11-
dependent signalling pathways. The canonical effectors of Gg/11 family members are
phospholipase C-Bs (PLC-Bs). The activated Ga subunit of G4/11 binds and activates all
PLC-B isoforms (PLC-B1.4) (Lee et al., 1994, Runnels and Scarlata, 1999, Jiang et al.,
1994, Lee et al, 1992). Activated PLC-Bs then catalyse the hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP,) to inositol 1,4,5-trisphosphate (IPs) and
diacylglycerol (DAG) (Rhee, 2001), which in turns mobilize calcium from intracellular
stores and activate protein kinase C (PKC) (Berridge, 1987). In vitro, KP-10 can
stimulate intracellular calcium mobilization and phosphatidylinositol turnover in
CHO-K1 (Kotani et al., 2001), B16-BL6 mouse melanomas (Ohtaki et al., 2001) and
HEK293 cells (Muir et al., 2001) transfected with the human kisspeptin receptor. The
KP-10-induced calcium mobilization is unable to be altered by the treatment with
pertussis toxin, which prevents the binding of Gj, to the receptor by ADP-
ribosylation, indicating that the activation of PLC-B is mediated by Gg/11 but not G,
family (Muir et al., 2001, Kotani et al., 2001). The kisspeptin receptor does not couple
strongly to Gi/, and G subfamilies, since KP-10 cannot elicit accumulation of cyclic
adenosine 3’,5’-monophosphate (cAMP), which is mediated by Gs subfamily, and
inhibit the formation of cAMP, which is regulated by G/, subfamily (Muir et al., 2001,

Kotani et al., 2001). In physiological contexts, kisspeptins and the kisspeptin receptor
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can activate the secretion of GnRH and pituitary responses via Gg/11/PLC- B-mediated
signalling pathways. Inhibition of PLC by a PLC inhibitor (U-73122) or depletion of
intracellular calcium stores by thapsigargin inhibits the KP-10-induced secretion of
GnRH in rat hypothalamic explants (Castellano et al., 2006). Consistently,
pretreatment of cultured hypothalamic slices from transgenic mice, which express a
rat GnRH promoter-driven luciferase reporter, with a PKC inhibitor (Go-6983) inhibits
kisspeptin-induced secretion of GnRH and luciferase expression (Choe et al., 2013),
suggesting that Gg/11/PLC- B might mediate kisspeptin-induced secretion of GnRH by
regulating the transcription of gene encoding GnRH. In addition, the inhibition of PLC
by U-73122, the depletion of intracellular calcium stores by thapsigargin or the
inhibition of PKC by Go-6983 can also attenuate KP-10-induced secretion of LH and

GH in baboon pituitary cells (Luque et al., 2011)

In addition to Gg11/PLC-B-mediated signalling, kisspeptins and the kisspeptin
receptor can activate some other effectors of Gg/11 family. For example, KP-10 can
stimulate the phosphorylation of ERK1/2 via Gg/1 subfamily. The KP-10-induced
phosphorylation of ERK1/2 is abolished in G4/11 knockout mouse embryonic fibroblast
(MEF) cells expressing the kisspeptin receptor, which are derived from mice with
Gg/11 gene deletions or disruptions (Szereszewski et al., 2010). The KP-10-induced
phosphorylation of ERK1/2 is important for the secretion of hormones, since
inhibition of ERK1/2 by PD-98059 abolishes the KP-10-induced secretion of GnRH in
rat hypothalamic explants (Castellano et al.,, 2006) and release of LH in baboon
pituitary cells (Luque et al., 2011). In addition, the KP-10-induced phosphorylation of

ERK1/2 is also involved in the regulation of cell apoptosis, as inhibition of ERK1/2 by
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using an inhibitor (U0126) increases the survival of Jurkat cells after KP-10 treatment
(Navenot et al.,, 2009). In addition to ERK1/2, RhoA and Rho guanine nucleotide
exchange factor 25 (p63RhoGEF) could also be activated by kisspeptins and the
kisspeptin receptor via Gg/11. KP-10 activates RhoA and promotes its downstream
serum response factor (SRF)-dependent transcriptional activity in HEK293 cells
expressing the human kisspeptin receptor (Cho et al., 2011). The RhoA-mediated
activation of SRF-mediated transcription is regulated by Gg/11/p63RhoGEF signalling
pathway, since it is attenuated by transfections of HEK293 cells with a dominant
negative mutant of Gag or a catalytic domain-deleted mutant of p63RhoGEF. It has
been reported that Gg/11 could activate RhoA via p63RhoGEF (Lutz et al., 2007, Lutz
et al., 2005). Therefore, the kisspeptin receptor could activate RhoA through
Gg/11/P63RhOGEF/RhoA signalling pathway. The Gg/11/p63RhoGEF/RhoA signalling
pathway has been proposed to be involved in the regulation of metastasis of breast
tumours. In primary breast tumour cells, which are isolated from mouse mammary

+/+

tumour virus (MMTV)- polyoma virus middle T antigen (PyMT)/kiss1r”’" female mice,
knockdown of the expression of the kisspeptin receptor by using short hairpin RNA
(shRNA) decreases the formation of GTP-bound RhoA. Moreover, transfection of the
primary tumour cells with dominant negative RhoA reduces the anchorage-
independent growth of the cells (Cho et al., 2011). Similar results are also observed
in transformed MCF-10A cells, which are human normal breast epithelial cells.
Transfection of MCF-10A cells with constitutively active Ras results in the
tumorigenesis and anchorage-independent growth. The Ras-induced anchorage-

independent growth of MCF-10A cells is reduced by knockdown of the expression of

the human kisspeptin receptor by using shRNA, inactivation of RhoA by using an
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inhibitor of RhoA (Y27632) or transfecting the cells with inactive mutant of RhoA
(Cho et al.,, 2011). Hence, in addition to the kisspeptin receptor-mediated
transactivation of ERa/EGFR (Section 1.3.2), the kisspeptin receptor may be able to
promote the metastasis of breast cancers via Gg/11/p63RhoGEF/RhoA signalling

pathway.

1.4.2 G protein-independent signalling

In addition to G protein-mediated signalling pathways, increased numbers of studies
show that non-G protein effectors can directly interact with GPCRs to mediate G
protein-independent signalling pathways [reviewed in (Ritter and Hall, 2009)]. A
variety of non-G protein effectors that can interact with GPCRs have been reported
such as B-arrestins (Luttrell et al., 1999), spinophilin (Wang et al., 2004), calmodulin
(Labasque et al., 2008), protein phosphatases (Evans et al., 2008) and SH2 domain-
containing proteins (Bousquet et al., 2006) to diversify GPCR functions [reviewed in
(Luttrell, 2008, Bockaert et al., 2010, Magalhaes et al., 2012)]. The kisspeptin
receptor has been shown to interact with B-arrestins (Section 1.2.2) (Pampillo et al.,
2009). Following KP-10 binding, the kisspeptin receptor can be phosphorylated by
GRKs and then can recruit B-arrestinl or B-arrestin2 to mediate the desensitization
and internalization of the receptor (Pampillo et al., 2009). In addition, B-arrestins can
also interact with other effectors, including mitogen-activated protein kinases
(MAPKs) and SRC tyrosine kinases to phosphorylate downstream effectors (Luttrell et
al., 1999), diacylglycerol kinases to induce degradation of DAG (Nelson et al., 2007),
and Ral GDP dissociation stimulators to activate Ral-dependent cytoskeletal

reorganization (Bhattacharya et al.,, 2002). Moreover, KP-10 is able to regulate the
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phosphorylation of ERK1/2 through B-arrestins. Knockdown of the endogenous
expression of B-arrestin2 in MDA-MB-231 cells by using shRNA suppresses the
phosphorylation of ERK1/2 after the treatment with KP-10 (Pampillo et al., 2009).
Consistently, a reduction in KP-10-induced phosphorylation of ERK1/2 is observed in
B-arrestinl/2 double knockout MEF cells expressing the kisspeptin receptor, which
are derived from mice with B-arrestinl/2 gene deletions or disruption (Szereszewski
et al.,, 2010). However, B-arrestinl and B-arrestin2 exhibit opposite effects on the
kisspeptin receptor-dependent phosphorylation of ERK1/2. In B-arrestinl single
knockout MEF cells, the level of KP-10-induced phosphorylation of ERK1/2 is
significantly higher than that of the wild type MEF cells. By contrast, KP-10-induced
phosphorylation of ERK1/2 is abolished in B-arrestin2 single knockout MEF cells
(Szereszewski et al., 2010). Thus, B-arrestinl inhibits the kisspeptin receptor

signalling to ERK1/2, while B-arrestin2 potentiates it.

Besides, the kisspeptin receptor has three Pro-Arg-Arg repeats within the C-terminal
tail (Fig. 1.2). The Pro-rich region has been identified in the ICLs and the C-terminal
tail of some GPCRs and modulates the signalling of receptors by mediating the
interaction of the receptor with SH3-domain containing proteins. For example,
several Pro-rich regions are identified within the ICL3 of dopamine D4 receptor. The
Pro-rich regions are able to mediate interactions of dopamine D4 receptor with NcK,
growth factor receptor bound protein 2, Abelson murine leukemia viral oncogene
homolog 1 (ABL1), p85a and c¢-SRC (Oldenhof et al., 1998). The removal of the Pro-
rich motifs abolishes dopamine D, receptor-mediated phosphorylation of ERK1/2

and reduces the ability of the receptor to inhibit forskolin-induced accumulation of
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cAMP. Another example is P2Y purinergic receptor 2, which has two Pro-rich motifs
at the C-terminal tail. Upon the activation by agonists, P2Y purinergic receptor 2 can
interact with c-SRC via the Pro-rich motifs (Liu et al., 2004). The removal of the Pro-
rich motifs inhibits the agonist-induced activation of c-SRC and proline-rich tyrosine
kinase 2, and reduces the phosphorylation level of co-localized platelet-derived
growth factor receptor and EGFR. The Pro-rich region within the C-terminal tail of the
kisspeptin receptor has been shown to interact with protein phosphatase 2A (PP2A).
A glutathione-S-transferase (GST) fusion protein containing the C-terminal tail of the
kisspeptin receptor (GST-C-ter) pulls either PP2A-B or -C subunit down from the CHO
cell lysates (Evans et al., 2008). The pull down of PP2A-B or -C subunit is abolished by
deleting the Pro-rich region of the kisspeptin receptor (GST-C-terAPR). The
interaction between the kisspeptin receptor and PP2A may assist the subcellular
localization of PP2A and, hence, promotes PP2A phosphatase activity, since the
complex formed by PP2A-C subunit and GST-C-ter possesses the phosphatase
activity. However, the interaction of the kisspeptin receptor with PP2A remains to be

demonstrated in cellular studies.

1.4.3 Cross-talk of the kisspeptin receptor with other membrane receptors

The kisspeptin-activated kisspeptin receptor has been shown to crosstalk with other
membrane receptors. For example, KP-10 stimulates the phosphorylation of EGFR in
some ERa-negative breast cancer cells, such as MDA-MB-231, Hs578T (Zajac et al.,
2011) and SKBR3 cells (Cvetkovic et al., 2013), to promote motility and invasion of
the cells (Section 1.3.2). The kisspeptin receptor-mediated transactivation of EGFR is

proposed to be mediated by 1Q motif-containing GTPase-activating protein 1
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(IQGAP1), which is an actin cytoskeletal binding protein and interacts with actin
filaments (Cvetkovic et al.,, 2013). IQGAP1 has been shown to interact and be
colocolized with both EGFR (McNulty et al., 2011) and the kisspeptin receptor
(Cvetkovic et al., 2013). In addition, the kisspeptin receptor can also directly interact
with EGFR and it is promoted by the treatment with KP-10 (Zajac et al., 2011).
Therefore, the kisspeptin receptor could form a complex with IQGAP1 and EGFR. It
has been shown that depletion of the expression of IQGAP1 by using shRNA in MDA-
MB-231 cells abolishes KP-10-induced phosphorylation of EGFR. Since IQGAP1 can
act as a scaffold to bind to ERK2 (Roy et al., 2004), B-Raf (Ren et al., 2007), MAPK
kinase 1 and 2 (MEK1 and MEK2) (Roy et al., 2005) and modulates their functions,
the kisspeptin receptor might recruit and activate the signalling cascade of MAPK via
IQGAP1 to phosphorylate EGFR. Functionally, the KP-10-induced transactivation of
EGFR might be involved in the regulation of activity of MMP-9 in ERa-negative breast
cancer cells. Inhibition of EGFR by using an inhibitor (AG-1468) inhibits KP-10-

stimulated activity of MMP-9 in MDA-MB-231 cells (Zajac et al., 2011).

On the other hand, the kisspeptin-induced activation of the kisspeptin receptor can
downregulate the activities of CXCR4 (Navenot et al., 2005), insulin receptor and
EGFR (Navenot et al., 2009) by suppressing their signalling. A prior treatment of CHO
cells, which are co-transfected with the kisspeptin receptor and CXCR4, with KP-10
disables the stromal cell-derived factor 1 (SDF-1, also known as CXCL12)-induced
calcium mobilization and phosphorylation of AKT (Navenot et al., 2005). Similarly,
pretreatment of HEK293 cells, which are transfected with the kisspeptin receptor,

with KP-10 inhibits EGF and insulin-induced phosphorylation of AKT (Navenot et al.,
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2009). The precise mechanisms underlying the negative crosstalk of the kisspeptin
receptor with CXCR4, EGFR and insulin receptor remain to be investigated. The
different signalling of kisspeptins and the kisspeptin receptor to EGFR might be due

to the distinct cell types used.

1.4.4 Other signalling pathways

Kisspeptins and the kisspeptin receptor are also able to mediate some kinase
cascades, in which the precise signalling pathways remain to be elucidated. For
example, KP-54 induces the phosphorylation of focal adhesion kinase (FAK) and
paxillin, which play important roles in the formation of focal adhesions, in B16-BL6
mouse melanoma cells transfected with the kisspeptin receptor (Ohtaki et al., 2001).
In addition, kisspeptins can also elicit the phosphorylation of p38 (Castellano et al.,
2006) and AKT (Luque et al., 2011). The signalling of kisspeptins and the kisspeptin
receptor to p38 and AKT is involved in the regulation of secretion of neuroendocrine.
In fact, inhibition of phosphatidylinositide 3-kinases (PI3K)/AKT by using wortmannin
abolishes the KP-10-induced release of LH in baboon pituitary cells (Luque et al.,
2011), while the treatment of rat hypothalamic explants with p38 inhibitor (SB-
203580) prevents KP-10-induced GnRH secretion (Castellano et al., 2006). However,
the signalling to p38 is dependent on the cellular context studied, especially in cancer
cell lines. For example, KP-10 triggers the phosphorylation of p38 in CHO cells
expressing the human or rat kisspeptin receptor (Kotani et al., 2001), but not in
MDA-MB-435S cells transfected with the kisspeptin receptor, which are derived from
breast cancer cells, (Becker et al., 2005) and in ARO cells, which are thyroid cancer

cells and express the endogenous kisspeptin receptor (Ringel et al.,, 2002).
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Consistently, studies of two pancreatic cancer cell lines, which express the
endogenous kisspeptin receptor, show that KP-54 induces the phosphorylation of
p38 only in PANC-1 cells but not in AsPC-1 cells (Masui et al., 2004). Additionally, the
kisspeptin receptor also signals to AKT in cell type-dependent manner. KP-10
stimulates the phosphorylation of AKT in NPA cells transfected with the human
kisspeptin receptor (Stathatos et al., 2005), but not in ARO cells (Ringel et al., 2002).
However, the mechanisms responsible for the cell type-dependent signalling of
kisspeptins and the kisspeptin receptor and its biological functions remain to be

demonstrated.

1.5 Ligand-induced receptor activation and signalling

1.5.1 The activation of GPCRs

Binding of a ligand to a GPCR induces a conformational change of the receptor.
Determination of the structures of GPCRs in different states, such as the inactive (R)
state and the active (R*) state, provides insights into some conformational
rearrangements during the activation process of the receptor. For example, the
comparison between the structure in R and R* state of B,AR, shows an involvement
of helical rearrangements (Bang and Choi, 2015). The helical rearrangements are
primarily located in the cytoplasmic end of TM3, TM5, TM6 and TM7. A large
outward movement of the cytoplasmic end of TM6, together with a moderate
outward movement of the intracellular end of TM5 and a slightly inward movement
of TM3 and TM7, result in an opening of the cytoplasmic ends of the TM bundle,
which creates surface accessibility for the coupling of G proteins (Fig. 1.8A) (Bang and

Choi, 2015). In addition to the conformational changes in the cytoplasmic side,
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alternations in the extracellular end of the TM bundle are observed. For example, the
extracellular tips of TM6 and TM7 in the agonist-bound P2Y purinergic receptor 12
structure move inward compared with that in antagonist-bound structure (Fig. 1.8B)

(Zhang et al., 2015a).

Figure 1.8 Comparison of the R and R* state structure of B,AR and P2Y purinergic receptor
12. A) Intracellular view of the R* state structure (magenta) and R state structure (green) of
B,AR. B) Extracellular view of the R* state structure (orange) and R state structure (cyan) of
P2Y purinergic receptor 12. The TM domains are labelled as I-VII. Figure is obtained from
Zhang et al., 2015a.

However, the crystallographic studies are unable to provide full understanding of the
activation process of GPCRs, since most crystalized structures may be trapped in a
specific conformational state in a particular condition and in the relative stable
conformations through protein engineering, such as fusion with T4 lysozyme
(Rasmussen et al., 2011b, Shimamura et al., 2011, Chien et al., 2010) and removals of
the flexible regions (part of N-, C-terminus and ECLs) (Park et al., 2008, Shimamura et

al., 2011). Consistent with the note, several conformational intermediates have been
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identified. One well characterized example is rhodopsin. Upon absorption of a
photon, the chromophore of rhodopsin isomerizes from 11-cis-retinal to all-trans-
retinal prior to any change in the protein portion of rhodopsin (opsin). Following
that, a series of conformational changes occur in rhodopsin and several
photointermediates are formed in tandem, containing photorhodopsin,
bathorhodopsin, blue-shifted intermediate, lumirhodopsin, metarhodopsin |I.
Subsequently, a transition from metarhodopsin | to metarhodopsin Il occurs and
then the receptor is able to bind to the intracellular G proteins. In addition, a small
portion of metarhodopsin Il will decay to form metarhodopsin Il (Palczewski, 2006).
Another well-studied example is B,AR. A large number of discrete conformational
states are observed along with B,AR activation pathway by using fluorescent-
labelling on the cytoplasmic end of receptor TM6 (Bockenhauer et al., 2011). Even in
the ligand-free state, B,AR shifts between several inactive, partially active and fully
active conformations that result in receptor basal activity (Bockenhauer et al., 2011).
The discovery of intermediate states of GPCRs reveals the complexity of the
conformational landscape during the activation process. These different
conformational states of GPCRs are responsible for receptor interaction with distinct
sets of downstream effectors and contribute to the biased signalling, including
ligand-induced selective signalling (LiSS) as discussed below. Since the structures of
the kisspeptin receptor and its downstream signalling pathways remain largely
unknown, the understanding of the ligand-induced activation of other GPCRs and
their biased signalling may provide some leads to elucidate the activation and

signalling of the kisspeptin receptor.
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1.5.2 Ligand-induced Selective Signalling (LiSS)

It is broadly accepted that some ligands of the same GPCR can preferentially activate
one or some intracellular signalling pathways over the others. This concept is termed
LiSS (Millar et al., 2008), biased agonism (Jarpe et al., 1998) or functional selectivity
(Urban et al., 2007a). LiSS is used in this thesis. An increasing number of studies has
demonstrated LiSS across a wide range of GPCRs such as pu-OR (Keith et al., 1996,
Sternini et al., 1996, Thompson et al., 2015), 5-hydroxytryptamine receptor 2A and 5-
hydroxytryptamine receptor 2C (Berg et al., 1998), D,R (Mottola et al., 2002, Gay et
al., 2004, Urban et al., 2007b), B,AR (Azzi et al., 2003, Galandrin and Bouvier, 2006,
Stallaert et al.,, 2012), CCR7 (Kohout et al., 2004), dopamine D; receptor (Ryman-
Rasmussen et al., 2005), aja-adrenoceptor (Evans et al.,, 2011), CB; cannabinoid
receptor (Khajehali et al., 2015) and adenosine A; receptor (Baltos et al., 2016). One
early example of LiSS comes from the study on pituitary adenylyl cyclase-activating
polypeptide (PACAP) type-l receptors that can activate adenylyl cyclases and PLC-B
pathways (Spengler et al., 1993). Although PACAP-27 and PACAP-38, which are two
agonists of PACAP type-l receptors, exhibit similar potency to activate adenylyl
cyclases, PACAP-38 is more potent to stimulate the PLC-B-mediated signalling

pathway than PACAP-27.

It has been proposed that some biased ligands can antagonize some signalling
pathways and simultaneously stimulate the others (DeWire and Violin, 2011). It may
contribute to some undesirable effects of clinical drugs (Pupo et al.,, 2016). One
example is famotidine, which is used for the treatment of gastrointestinal ulcers by

blocking the functions of histamine H, receptor (H,R). Famotidine behaves as an
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inverse agonist of H,R that diminishes Gs-mediated accumulation of cAMP. However,
it also acts as an agonist of H,R to stimulate the dual phosphorylation of ERK1/2, and
in turns increases the expression of histidine decarboxylase, which is responsible for
the synthesis of histamine, an agonist of H,R (Alonso et al., 2015). Therefore, the up-
regulation of the expression of histidine decarboxylase may contribute to the
rebound acid hypersecretion observed after withdrawal of famotidine. Hence, LiSS
could be implicated in the development of drugs with improved therapeutics and
fewer side effects. For example, TRV120027 [sarcosine (Sar-Arg-Val-Tyr-lle-His-Pro-D-
Ala-OH)] is a potential drug for the treatment of acute heart failure by targeting
angiotensin Il type 1 receptor (AT{R). Similar as other classical angiotensin receptor
blockers (ARBs), such as valsartan, losartan and telmisartan, TRV120027 behaves as
an antagonist of AT4R that antagonize Gq/11-mediated signalling pathways. In contrast
to other ARBs, TRV120027 is also a B-arrestin-biased ligand of AT;R, which can induce
B-arrestin2-mediated activation of ERK1/2, c-SRC, endothelial nitric-oxide synthase,
c-Jun and FAK (Violin et al., 2010). Consistent with the observations in vitro,
TRV120027 displays a unique pharmacological profile in vivo. Like other ARBs such as
telmisartan, TRV120027 reduces mean arterial pressure, which is regulated by Gg/11-
stimulated calcium mobilization, in healthy male rats. By contrast, unlike telmisartan,
which reduces cardiac performance and decreases stroke volume, TRV120027 also
increases cardiac contractility and preserves stroke volume, which may be modulated

by B-arrestin2-mediated signalling pathway (Violin et al., 2010).

The biased signalling of GPCRs can be mimicked by mutations in various regions of

the receptor (Perez et al., 1996, Zuscik et al., 1998, Wei et al., 2003, Gaborik et al.,
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2003, Koole et al., 2012, Sbai et al., 2014, Soto and Trejo, 2010). One of the early
studies demonstrating mutation-induced signalling bias comes from the studies on
ayg-adrenergic receptor (a;gAR) (Perez et al., 1996). Substitution of Cys128 in TM3 of
a18AR with Phe (C128F) results in a conformational change that mimics an agonist-
bound conformational of the receptor and, thus, creates a constitutively active a;sAR
mutant. However, the mutant receptor preferentially activates Gq/11/PLC-B signalling
pathway in absence and presence of agonists, but not Gj,/phospholipase A,
pathway. In addition, Ala scanning mutagenesis of the ECL2 of glucagon-like peptide-
1 receptor reveals that several mutants are able to induce receptor signalling toward
ERK1/2 activation, but not cAMP accumulation nor Ca®" mobilization (Koole et al.,
2012). The discovery of mutation-induced signalling selectivity of GPCRs indicates the

possibility of the presence of pathway-specific receptor conformations.

Indeed, several studies have demonstrated that binding of different ligands to the
same receptor stabilizes distinct receptor conformations by using fluorescence
resonance energy transfer (FRET)-based assays (Granier et al., 2007, Zurn et al., 2009,
Reiner et al., 2010, Ziegler et al., 2011). For example, the binding of different ligands
to fluorophore-tagged B,AR results in distinct changes in the FRET signals (Granier et
al., 2007). Briefly, the C-terminal tail of B,AR is labelled with a donor fluorophore,
fluorophore 4’,5’-bis(1,2,3-dithioarsolan-2-yl)-fluorescein (FIAsH), by substituting the
residues on either middle (residue 351-356; proximal site) or the end (last six
residues; distal site) of the C-terminal tail with Cys-Cys-Pro-Gly-Cys-Cys to create the

5

fluorophore binding sites, while the Cys*®® at the cytoplasmic end of the TM6 is

labelled with the acceptor fluorophore, Alex 568. At saturating concentrations,
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although all tested ligands result in an increased in the FRET signal between Cys*®®
and the proximal site, they induce distinct changes in the FRET signal between Cys265
and the distal site. Ligands that induce the phosphorylation of ERK1/2, including the
ICI-118551, isoproterenol, epinephrine and norepinephrine, cause a reduction in the
FRET signal between Cys’® and the distal site. By contrast, dopamine leads to an
increase in the FRET signal between Cys?®>and the distal site, while the rest of the
ligands, including salbutamol and alprenolol, have no effect on the FRET signal. The
data indicate that the ligands inducing the activation of ERK1/2 stabilize a different
conformation of B,AR, which the end of C-terminus moves away from the central axis
of the TM bundle, compared with other ligands. Further studies on the amplitudes
and kinetics of the FRET changes in fluorophore-tagged B,AR support the above
suggestion of the formation of distinct receptor conformations in response to
different ligands (Reiner et al., 2010). The fluorophore-tagged B,AR is constructed by
inserting the cyan fluorescent protein (CFP) into the ICL3 and fusing the yellow
fluorescent protein (YFP) into the truncated end of C-terminus (at position 369).
Either epinephrine or norepinephrine at saturating concentrations results in a
decrease in the FRET signal, indicating an outward movement of the C-terminus from
the ICL3 of B,AR. However, the reduction in the FRET signal caused by
norepinephrine stimulation is approximately half amount of that induced by
epinephrine. Additionally, norepinephrine induces a significantly slower change in
the FRET signal compared with that induced by epinephrine. Functionally, although
norepinephrine is as potent as epinephrine to trigger Gs and adenylyl cyclase
activation, it is less potent to recruit B-arrestin2 and to induce the internalization of

B,AR. Altogether, the data imply that norepinephrine stabilizes a distinct
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conformation of B,AR compared with that induced by epinephrine to preferentially

activate different signalling pathways.

The comparison between the crystal structures stabilized by distinct ligands of the
same GPCR provides some insights into the different conformational changes of the
receptor. For example, four structures of thermostable turkey ;AR bound to the full
(carmoterol and isoprenaline) and partial (salbutamol and dobutamine) agonists are
solved by crystallization (Warne et al., 2011). Comparisons among these structures
reveal some subtle differences, although the overall structures of these crystal
structures are similar. The differences could result from distinct ligand-receptor
interactions. The full agonists form hydrogen bonds to the side chain of two

215

conserved Ser residues within the TM5 of ;AR (Ser’*? and Ser’™) and, therefore,

2 215

induces the rotamer conformational change of Ser’*? and Ser®™. By contrast, the

partial agonists make a hydrogen bond to the side chain of Ser’™?, but not Ser™, and,

thus, only cause rotamer conformational change of Ser®*?

. The agonist-induced
rotamer conformational change of Ser’* results in a strengthening of the interaction
between the TM5 and TM6 by forming hydrogen bonds to Asn*®® whereas the
rotamer conformation change of Ser?® causes the weakening of the interaction
between the TM4 and TM5 by breaking the van der Waals interaction with Val'’%.

These differences may induce distinct receptor conformations that selectively

activate different downstream signalling pathways.

Taken together, these studies indicate that different ligands may stabilize distinct

conformations via common or differential ligand-receptor interaction, which
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preferentially activate different downstream pathways (Lu et al., 2005, Lu et al.,
2007). However, the molecular processes involved in the transition of ligand-induced
conformational changes and the consequent receptor biased cellular signalling
remain elusive. The understanding of LiSS may enhance the development of novel
clinical drugs targeting GPCRs, such as the kisspeptin receptor, which exhibit

increased potency and fewer side effects.

1.6 Aims

Aims of the thesis are to investigate the biological functions of kisspeptin analogues
and the human kisspeptin receptor. Due to the important roles of kisspeptins and the
kisspeptin receptor in the regulation of the development of puberty and cancer
metastasis, the kisspeptin receptor may be a potential drug target. Kisspeptins, which
are the endogenous ligands of the kisspeptin receptor, show low metabolic stability.
The low stability of kisspeptins in serum may hinder the elucidation of the long-term
physiological roles of kisspeptins and the kisspeptin receptor in vitro and in vivo.
Therefore, in this thesis, three novel phosphinic peptides were designed and
synthesised based on the amino acid sequence of KP-10, in order to improve its
metabolic stability. Whether the synthetic peptides can bind to and activate the
kisspeptin receptor and their ability to inhibit MMPs were tested. In addition, as
described above, the precise signalling pathways activated by kisspeptins and the
kisspeptin receptor remain to be demonstrated. The Pro-rich region within the C-
terminal tail of the kisspeptin receptor might function as a SH3 binding motif to
mediate interaction of the receptor with non-G protein effectors. In this thesis, the

interaction of the kisspeptin receptor with two candidates, p85a or c¢-SRC, was
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elucidated by using co-immunoprecipitation (co-IP) assays and their potential
biological functions were examined. Moreover, two Cys residues, Cys338 and Cys34°, in
the C-terminal tail of the kisspeptin receptor might be potential palmitoylation sites
and be important for the signalling of the kisspeptin receptor. Therefore, the roles of
Cys>*® and Cys**® on the expression and function of the receptor were investigated

by using mutagenesis studies.
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Chapter 2

Materials and methods
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2.1 Introduction

This chapter details the materials and the laboratory techniques used in the research
presented within the thesis. All used materials that were received from external

sources and any work that was not performed by me have been acknowledged.

2.2 Materials

The cDNA of flag-tagged kisspeptin receptor was kindly provided by Dr. Andy
Babwah, The University of Western Ontario, Canada. The flag-tagged bovine p85a
plasmid was kindly provided by Dr. Deborah Anderson, The University of
Saskatchewan, Canada. The c-SRC reporter plasmids were kindly provided by Dr. Shu
Chien, The University California, San Diego. All inhibitors used in the thesis were
obtained from Selleck Chemicals (Houston, USA) with the exception of Gg/11 inhibitor
YM-254890. YM-254890 was kindly provided by Dr. Masatoshi Taniguchi, Astella
Pharma, Japan. The peptides were all synthesized from Chinese Peptides (Hangzhou,
China) and the kisspeptin phosphinic analogues were designed and synthesized by
Dr. Magdalini Matziari, Xi’an Jiaotong-Liverpool University, China. Anti-flag and anti-
HA antibodies were purchased from Sigma-Aldrich (St. Louis, USA) and Roche (Basel,
Switzerland) respectively. Other primary antibodies were obtained from Cell
Signalling Technology (Boston, USA). Anti-HA and anti-flag agarose conjugated
antibodies were purchased from Biotool (Houston, USA), and anti-c-SRC agarose

conjugated antibody was purchased from Santa Cruz (Dallas, USA).

2.3 Transformation of competent cells
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Competent cells (DH5a; Tiagen, Beijing, China) were thawed on ice and 100 ul of
them were incubated with 10 pl of DNA ligation products on ice for 30 minutes. After
incubation, the cells were heat shocked at 42°C for 75 seconds and then were placed
immediately on ice for 3 minutes. The cells were then incubated in 900 uL of Luria
broth (LB) medium at 37°C for 1 hour with constant agitation. After that, 200 pl of
the culture medium was streaked out on a LB agar plate (containing 100 pg/mL of
ampicillin or 50 pg/mL of kanamycin, as appropriate for the plasmid) and was
incubated at 37°C overnight. On the following day, single colonies were picked for
further plasmid DNA amplification and DNA sequencing. The agar plates were sealed

and stored at 4°C.

2.4 Preparation of plasmid DNA

Single colonies were picked from streaked plates and then cultured in 5 mL of LB
medium containing 100 pg/mL of ampicillin or 50 pg/mL of kanamycin. The culture
was grown at 37°C for 8 hours with constant shaking and 1 mL of the culture was
added into 250 mL of fresh LB medium (containing the same concentration of
antibiotics). The culture was further grown at 37°C for 16 hours. Plasmid DNAs were
extracted by using endofree plasmid maxiprep kit (Biotool, Houston, USA) according
to the manufacturer’s instructions and eluted in endofree elution buffer, which is
supplied in the kit. The DNA concentration was determined using a Nanodrop

spectrophotometer 2000 (Thermo Fisher Scientific, Waltham, USA).

2.5 Preparation of glycerol stocks
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Glycerol stocks were prepared by adding 540 pl of sterile 100% (v/v) glycerol to 1.26
mL of transformed bacterial culture that had been grown overnight from a single
colony. Following thorough mixing by inverting vials several times, they were then
stored at -80°C. To recover the bacteria, a sterile tip was used to scrape the surface of
the frozen culture. Bacteria were grown, the culture expanded and DNA was purified

(Section 2.4).

2.6 Agarose gel electrophoresis

Agarose gels with an appropriate concentration were prepared in TAE buffer (USB
Corporation, Cleveland, USA) and stained with GelRed™ (Biosharp, Hefei, China).
DNA samples were separated at 110 V for 90 minutes and visualised under ultraviolet
(UV) light using Gel Doc™ XR+ imager (Bio-rad, Hercules, USA). The DNA was
recovered from the gel by using AxyPrep DNA gel extraction kit (Axygene, Tewksbury,

USA) following the manufacturer’s instructions.

2.7 Restriction enzyme digestion

Single restriction digestions of 1 ug of plasmid DNA were performed in a final volume
of 50 ul using 1 unit of an appropriate enzyme (New England Biolabs, Ipswich, USA)
in the buffer, which was chosen to give maximum enzymatic activity. Digestions were
conducted at 37°C for 1.5 hours. For low efficiency enzymes, the reaction time was
extended to overnight. DNA was fractioned by agarose gel electrophoresis and the

required products were recovered as described (Section 2.6). For the double
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restriction digestions, the recovered products from the first digestion were used for

another single restriction digestion.

2.8 Ligation of DNA

T4 DNA ligase (Promega, Madison, USA) was used to ligate inserts and linearized
vectors with cohesive ends. A ligation mixture containing 1 unit of T4 ligase, 1 pl of
10 x T4 ligase buffer (300 mM Tris-HCI (pH 7.8), 100 mM MgCl;, 100 mM
dithiothreitol and 10 mM adenosine triphosphate) and 3:1 molar ratio of vector :
insert was made. Ultrapure water was used to make a final concentration of 10 pl.
The reaction was conducted at 4°C overnight and the entire ligation mixture was

used to transform DH5a competent cells (Section 2.3).

2.9 Site-directed mutagenesis

The flag-tagged kisspeptin receptor plasmids were constructed by a pEGFP-C3
backbone purchased from Invitrogen (Pampillo et al., 2009). Briefly, the open reading
frame of the human kisspeptin receptor was amplified from a 1607-base pair cDNA
of the receptor purchased from OriGene Technologies (Rockville, MD; NM_032551.3)
and the flag-epitope was then introduced into the N-terminus of the receptor.
Following that, the flag-tagged kisspeptin receptor was cloned into the Nhel and Not/

site of the pEGFP-C3 backbone.

All mutations were introduced into the flag-tagged kisspeptin receptor by

polymerase chain reaction (PCR) site-directed mutagenesis. Since some mutation
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sites are located in the Pro and Arg rich region of the kisspeptin receptor, the
designed primers for these mutants possess very high CG content. In order to
minimize non-specific binding, a pair of common primers was designed to generate a
fragment of flag-kisspeptin receptor. The PCR product was purified and used as a

template for the generation of all mutants.

A pair of overlapping primers for each mutation was designed and the mutation site
was designed in the middle of each primer. Two pieces of PCR products containing
mutated residues were created by using the combination of common primers and
overlapping primers. These two PCR products were ligated by an overlap extension
PCR using the common primer pair. The PCR products were then cloned into the Afll
and Notl sites of flag-kisspeptin receptor plasmids. The plasmids containing the
mutations were transformed into DH5a and purified using QlAprep® miniprep kit
(Qiagen, Crawley, UK) according to the manufacturer’s instructions. The purified

plasmids were sent to Invitrogen (Shanghai, China) for sequencing.

2.10 Cell culture

The two cell lines used in this project are HEK293 and MCF-7 cells. Both were
maintained in complete growth medium (Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (Bovogen, East Keilor,
Australia), 2 nM L-glutamine, 0.2 unit/mL penicillin, 0.2 pg/mL streptomycin (Gibco,
Waltham, USA) at 37°C in a humidified 5% (v/v) CO, atmosphere. They were
routinely passaged at 1:4 dilution twice weekly by enzyme dispersal with trypsin.

Briefly, Ca**- and Mg*'-free phosphate buffered saline (PBS; 0.0067 M PO, pH 7.2)
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was used to wash the confluent cells prior to trypsinization. For cells cultured in 75
cm® cell culture flasks (T75s), 1 mL of trypsin (0.5 g/L trypsin, 0.2 g/L ethylene
diamine tetraacetic acid (EDTA) and 0.85 g/L NaCl; Gibco, Waltham, USA) was applied
and then the flask was returned back into the incubator for 1- to 5-minute
incubation. After successful dissociation, 9 mL of complete growth medium was
added to terminate further trypsin reaction. Cells were collected by centrifuging at
300 x g for 3 minutes and the cell pellet was then suspended in the complete growth
medium. After 1:4 dilution, 10 mL of cell suspension was transferred into a T75 flask.
A Nebauer haemocytometer was used to determine the cell number by taking the
average of the four counting areas. The cell number was represented in 1 x 10°/mL.

The dilution factor was taken into the consideration.

2.11 Transient transfection by electroporation

The transient expression of required plasmid DNA in HEK293 and MCF-7 cells was
achieved by electroporation. For both cell lines, cells with 10 ug (single plasmid
transfection) or 15 ug (two plasmid transfection, 7.5 ug for each) DNA in Opti-MEM
(Gibco, Waltham, USA) were cooled on ice for 5 minutes. After that cells were
electroporated in a Gene Pulser Xcell™ instrument (Bio-rad, Hercules, USA). The
HEK293 cells were electroporated using 300 volts and capacitance 950 uF. The MCF-7
cells were electroporated using 320 volts and capacitance 950 pF. Both cells were

electroporated with 4 mm cuvettes (Bio-rad, Hercules, USA) with infinite resistance.

2.12 Preparation of pharmacological inhibitors and ligands

63



Stock solutions of inhibitors were prepared in anhydrous dimethyl sulfoxide (DMSO)
as per the manufacturer’s instructions. The stock solutions of KP-10 and Cy5-KP18
were prepared in 20% (v/v) propylene glycol. The stock solutions of phosphinic
kisspeptin analogues were prepared in 20% (v/v) DMSO for compound A and B, and
50% (v/v) DMSO, 8% (v/v) propylene glycol for compound C. These stock solutions
were stored in aliquots at -20°C. On the day of experiments, peptide aliquots were
thawed and diluted in culture mediums or buffers to a desired concentration by 1:10
serial dilution. All ligands and inhibitors were subjected to a maximum of two

freeze/thaw cycles.

2.13 Fluorescence-based ligand binding assay

The fluorescence-based binding assay was established on intact cells transiently
expressing the kisspeptin receptor (Section 2.11). After transfection, cells were
seeded onto two 10-cm culture dishes. After 24-hour culture in the complete growth
medium, cells were trypsinized and 8 x 10%/well cells were seeded onto 96-well cell
culture plates. On the following day, cells were washed once in PBS and then
incubated with either vehicle (0.02% (v/v) propylene glycol) or various concentration
of Cy5-KP18 in a serum-free medium (DMEM supplemented with 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.1% (w/v) bovine serum
albumin (BSA), 2 nM L-glutamine, 0.2 unit/mL penicillin and 0.2 pg/mL streptomycin)
for 3 hours at 4°C. The non-specific binding was determined in the presence of 10

UM unlabelled KP-10. After incubation, free ligands were removed by three rapid
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washes with ice-cold PBS. The fluorescence intensity was measured by using a

PHERAstar FS microplate reader (BMG LABTECH, Germany).

2.14 Agonist-induced internalization assay

The Cy5-KP18-induced internalization of the kisspeptin receptor was performed to
determine the peptide binding properties. Briefly, cells were transiently transfected
with the kisspeptin receptor by electroporation and seeded onto 96-well plates. After
48-hour culture in the complete growth medium, cells were incubated with a mixture
of 50 nM Cy5-KP18 and various concentrations of tested peptides or corresponding
vehicles in the complete growth medium for 30 minutes or a time range at 37°C.
After incubation, free ligands were removed by two rapid washes in ice-cold PBS. The
non-internalized ligands were removed by one wash in ice-cold 0.1 M glycine-HCI
buffer (pH 3.0) at 4°C for 5 minutes. Further three rapid washes in ice-cold PBS were
applied to wash off the free non-internalized ligands. The fluorescence intensity was

measured by using PHERAstar FS microplate reader (BMG LABTECH, Germany).

2.15 Preparation of cellular extracts for western blotting

After appropriate treatments, the cell monolayers were placed on ice and rapidly
washed twice with ice-cold PBS. Cells were then lysed in 2X sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer (Beyotime,
Shanghai, China) or Nonidet P-40 solubilisation buffer (250 nM NaCl, 50 mM HEPES,
0.5% (v/v) Nonidet P-40, 10% (v/v) glycerol, 2 mM EDTA, pH 8.0) supplemented with

2 mM sodium orthovanadate and complete™ protease inhibitor cocktail (EDTA-free,
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Roche, Basel, Switzerland). The nuclear contents were sheared by sonication. The
samples lysed by Nonidet P-40 solubilisation buffer were clarified by centrifugation
at 16,000 x g for 15 minutes and the protein concentrations were determined with
the bicinchoninic acid (BCA) assay kit (Beyotime, Shanghai, China) following the
manufacturer’s instructions. The samples lysed by SDS-PAGE sample loading buffer

were used directly for western blot (Section 2.17).

2.16 Co-IP assay

Transfected MCF-7 cells were seeded onto 6-well cell culture plates (at a density of
1.6 x 10° cells/well) and cultured for 24 hours in the complete growth medium. After
that, the cells were washed twice in Ca**- and Mg2+—free PBS prior to being incubated
in the serum-free medium for 20 hours. The stimulations by agonists were
performed in fresh serum-free medium at 37°C in a humidified 5% (v/v) CO,
atmosphere. Following appropriate agonist stimulations, cells were lysed in Nonidet
P-40 solubilisation buffer (Section 2.15). The lysed cells were sonicated at 3
amplitude micron for 5 seconds and the supernatant was collected following
centrifugation at 16,000 x g for 15 minutes. A volume of 20 ul of appropriate
antibody conjugated beads was incubated with the supernatant on a rotating wheel
overnight at 4°C. After incubation, the beads were loaded into home-made
microcolums (made from 200 pl pipette tips and the filter cartridges were obtained
from 10 pl filtered pipette tips) and washed five times with 200 pl of PBS
supplemented with 2 mM sodium orthovanadate and protease inhibitor cocktail at
4°C. The proteins were eluted from beads by 2X SDS-PAGE sample loading buffer and

ready for western blot (Section 2.17).
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2.17 Western blotting

Solubilised protein samples were mixed with SDS-PAGE sample loading buffer and
then boiled at 90°C for 10 minutes and allowed to cool. Proteins were resolved by
SDS-PAGE using 10% or 12% NuPAGE® Bis-Tris pre-cast gels (Invitrogen, Shanghai,
China). Electrophoretic separation was performed at 170 volts for 70 minutes in

NuPAGE® MOPS SDS Running buffer (Invitrogen, Shanghai, China).

Proteins were electroblotted onto polyvinylidene difluoride (PVDF) membranes
(Millipore, Beijing, China) for protein immunoblotting. PVDF membranes were
wetted in 100% methanol for few seconds and equilibrated in transfer buffer (25 mM
Tris, 192 mM glycine, 20% (v/v) methanol and 0.03% (w/v) SDS) for at least 30
minutes. Meanwhile, two blotting papers (Bio-rad, Hercules, USA) and six sponge
pads were soaked in the same transfer buffer. A sandwich was created following the
instructions of XCell II™ blot module (Novex, Shanghai, China). Proteins were
transferred from the gel to the PVDF membrane at 25 voltages for 1.5 hours by using

a XCell 1™ blot module.

Following electroblotting, the PVDF membranes were washed once in PBS-T (140
mM NaCl, 27 mM KCl, 10 mM phosphate (pH 7.4) and 0.05% (v/v) Tween-20) and
blocked in blocking buffer (5% (w/v) BSA in PBS-T) for 1 hour. After blocking, the
membranes were blotted by appropriate primary antibodies (1:1000 dilutions in PBS
Odyssey® blocking buffer (LI-COR, Lincoln, USA) supplemented with 0.05% (v/v)

Tween-20) at 4°C overnight. On the following day, IRDye® goat anti-mouse or anti-
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rabbit 1gG (H + L) secondary antibody (LI-COR, Lincoln, USA) (1:10000 dilutions in PBS
Odyssey® blocking buffer supplemented with 0.05% (v/v) Tween-20) was applied
after three time washed in PBS-T for 10 minutes. After further three times washed in
PBS-T for 10 minutes, the membranes were visualised in the infrared by using an
Odyssey® infrared imaging system (LI-COR, Lincoln, USA). The band intensities were

guantified using an Odyssey® application software (version 3.0).

2.18 Mobilization of intracellular calcium ion

Cells transiently expressing the kisspeptin receptor were seeded onto 96-well cell
culture plates (at a density of 2 x 10* cells/well) and cultured for 40 hours in the
complete growth medium. After that, the cells were washed twice in Ca’*- and Mg2+—
free PBS and the intracellular calcium flux was measured by using Fluo-4 Direct™
calcium assay kits (Invitrogen, Shanghai, China) according to the manufacturer’s
instructions. Briefly, an equal volume of 2 X Fluo-4 Direct™ calcium reagents was
loaded into each well and then the plate was incubated at 37°C, 5% (v/v) CO, for 50
minutes. Then, the intracellular calcium flux was detected by using a PHERAstar FS
microplate reader (BMG LabTech, Ortenberg, Germany) under the fast kinetic mode
at 37°C. Readings were taken every 0.5 second over total 90 seconds and a final
concentration of 100 nM KP-10 was injected into each well by onboard fluidics after
the first-20-second reading. The calcium response is calculated using following
formula. The baseline is calculated by taking the average over first 20 seconds. The

maximal response was the maximum signal between 20 and 30 seconds.
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Max response — Baseline

Baseline ] * 100 = percentage response

2.19 Measurement of matrix metalloproteinase (MMP) activities

The activities of MMPs were measured by using MMP colorimetric drug discovery
kits (Enzo Life Sciences, New York, USA) in a 96-well microtiter plate according to the
manufacturer’s instructions. Different concentrations of the phosphinic analogues or
1.3 uM N-Isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid (NNGH, a
commercial MMP-2 and -9 inhibitor) were added to an assay mixture containing
MMP enzyme (MMP-2 or MMP-9; 9 mU/uL). The plates were incubated at 37°C for 1
hour to allow enzyme/inhibitor interaction. After that, a final concentration of 100
UM colorimetric substrate (Ac-PLG-[2-mercapto-4-methyl-pentanoyl]-LGOC2H5) was
added and plates were then read at 412 nm every minute for at least 20 minutes by
using a PHERAstar FS microplate reader (BMG LabTech, Ortenberg, Germany). A full
enzyme activity (control) was measured without addition of any inhibitor or tested
sample. The reaction velocity (V) was determined by calculating the slop of the fitted
line to the linear portion of the data collected. The slop of blank (without the
addition of MMP enzymes) was subtracted from all samples and remaining activity of

the enzyme is calculated using following formula.

V(inhibitor)

———=% 100
V(control) i

Inhibitor % activity remaining =
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2.20 Measurement of protein-protein interactions by FRET assay

Cells transiently co-expressing enhanced YFP (eYFP)-tagged kisspeptin receptor and
enhanced CFP (eCFP)-tagged calmodulin were seeded onto 96-well cell culture plates
(glass-bottom; at a density of 2 x 10* cells/well) and cultured for 20 hours in the
complete growth medium. For FRET controls, cells were co-transfected with flag-
kisspeptin receptor and pcDNA3.1+. In addition, eCFP only cells (co-transfected with
flag-kisspeptin receptor and eCFP-calmodulin and eYFP only cells (co-transfected
with eYFP-kisspeptin receptor and pcDNA3.1+) were used. The cells were washed
twice in Ca®- and Mg2+—free PBS and then cultured in serum-free medium for 20
hours. The FRET signal was detected by using a PHERAstar FS microplate reader
(BMG LabTech, Ortenberg, Germany) with simultaneously monitoring 480 nm and
530 nm dual emissions at 37°C. Readings were first taken every 6 seconds over 90
seconds and then every 20 seconds over further 240 seconds by using the fast kinetic
mode. A final concentration of 100 nM KP-10 was injected into each well by onboard

fluidics after the first-30-second reading. The eCFP/eYFP emission ratio is calculated.

2.21 Statistical analysis

All experiments were repeated independently at least three times and all assays
were at least duplicated. Data are presented as mean value * the standard deviation
(SD). GraphPad Prism 6.0 (GraphPad Software, San Diego, USA) was used for the data
analysis. Statistical significance is calculated using one-way or two-way ANOVA

according to the experimental designs and indicated by asterisks in figures.
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Chapter 3

Functional examination of kisspeptin analogues

71



3.1 Outline

All native functional human kisspeptins contain the conserved last 10 amino acids
(45-54) at their C-termini, which are important for receptor binding and functional
activation, and can be inactivated by the cleavage of the peptide bond between Gly>*
and Leu®. The cleavage is mediated by matrix metalloproteinases (MMPs) including
membrane-type 1-MMP, membrane-type 3-MMP, membrane-type 5-MMP, MMP-2
and MMP-9. Due to the important roles of kisspeptins and the kisspeptin receptor in
the regulation of cancer and the reproduction system development, MMP-resistant
kisspeptin analogues may provide a better therapeutic efficacy. However, studies in
this area are lacking. Therefore, three phosphinic kisspeptin analogues were
designed and synthesized. In this chapter, the kisspeptin receptor-agonistic activities
of the peptides were evaluated by measuring the stimulation of phosphorylation of
ERK1/2 using western blot (Section 2.17). Additionally, the kisspeptin receptor-
antagonist activities of the peptides were evaluated by measuring their inhibition on
the KP-10-induced phosphorylation of ERK1/2 (Section 2.17). Moreover, the binding
of the peptides to the kisspeptin receptor was measured by using a Cy5-KP18-
induced internalization assay (Section 2.14). Furthermore, ability of the peptides to

inhibit MMP-2 and MMP-9 was tested by using MMP colorimetric drug discovery kits

(Section 2.19).
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3.2 Introduction

Kisspeptins and their cognate receptor play important roles in the development of
puberty (Section 1.3.1) and the regulation of cancer metastasis (Section 1.3.2)
(Roseweir et al., 2009, Cho et al., 2012). Therefore, the kisspeptin receptor may be a
potential drug target. Kisspeptins share a common 10-amino-acid sequence of a
shorter decapeptide (KP-10) at the C-terminus (Fig. 1.4) (Section 1.2.3.1) (Ohtaki et
al., 2001, Kotani et al., 2001). However, they are metabolically unstable in serum and
can be metabolized by various serum-containing proteases, such as trypsin-like
proteases (Asami et al., 2012a). In addition, kisspeptins are also sensitive to MMPs,
including membrane-type 1-MMP, membrane-type 3-MMP, membrane-type 5-MMP,
MMP-2 and MMP-9 (Takino et al., 2003). They can be inactivated by the MMP-
mediated cleavage of the peptide bond between GIySl—Leusz. MMPs are a family of
zinc- and calcium-dependent proteolytic enzymes. They play critical roles in the
degradation of extracellular matrix (ECM) by digesting various components of ECM,
such as collagen, entacin, fibronectin and proteoglycans (Vargova et al., 2012). The
degradation of ECM results in alternations of cell-matrix and cell-cell interaction, and
the release of ECM-coupled growth factors (Visse and Nagase, 2003, Sternlicht and
Werb, 2001, Page-McCaw et al., 2007, Nagase et al., 2006). Dysregulated activity of
MMPs is implicated in the development of tumorigenesis and cancer metastasis
(Stetler-Stevenson, 2001). Among various MMPs, MMP-2 and MMP-9 play key roles
in the progression of invasion and metastasis of tumours by depredating type IV
collagen and gelatin, which are two main components of ECM (Curran and Murray,

1999, Stamenkovic, 2003). The secretion of MMP-2 and MMP-9 has been reported in
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many human tumours, including ovarian, breast and prostate cancers (Roomi et al.,
2009). Since kisspeptins and the kisspeptin receptor play important role in the
suppression of cancer metastasis, the development of MMP-resistant analogues of

kisspeptins may provide better therapeutic efficacy.

Two main approaches are used to improve the metabolic stability of kisspeptins,
including reductions of the peptide length (Niida et al., 2006) and/or substitutions of
the cleavage sites with nonhydrolyzable isosteres (Asami et al., 2012a, Tomita et al.,
2008). Few MMP-resistant kisspeptin analogues have been designed and
synthesized, so far, based on the amino acid sequence of a pentapeptide (4-
fluorobenzoyl-Phe-Gly-Leu-Arg-Trp-NH,), which exhibits potent kisspeptin receptor-
agonistic activity (Tomita et al., 2008). The Gly-Leu dipeptide of the analogues is
substituted by (E)-Alkene- and hydroxyethylene-type isosteres. They retain the
kisspeptin receptor-agonistic activity and are resistant to MMP-2- and MMP-9-
mediated digestions with improved stability in murine serum. Therefore, the
introduction of nonhydrolyzable isosteres and downsizing the length of peptides
might be a possible approach to develop MMP-resistant and metabolically stable
kisspeptin analogues. Accordingly, Dr. Magdalini Matziari designed and synthesized
two quadrapeptides and an octapeptide based on the primary structure of KP-10
(Fig. 3.1). The peptide bond between Gly-Leu of the analogues is replaced by a
phosphinic acid moiety, -PO,-CH,-. In this chapter, the kisspeptin receptor-agonistic
and -antagonistic activities of the analogues were examined. The peptides contain a
substitution of one peptide bond with a phosphinic acid moiety are termed

phosphinic peptides. Phosphinic peptides have been proposed as potent and
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selective inhibitors of various proteases, such as the human immunodeficiency virus
protease (Dreyer et al., 1989, Grobelny et al., 1990) and MMPs (Dive et al., 2004,
Georgiadis and Dive, 2015), as their chemical structure could mimic that of
intermediates formed during the hydrolysis of peptides by proteases. Therefore, the

inhibition of the kisspeptin analogues on MMP-2 and MMP-9 were also tested.
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3.3 Results

3.3.1 Design and synthesis of kisspeptin analogues

Three kisspeptin analogues are named as compound A, B and C (Fig. 3.1). For these
analogues, the peptide bond between Gly>* and Leu®? of kisspeptin is replaced by a
phosphinic acid moiety (-PO,-CH;-). It was found that the last five residues on the C-
terminal of KP-10 are essential for its binding and activation of the kisspeptin
receptor (Niida et al., 2006). Therefore, two shorter phosphinic pseudopeptides,
compound A and B, were initially synthesized as pilot compounds. Later, a 10-amino-

acid analogue, which is named as compound C, was also synthesized.

Compound A and B are stereoisomers and were separated by reversed phase high
performance liquid chromatography (RP-HPLC). The first eluent was named as
compound A, which is predicted as an S-isomer at the pseudo-Leu residue (Fig. 3.1b),
and compound B was given to the following eluent (Fig. 3.1c). However, the
structures of compound A and B had not been determined and further NMR
experiments are required to confirm of their structures. Compound A and B contain
the last four amino acids of KP-10 and the Leu’? is substituted by a pseudo-Leu
residue. A benzyl carbamate group was added to the N-terminus of these two
phosphinic peptides to increase their stability for storage. The benzyl carbamate
group mimics the structure of Phe®® of KP-10 and, therefore, compound A and B may
retain the kisspeptin receptor-agonistic activity. Compound C contains all 10 residues
of KP-10 and is a mixture of two diastereoisomers, which were not subjected to RP-

HPLC separation.
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a)  H-Tyr*>-Asn®-Trp*7-Asn*8-Ser*°-Phe*-Gly>1-Leu>2-Arg>3-Phe>*-NH,
KP-10

b)
@\/ H 9 H 9
OTN\/F? N\/ll\N NH,
S i H

OH

(S, S, S) HN™ “NH,
Compound A

c) o )\ o
H = H
O, BN
T OH H H
O (@] O

1

NH
(R, S, S) HN%\NHZ
Compound B
d)
Tyr-Asn-Trp-Asn-Ser-Phe . ?I
H P NH
N\\‘W/N A .
OH Arg-Phe-NH ,
0 0O
(R/S, S, S)
Compound C

Figure 3.1 Predicted structures of KP-10 phosphinic analogues. The amino-acid sequence of
KP-10 is shown in panel a). The predicted structure of compound A, B and C are shown in b),
c¢) and d) respectively. Compound A and B are diastereoisomers and their structures needed
further confirmation. Compound C is a mixture of two 10-amino-aicd long diastereoisomers.

77



3.3.2 Determination of the kisspeptin receptor-agonistic activities of kisspeptin
analogues

In order to determine whether these peptides retain the kisspeptin receptor-
agonistic activity, a series of functional assays were conducted. For these assays, the
dual phosphorylation of ERK1/2 was measured by western blot and the band
intensity was quantified by Odyssey® application software (version 3.0). B-actin is
used as a loading control and the mean fold over control (as indicated in each figure
legend) for each sample is calculated and plotted. HEK293 cells transiently expressing

the kisspeptin receptor were used as a model for these assays.

At the beginning, compound A or B at a final concentration of 100 nM was used to
stimulate cells for 3 minutes, when the maximum response was detected (as shown
in Fig. 3.5). The same concentration of KP-10 was used as a positive control.
Stimulation of 100 nM KP-10 brought about a 1.75 * 0.267-fold increase in the level
of phosphorylation of ERK1/2. However, no increase in the level of phosphorylation
of ERK1/2 was identified in response to either 100 nM compound A or 100 nM
compound B (Fig. 3.2; A, white bar; B, grey bar). Then, a dose-dependence dual
phosphorylation of ERK1/2 was measured. Three different concentrations of
compound A (Fig. 3.3) or B (Fig. 3.4) were used to stimulate the cells for 3 minutes.
Cells treated with 100 nM KP-10, which could lead to a saturable phosphorylation of
ERK1/2 (Szereszewski et al., 2010), were used as a positive control. Neither 1 uM nor
10 uM of compound A was able to induce the phosphorylation of ERK1/2. By

contrast, stimulation with 10 uM compound B brought about a 1.53 + 0.175-fold
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increase in the level of phosphorylation of ERK1/2. Lower concentration of
compound B (1 puM) did not lead to the significant increase in the level of

phosphorylation of ERK1/2.
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Figure 3.2 Immunoblots depicting the KP-10, compound A or B induced phosphorylation of
ERK1/2 using HEK293 cells. HEK293 cells transiently transfected with flag-kisspeptin
receptor cDNA were serum-starved for 20 hours prior to being treated with vehicle (vehicle;,
0.02% (v/v) propylene glycol; vehicle,, 0.0002% (v/v) DMSOQ), 100 nM KP-10 (black bar),
compound A (white bar) or compound B (grey bar) for 3 minutes. Representative blots are
shown. Data from three independent experiments were quantified (using B-actin as a
loading control) and the mean fold over vehicle; treated control + SD for the phosphorylation
of ERK1/2 is presented. p<0.01 (**) represents statistical significance from vehicle; treated
control.
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Figure 3.3 Immunoblots depicting a dose-dependent response of compound A-induced
phosphorylation of ERK1/2 using HEK293 cells. HEK293 cells transiently transfected with
HA-kisspeptin receptor cDNA were serum-starved for 20 hours prior to being treated with
vehicle (vehicle;, 0.02% (v/v) propylene glycol; vehicle,, 0.02% (v/v) DMSO), 100 nM KP-10
(m), increasing does of compound A (0.1 uM, 1 pM and 10 uM; o) for 3 minutes.
Representative blots are shown. Data from three independent experiments were quantified
(using B-actin as a loading control) and the mean fold over vehicle; treated control + SD for
the phosphorylation of ERK1/2 is presented. p<0.005 (***) represents statistical significance
from vehicle; treated control.
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Figure 3.4 Immunoblots depicting a dose-dependent response of compound B-induced
phosphorylation of ERK1/2 using HEK293 cells. HEK293 cells transiently transfected with
HA-kisspeptin receptor cDNA were serum-starved for 20 hours prior to being treated with
vehicle (vehicle;, 0.02% (v/v) propylene glycol; vehicle,, 0.02% (v/v) DMSQ), 100 nM KP-10
(m), increasing does of compound B (0.1 puM, 1 puM and 10 uM; o) for 3 minutes.
Representative blots are shown. Data from three independent experiments were quantified
(using B-actin as a loading control) and the mean fold over vehicle, treated control + SD for
the phosphorylation of ERK1/2 is presented. p<0.01 (**) and p<0.005 (***) represent
statistical significance from vehicle, treated control.

82



Since compound B can induce the phosphorylation of ERK1/2 only at the highest
concentration tested, it decided to determine if the 10-amino-acid phosphinic
peptide, compound C, could also activate the kisspeptin receptor. Therefore, the
kisspeptin receptor-agonistic activity of compound C was tested in both time- and
dose-dependent manners. For the positive control, 100 nM KP-10 was used for the
stimulation. Compound C could not elicit an increase in the levels of the
phosphorylation of ERK1/2 at any time (Fig. 3.5) or dose tested (Fig. 3.6). Compared
with KP-10 vehicle (0.02% (v/v) propylene glycol) treated group, a decrease in the
level of phosphorylation of ERK1/2 was detected after the treatment of compound C
vehicle (0.625% (v/v) DMSO and 0.1% (v/v) propylene glycol) or 10 uM compound C
(Fig. 3.6). By contrast, the level of phosphorylation of ERK1/2 remained the same as
KP-10 vehicle treated group upon stimulation with 100 nM or 1 uM compound C. In
order to rule out an effect of high concentration of solvent on the phosphorylation of
ERK1/2, a further set of individual vehicle treated controls was done for the 100 nM
and 1 uM compound C treated groups (Fig. 3.7). None of them affected the level of
phosphorylation of ERK1/2. The results confirmed that compound C did not stimulate

the phosphorylation of ERK1/2 at any of the doses tested.
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Figure 3.5 Immunoblots depicting time-dependent responses of the KP-10- or compound
C-induced phosphorylation of ERK1/2 using HEK293 cells. HEK293 cells transiently
transfected with flag-kisspeptin receptor cDNA were serum-starved for 20 hours prior to
being treated with vehicle (vehicle;, 0.02% (v/v) propylene glycol; vehicle,, 0.00625% (v/v)
DMSO and 0.001% (v/v) propylene glycol), 100 nM KP-10 (orange square) or 100 nM
compound C (blue square) for the indicated times. Representative blots are shown. Data
from three independent experiments were quantified (using B-actin as a loading control) and
the mean fold over vehicle; treated control + SD for the phosphorylation of ERK1/2 is
presented. p<0.01 (**) and p<0.001 (****) represent statistical significance from vehicle;
treated control.
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Figure 3.6 Immunoblots depicting a dose-dependent response of compound C-induced
phosphorylation of ERK1/2 using HEK293 cells. HEK293 cells transiently transfected with
HA-kisspeptin receptor cDNA were serum-starved for 20 hours prior to being treated with
vehicle (vehicle;, 0.02% (v/v) propylene glycol; vehicle,, 0.625% (v/v) DMSO and 0.1% (v/v)
propylene glycol), 100 nM KP-10 (orange square), or increasing does of compound C (0.1 uM,
1 uM and 10 puM; blue square) for 3 minutes. Representative blots are shown. Data from
three independent experiments were quantified (using B-actin as a loading control) and the
mean fold over vehicle; treated control + SD for the phosphorylation of ERK1/2 is presented.
p<0.001 (****) represents statistical significance from vehicle, treated control.
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Figure 3.7 Immunoblots depicting a dose-dependent response of compound C-induced
phosphorylation of ERK1/2 using HEK293 cells. HEK293 cells transiently transfected with
HA-kisspeptin receptor cDNA were serum-starved for 20 hours prior to being treated with
vehicle (vehicle;, 0.02% (v/v) propylene glycol; vehicle,, 0.00625% (v/v) DMSO and 0.001%
(v/v) propylene glycol; vehicles;, 0.0625% (v/v) DMSO and 0.01% (v/v) propylene glycol; black
bar), 100 nM KP-10, or increasing does of compound C (0.1 uM and 1 uM) for 3 minutes.
Representative blots are shown. Data from three independent experiments were quantified
(using B-actin as a loading control) and the mean fold over vehicle; treated control + SD for
the phosphorylation of ERK1/2 is presented. p<0.005 (***) represents statistical significance
from vehicle; treated control.
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The kisspeptin receptor-agonistic activities of these phosphinic peptides were then
tested in MCF-7 cells transiently expressing the receptor. In the assays, KP-10 at a
final concentration of 100 nM was used as a positive control. As seen in the previous
results, neither 100 nM compound A nor compound B can stimulate the
phosphorylation of ERK1/2 after 10-minute stimulation, when the maximum
response was measured (Fig. 3.8). In addition, stimulation of 100 nM compound C
did not induce increase in the level of phosphorylation of ERK1/2 at any tested time

point (Fig. 3.9).
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Figure 3.8 Immunoblots depicting the compound A- or B-induced phosphorylation of
ERK1/2 using MCF-7 cells. MCF-7 cells transiently transfected with flag-kisspeptin receptor
cDNA were serum-starved for 20 hours prior to being treated with vehicle (vehicle;, 0.02%
(v/v) propylene glycol; vehicle,, 0.0002% (v/v) DMSO), 100 nM KP-10 (black bar), compound
A (white bar) or compound B (grey bar) for 10 minutes. Representative blots are shown. Data
from three independent experiments were quantified (using B-actin as a loading control) and
the mean fold over vehicle; treated control + SD for the phosphorylation of ERK1/2 is
presented. p<0.001 (****) represent statistical significance from vehicle; treated control.
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Figure 3.9 Immunoblots depicting time-dependent responses of the KP-10- and compound
C-induced phosphorylation of ERK1/2 using MCF-7 cells. MCF-7 cells transiently transfected
with flag-kisspeptin receptor cDNA were serum-starved for 20 hours prior to being treated
with vehicle (vehicle;, 0.02% (v/v) propylene glycol; vehicle,, 0.00625% (v/v) DMSO and
0.001% (v/v) propylene glycol), 100 nM KP-10 (orange square) or 100 nM compound C (blue
square) for the indicated times. Representative blots are shown. Data from four independent
experiments were quantified (using B-actin as a loading control) and the mean fold over
vehicle; treated control = SD for the phosphorylation of ERK1/2 is presented. p<0.001 (****)
represents statistical significance from vehicle, treated control.
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3.3.3 Determination of the kisspeptin receptor-antagonistic activities of kisspeptin
analogues

Since compound A and C did not possess detectable kisspeptin receptor-agonistic
activities, and compound B can induce the phosphorylation of ERK1/2 only at a very
high concentration, their antagonistic activities were then examined. In order to do
this, the ability of these phosphinic peptides to inhibit the KP-10-induced
phosphorylation of ERK1/2 was tested. MCF-7 cells transiently expressing the
kisspeptin receptor was used as a model. For these assays, the cells were first treated
with 10 uM of the peptides for 30 minutes. After that, 100 nM KP-10 was added for
further 10 minutes to stimulate the phosphorylation of ERK1/2, which was measured
as before (Section 3.3.3). B-actin is used as a loading control and the mean fold over
control (as indicated in each figure legend) for each sample is calculated and plotted.
The treatment of 10 uM compound A or B did not affect KP-10-induced
phosphorylation of ERK1/2 (Fig. 3.10). By contrast, the level of KP-10-induced
phosphorylation of ERK1/2 was slightly increased in the 10 uM compound C treated

group compared with the vehicle treated control (Fig. 3.11).
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Figure 3.10 Immunoblots depicting the effect of compound A and B on KP-10-induced
phosphorylation of ERK1/2 using MCF-7 cells. MCF-7 cells transiently transfected with flag-
kisspeptin receptor were serum-starved for 20 hours. After that cells were treated with
vehicle (0.02% (v/v) DMSO; black bar), 10 uM compound A (white bar) or 10 uM compound
B (grey bar) as indicated for 30 minutes. After that, 100 nM KP-10 was added (+) for further
10-minute stimulation. For the group without KP-10 stimulation (-), 0.02% (v/v) propylene
glycol (KP-10 vehicle) was added. Representative blots are shown. Data from three
independent experiments were quantified (using B-actin as a loading control) and the mean
fold over control (KP-10 vehicle treated) + SD for the phosphorylation of ERK1/2 is presented.
p<0.05 (*) represents statistical significance from KP-10 vehicle treated control.

91



1
Vehicle OpM

Compound C

—50 KDa

IB: p-ERK1/2 — —
T T e

—37 KDa

—50 KDa
IB: B-actin N T T T

—37 KDa

KP-10 Stimulation - + - +
Il Vehicle
3 With 10 uM Compound C
3.0- .
@ E 2.5 | —
>
2 8 20/
<5
- 1.5
X 3
u.J g 1.0'
QW 0.5
0.0

- KP-10 + KP-10

Figure 3.11 Immunoblots depicting the effect of compound C on KP-10-induced
phosphorylation of ERK1/2 using MCF-7 cells. MCF-7 cells transiently transfected with flag-
kisspeptin receptor were serum-starved for 20 hours. After that cells were treated with
vehicle (0.625% (v/v) DMSO and 0.1% (v/v) propylene glycol; black bar) or 10 pM compound
C (white bar) as indicated for 30 minutes. After that, 100 nM KP-10 was added (+) for further
10-minute stimulation. For the group without KP-10 stimulation (-), 0.02% (v/v) propylene
glycol (KP-10 vehicle) was added. Representative blots are shown. Data from three
independent experiments were quantified (using B-actin as a loading control) and the mean
fold over control (KP-10 vehicle treated) + SD for the phosphorylation of ERK1/2 is presented.
p<0.05 (*) represents statistical significance from vehicle treated control.
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3.3.4 Determination of the binding of Cy5-KP18 and kisspeptin analogues to the

kisspeptin receptor

Due to the limitation in our laboratory with respect to using radioactivity, an attempt
was made to establish a fluorescence-based ligand-binding assay using PHERAstar FS
microplate reader (BMG LABTECH, Germany). The assay was conducted using sulfo-
cyanine5 (Cy5) labelled KP-18 peptide (Cy5-KP18). The peptide was synthesized by
Chinese Peptides (Hangzhou, China). A saturation binding assay was tried to detect
the binding of Cy5-KP18 to the kisspeptin receptor (Section 2.13). Briefly, the total
binding was measured by incubating a fixed number of HEK293 cells expressing the
kisspeptin receptor with increasing concentrations of Cy5-KP18 from 1 nM to 1 uM
and the non-specific binding was determined at each concentration of Cy5-KP18 by
co-incubating with 100 uM unlabeled KP-10. Fig. 3.12 represents the binding curve of
Cy5-KP18. The specific binding (green curve) of Cy5-KP18 is calculated by subtracting
the non-specific binding (purple curve) from the total binding (orange curve). A
significant specific binding was detected at 50 nM or higher concentrations of Cy5-
KP18. The saturation binding of Cy5-KP18 was not observed even using very high
concentration (up to 3 uM; data were not shown). Therefore, the Kd value of Cy5-

KP18 cannot be calculated using a Langmuir isotherm model (Klotz, 1982).
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Figure 3.12 Binding of Cy5-KP18 to the kisspeptin receptor. HEK293 cells were transiently
transfected with flag-kisspeptin receptor and cultured for 48 hours. Cells were incubated
with increasing concentrations of Cy5-KP18 as indicated. The amount of ligands bound to the
kisspeptin receptor expressed in living cells was measured by fluorescence intensity. The fold
change over basal is calculated and plotted. Total binding (orange circle and line) and non-
specific binding (purple square and line) is calculated from three independent experiments.
The amount of specific binding (green triangle and line) is calculated by subtracting non-
specific binding from the total. The mean fold over individual baseline + SD for the level of
bound Cy5-KP18 is presented. W, data are calculated from two independent experiments.
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Since the significant binding of Cy5-KP18 could only be observed at 50 nM or higher
concentrations, it is impossible to use competition binding assay to determine the
binding affinity of the phosphinic peptides. Hence an agonist-induced receptor
internalization assay was used to detect if the phosphinic peptides could bind to the
kisspeptin receptor. Considering the potentially low binding affinity of these
peptides, 50 nM Cy5-KP18 was initially used. Their binding affinity was determined
by measuring the competition abilities of the unlabelled peptides on the Cy5-KP18-
induced internalization of the kisspeptin receptor in MCF-7 cells. Unlabeled KP-10
was used as a positive control, which led to a maximum 22.28% + 7.960 inhibition (at
concentration of 5 uM) on Cy5-KP18-induced internalization of the kisspeptin
receptor. By contrast, compound A, B or C cannot inhibit the internalization of Cy5-
KP18 at any concentration tested (Fig. 3.13). The failure of the inhibition of the
peptides on the internalization of Cy5-KP18 may be due to the high concentration of
Cy5-KP18 used and/or low binding affinity of the phosphinic peptides to the

kisspeptin receptor.
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Figure 3.13 Effect of the kisspeptin analogues on the Cy5-KP18-induced internalization of
the kisspeptin receptor using MCF-7 cells. MCF-7 cells were transiently transfected with
flag-kisspeptin receptor and cultured for 48 hours. Cells were co-incubated with 50 nM Cy5-
KP18 and different concentrations of unlabeled KP-10 (orange circle) or the kisspeptin
analogues (0-5 puM), including compound A (pink square), B (green triangle) and C (blue
diamond) for 30 minutes. The baseline activity was measured in the absence of KP-10 or the
kisspeptin analogues. Data from four independent experiments were quantified (compared
with the baseline) and the mean fold over the baseline + SD for the level of internalized Cy5-
KP18 is presented. p<0.05 (*), p<0.01 (**) and p<0.005 (***) represent statistical significance

from vehicle treated control.
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3.3.5 Inhibition of kisspeptin analogues on MMPs

In addition to the above functional and binding assays, the inhibition of these
peptides on the enzyme activity of MMP-2 and MMP-9 was tested by using MMP-2
and MMP-9 colorimetric drug discovery kits (Section 2.19) (Enzo Life Sciences, USA).
For the control group, the enzyme activity of MMP-2 (Fig. 3.14) and MMP-9 (Fig.
3.15) was measured without addition of any inhibitor. NNGH is a potent inhibitor of
MMPs and used as positive control. The MMP activities were tested by measuring
the hydrolysis activities of a colorimetric substrate of MMPs via continuously reading
the absorbance at 412 nm. The slope is calculated and the mean fold over control is
plotted in bar chart. Only compound B can inhibit 35.98% + 10.22 of MMP-2 activity
at 10 uM. However, lower concentration of compound B (1 uM) was unable to inhibit
MMP-2 activity (Fig. 3.14). None of these peptides showed inhibition activity on

MMP-9 (Fig. 3.15).
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Figure 3.14 Effect of the kisspeptin analogues on MMP-2 enzyme activities. The MMP-2
inhibition assay was conducted using a kit based assay in a 96-well microtiter plate as per the
manufacturer’s instructions. The kisspeptin analogues, including 10 uM compound A (green),
B (black), C (purple) and 1 uM compound B (blue), or a positive control (NNGH, orange) as
indicated were added to an assay mixture containing MMP-2 enzyme. The baseline activity
(red) was measured in the absence of inhibitors. The plates were read at 412 nm in a
microplate reader for 30 minutes. Data from at least three independent experiments were
quantified (compared with the baseline activity) and the mean fold over control + SD for the
inhibition of MMP-2 activity is presented. p<0.001 (****) represents statistical significance
from control.
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Figure 3.15 Effect of the kisspeptin analogues on MMP-9 enzyme activities. The MMP-9
inhibition assay was conducted using a kit based assay in a 96-well microtiter plate as per the
manufacturer’s instructions. The kisspeptin analogues, including 10 uM compound A (green),
B (black), C (purple) and 1 uM compound B (blue), or a positive control (NNGH, orange) as
indicated were added to an assay mixture containing MMP-9 enzyme. The baseline activity
(red) was measured in the absence of inhibitors. The plates were read at 412 nm in a
microplate reader for 20 minutes. Data from at least three independent experiments were
quantified (compared with the baseline activity) and the mean fold over control + SD for the
inhibition of MMP-9 activity is presented. p<0.001 (****) represents statistical significance

from control.
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3.4 Discussion

In this chapter, the biological functions of three novel kisspeptin analogues were
assessed by the stimulation of phosphorylation of ERK1/2. The results showed that
compound B possesses the kisspeptin receptor-agonistic activity at a high
concentration (10 uM). The agonistic activity cannot be detected in lower
concentrations of compound B or any tested concentration of its diastereoisomer,
compound A. It has been shown that the last five amino acids at C-terminus of KP-10
are stereochemically essential for its binding and activation of the kisspeptin
receptor (Niida et al., 2006). Substitution of each of the residues with their D-
enantiomers leads to complete loss of the kisspeptin receptor-agonistic activity.
Therefore, it is not surprising that only one of the synthesized enantiomers possesses
the kisspeptin receptor-agonistic activity. However, among them, compound B, which
is predicated as an R-isomer at the pseudo-Leu residue, exhibited the kisspeptin
receptor-agonistic activity. The mechanisms underlying it remain unclear and the
structures of the enantiomers need to be determined. Since compound B exhibited
the kisspeptin receptor-agonistic activity at a high concentration, a 10-amino-acid
phosphinic peptide, which is termed compound C, was synthesized to improve its
agonistic activity. However, compound C cannot stimulate the phosphorylation of
ERK1/2 at any concentration tested. Since compound C is a mixture of the
stereoisomer pair, it is possible that one of two enantiomers may possess the
kisspeptin receptor-agonistic activity. The kisspeptin receptor-agonistic activity is
masked by the properties of the other isomer, which may possess the kisspeptin
receptor-antagonistic activities and/or higher binding affinity to the kisspeptin

receptor. As a consequence, the kisspeptin receptor-agonistic activity cannot be
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detected by the method. In this regard, the kisspeptin receptor-antagonistic activities
of the phosphinic peptides were then examined by detecting their inhibition on KP-
10-induced phosphorylation of ERK1/2. The results showed that none of them can
inhibit KP-10-induced phosphorylation of ERK1/2 and, therefore, these peptides
might not be antagonists of the kisspeptin receptor. Additionally, it is also possible
that the kisspeptin receptor-antagonistic activity of these peptides cannot be
detected by current method. The binding affinity of the peptides to the kisspeptin
receptor may not be high enough to allow them competitively bind to the receptor

with 100 nM KP-10.

In order to detect the kisspeptin receptor binding properties of kisspeptin analogues,
a fluorescence-based ligand-binding assay was developed. In order to minimize the
effects of a conjugation of fluorophore on the properties of kisspeptin, Cy5 was
introduced to the N-terminus of KP-18. To assess whether the fluorescent-labelled
KP-18 retains its ability to bind to the kisspeptin receptor, a saturation binding assay
was carried out in living cells. The specific binding of Cy5-KP18 can only be detected
at 50 nM or higher concentrations. Such a high concentration of ligands precludes
the use of a standard competition binding assay to determine of the binding
properties of unknown and unlabeled peptides. Alternatively, it was found that the
fluorescent agonist can be co-internalised with the receptor upon its stimulation
(Arttamangkul et al., 2000). Based on this, competition by these peptides for Cy5-
KP18-induced internalization of the kisspeptin receptor in living cells was used to
indirectly measure their binding properties. Cy5-KP18-induced internalization of the

kisspeptin receptor was significantly reduced after co-incubation with the same
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concentration of KP-10. However, none of the kisspeptin analogues can affect Cy5-
KP18-induced internalization of the receptor at any concentration tested. Therefore,
whether these kisspeptin analogues can bind to the kisspeptin receptor cannot be
determined by this method. It is possible that these peptides possess binding affinity
to the kisspeptin receptor, but affinity is lower than KP-10 and Cy5-KP18 and so

beyond the limit of detection of the assays used here.

Since phosphinic peptides have been found to be potent inhibitors of MMPs (Dive et
al., 2004, Georgiadis and Dive, 2015), the inhibition of the kisspeptin analogues on
MMP-2 and MMP-9 was detected. Among these peptides, compound B inhibited
MMP-2 activity at a high concentration, but not MMP-9 activity, indicating that
compound B could be a weak and selective inhibitor toward MMP-2. In addition, the
results also suggest that compound B may form a stable complex with MMP-2 and,
thus, may be resistant to the MMP-2-mediated hydrolysis. For the rest of the
peptides, none were able to inhibit MMP-2 or MMP-9. Whether the phosphinic
peptides are resistant to MMP-mediated digestion and have inhibitory activity

towards other MMPs remains to be elucidated.

In conclusion, among synthesized peptides, only compound B possesses the
kisspeptin receptor-agonistic activities and could function as a selective inhibitor of
MMP-2. Due to the limitation of current methods, the kisspeptin receptor-
antagonistic activities and binding properties of the synthesized peptides cannot be
detected. To date, there have been very few studies focused on the development of

kisspeptin analogues with increased potency and metabolic stability. One main
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approach to develop more stable kisspeptin analogues is based on the substitution of
key residues of kisspeptin, which are susceptible to enzyme digestion. These residues
include Trp47, GIy51 (Asami et al., 2012b) and Arg53 (Asami et al., 2012a). In addition,
only one publication was found that has been successfully developed MMP-2 and
MMP-9-resistant kisspeptin analogues by a replacement of Gly>'-Leu®® with non-
hydrolysable dipeptide isostere (Tomita et al., 2008). Here, we proposed a new
option to develop novel kisspeptin analogues that may target both MMP-2 and the
kisspeptin receptor by replacing the peptide bound between Gly>* and Leu®? with a
phosphinic acid moiety. The results provide an insight for the further development of

this kind of kisspeptin analogues.
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Chapter 4

Identification of novel kisspeptin receptor-interacting

proteins and their biological functions
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4.1 Outline

In addition to G proteins, a wide range of GIPs have been reported. Direct
associations of GPCRs through their Pro-rich motif with SH3 domain-containing
proteins are observed in some GPCRs. The kisspeptin receptor contains a Pro-rich
motif within its C-terminal tail, which may be able to mediate the interaction of the
receptor with PP2A. In this chapter, the interaction of the human kisspeptin receptor
with two potential interacting proteins, the p85a subunit of PI3K and c-SRC were
investigated in vitro by using co-IP assays (Section 2.16). In addition, the potential
biological functions of these interactions were examined by western blot (Section
2.17). Furthermore, mutant receptors with single Ala substitution on the predicted

345

sites (Pr0342, Pro*, Pro3*®

and Pro>*)

, which may mediate the kisspeptin
receptor/p85a and the kisspeptin receptor/c-SRC interactions, was conducted by

site-directed mutagenesis (Section 2.9) for further examinations.
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4.2 Introduction

Conventionally, signalling by GPCRs has been considered to be mediated solely by
their coupled G proteins. Upon ligand stimulation, the activated GPCRs act as GEFs
for heterotrimeric G protein and promote the dissociation of G, subunits from Gg,
subunits (Neer, 1995). Subsequently, the free G, subunit and the GBy complex are
able to transmit intracellular signals via the activation of various target effectors
(Neer, 1995). However, recent work has discovered that GPCRs can interact with
numerous non-G proteins, such as spinophilin (Wang et al.,, 2004), calmodulin
(Labasque et al., 2008) and protein phosphatases (Evans et al., 2008), to mediate G
protein-independent signalling pathways (Luttrell, 2008). Like other GPCRs, the
kisspeptin receptor has been shown to interact with both G and non-G proteins (Fig.
1.6). In general, the kisspeptin receptor interacts with Gg/11 subfamilies to activate
PLC-Bs and, consequently, the mobilization of intracellular calcium and the activation
of PKC (Section 1.4.1) (Muir et al., 2001, Kotani et al., 2001). In addition, the
kisspeptin receptor can also interact with non-G proteins (Section 1.4.2). The
kisspeptin receptor has been shown to interact with B-arrestins to activate signalling
pathways, such as MAPKs cascades (Luttrell et al., 1999). In addition to B-arrestins,
the kisspeptin receptor has three Pro-Arg-Arg repeats within the C-terminal tail,
which have been shown to mediate the interaction of the receptor with PP2A-B and
PP2A-C subunits (Evans et al., 2008). Moreover, the Pro-Arg-Arg repeats are also
predicted by motif scanning to mediate the interactions of the kisspeptin receptor
with other SH3-domain containing proteins, such as amphiphysin, p85 and SRC.

However, whether the kisspeptin receptor in fact interacts with the SH3-domain
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containing proteins and their biological functions remain to be elucidated in cellular

studies.

P85a is one of the regulatory subunits (p85) of class IA PI3K and has a p110 binding
motif flanking by two SH2 domains and a N-terminal SH3 domain (Hawkins et al.,
2006). P85 interacts with the catalytic subunit of PI3K, p110, to inhibit the activity of
p110. After extracellular signal stimulation, the SH2 domains of p85 mediates the
interaction with phosphorylated Tyr residues in activated receptors or adaptors to
release p85a from p110 and, consequently, relieves the inhibition on p110 (Geering
et al., 2007). In addition, the SH3 domain of p85 also plays an important role of the
regulation of PI3K signalling (Pleiman et al., 1994). For example, p85 is shown to be
co-immunoprecipitated with obscurins in MCF-10A cells (Shriver et al., 2014). The
GST-pull down assay using GST fusion protein containing obscurin-PH domain and
His-tagged p85-SH3 domain reveals that the association between obscurins and p85
is mediated by PH-SH3 domain interaction. Knockdown of obscurin by shRNA in
MCF-10A cells results in increased level of phosphorylation of all tested downstream
effectors of PI3K including AKT, PDK1 and glycogen synthase kinase 3B (GSK3pB), in
the absence of any stimulation. These data suggest that obscurins regulate the
PI3K/AKT pathway through the direct interaction with SH3 domain of p85 and the
loss of obscurins in breast epithelial cells may impair the regulatory activity of p85 on
p110. By contrast, influenza A virus infection triggers PI3K activation via the
interaction between encoding protein NS1 and p85 (Shin et al., 2007). Co-IP and GST-

pull down assays reveal that NS1 formed a complex with p85 subunit mediated by

107



both SH3 and the C-terminal SH2 domain of p85. NS1 strongly interacts with the SH3
domain of p85, while NS1 couples to the C-terminal SH2 domain of p85 with a lesser
degree. Mutations on both SH2- and SH3-binding sites within NS1 abolish the
interaction with p85 and impair the phosphorylation of AKT in response to the
infection, suggesting that NS1 associates with p85 through the SH3- and SH2-binding
to activate PI3K/AKT pathway. The kisspeptin receptor is able to activate PI3K/AKT
signalling pathway in a cell-dependent manner (Section 1.4.4) (Stathatos et al., 2005,
Luque et al., 2011). An inhibitor of PI3K abolishes kisspeptin-induced LH stimulation
in baboon pituitary cells, indicating an important role of PI3K/AKT pathway in the
signalling of kisspeptins and the kisspeptin receptor (Luque et al., 2011). However,
detailed the kisspeptin receptor/PI3K/AKT signalling pathway has not been fully

elucidated.

C-SRC is a non-receptor tyrosine kinase and encoded by src, which is one of the most
investigated proto-oncogenes, in humans (Martin, 2001). It has been shown that c-
SRC is involved in the regulating the internalization of some GPCRs. For example, the
level of dynamin-mediated internalization of M; muscarinic acetylcholine receptor is
reduced by either impairing c-SRC kinase activity through the K298M mutation or
substituting Tyr residues on dynamin, which are the target sites of c-SRC, upon
agonist stimulation (Werbonat et al., 2000). Consistently, the agonist-induced
internalization of B,AR is reduced either by impairing c-SRC kinase activity (K298M)
or in the presence of the c-SRC kinase inhibitor (Ahn et al., 1999). Besides, c-SRC has

also been demonstrated to mediate the signalling of GPCRs. Some GPCRs, such as
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B,AR (Luttrell et al., 1999), can recruit c-SRC via B-arrestins to phosphorylate ERK1/2,
while some GPCRs, including BsAR (Cao et al., 2000), can directly interact with c-SRC
to trigger the phosphorylation of ERK1/2, or to induce the phosphorylation of c-SRC
and other receptors such as platelet-derived growth factor receptor and EGFR (Liu et
al., 2004). The kisspeptin receptor has been shown to activate c-SRC-dependent
signalling pathways. In the presence of c-SRC inhibitor, reductions in KP-10-induced
phosphorylation of ERK1/2 and glycogen synthase kinase 3B were observed in
HTR8SVneo immortalized extravillious trophoblast-derived cells (Roseweir et al.,
2012). The c-SRC-dependent signalling of the kisspeptin receptor may be mediated
by B-arrestins, since B-arrestins are shown to assist the recruitment of c-SRC to the
receptor (Section 1.4.2) (Luttrell et al.,, 1999). However, whether the kisspeptin

receptor can directly interact with c-SRC is unclear.

Therefore, the studies of the interaction of the kisspeptin receptor with p85a and c-
SRC predicted by motif scanning might provide more details of kisspeptin/the
kisspeptin receptor-regulated cellular responses. In this chapter, the kisspeptin
receptor/p85a and the kisspeptin receptor/c-SRC interactions were investigated by
co-IP assays in MCF-7 cells, a breast cancer cell line, and their potential functions

were explored.
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4.3 Results

4.3.1 Prediction on GIPs for the human kisspeptin receptor

The potential GIPs for the human kisspeptin receptor were initially predicted by using
the NEW Scansite 3 (Obenauer, 2003). Binding motifs for 70 mammalian
kinases/domains provided by the software were scanned on the amino acid
sequence of the human kisspeptin receptor (GenBank, AAK83235.1) with high
stringency level. The New Scansite 3 assigns scores to indicate how the primary
sequences of an enquired protein match the binding motifs of potential interacting
proteins. A score-value of 0.000 is assigned to the optimal match. A higher score-
value indicates a poorer match. High stringency only reports the matching sequences
of an enquired protein, when their scores falls within the top 0.2% of all matching
sequences contained in vertebrate proteins in the SwissProt database. As
summarised in table 4.1, six SH3 binding motifs, which are specific to amphiphysin
and p85, and a kinase binding site group for ERK D-domain were identified. In order
to find a wider range of potential binding sites, a medium stringency level, which
reduces the threshold to 1%, was applied. Additional potential interactions were
PLK1 kinase, protein kinase A, 14-3-3 model 1 and SRC SH3 binding motifs (Table 4.2).
When the surface accessibility is considered, highly possible interacting proteins
were amphiphysin, p85 and SRC via the SH3 binding motif on the C-terminal tail of
the human kisspeptin receptor. Another interacting site with high surface
accessibility is basophilic Ser/Thr kinase for protein kinase A. However, the
phosphorylation site is located on the ECL1 of the human kisspeptin receptor and so
is most unlikely to be phosphorylated by PKA. Since p85a and c-SRC are pivotal in

cellular pathophysiology, they are selected as candidate proteins.
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Table 4.1 Prediction of motif sites on the human kisspeptin receptor by using the New Scansite 3 with high stringency. The table presents details of the
predicted interacting proteins and the potential binding sites within the human kisspeptin receptor. The GenBank accession number of the human
kisspeptin receptor used for prediction is AAK83235.1. The score indicates how the amino acid sequence of the receptor matches the binding motif. The
optimal match is assigned a score-value of 0.000 and higher scores indicate poorer matches. The percentile shows the percentile that the score of matching
sequences of the kisspeptin receptor falls into compared with all matching sequences contained in vertebrate proteins in the SwissProt database. The
surface accessibility indicates the accessibility of matching sequences of the kisspeptin receptor. A higher value of surface accessibility indicates a higher
accessibility of the matching sequence.

Predicted Motif Sites (Table)
Flease allow popups in your browser settings to make links in the table work properly!
Score Percentile Motif 4 Motifgroup Site Sequence Surface Accessibility
0.309 0.008% Erk D-domain (ErkDD) Kinase binding site group (Kin_bind) L160 0.1582
0.465 0.122% Amphiphysin SH3 (Amphi_SH3) Src homology 3 group (SH3) P342 1.1383
0.407 0.034% Amphiphysin SH3 (Amphi_SH3) Src homology 3 group (SH3) P345 8.0636
0.482 0.169% Amphiphysin SH3 (Amphi_SH3) Src homology 3 group (SH3) P348 8.0636
459 0.092% p85 SH3 mode | (p85_SH3_m1) Src homology 3 group (SH3) P353 1.8764
0.466 0.089% p85 SH3 mode2 (p85_SH3_m2) Src homology 3 group (SH3) p342 1.1383
453 0.066% p85 SH3 mode2 (p85_SH3_m2) Src homology 3 group (SH3) P348 8.0636

111



Table 4.2 Prediction of motif sites on the human kisspeptin receptor by using the New Scansite 3 with medium stringency. The table presents details of
the predicted interacting proteins and the potential binding sites within the human kisspeptin receptor. The GenBank accession number of the human
kisspeptin receptor used for prediction is AAK83235.1. The score indicates how the amino acid sequence of the receptor matches the binding motif. The
optimal match is assigned a score-value of 0.000 and higher scores indicate poorer matches. The percentile shows the percentile that the score of matching
sequences of the kisspeptin receptor falls into compared with all matching sequences contained in vertebrate proteins in the SwissProt database. The
surface accessibility indicates the accessibility of matching sequences of the kisspeptin receptor. A higher value of surface accessibility indicates a higher
accessibility of the matching sequence.

Predicted Motif Sites (Table)

Please allow popups in your browser settings to make links in the table work properly!
Score Percentile Motif 4 Motifgroup Site Sequence Surface Accessibility
0.307 0.511% PLK1 Kinase (PLK1) Acidophilic serine/threonine kinase group (Acid_ST_kin) T30 0.2414
0.422 0.626% Protein Kinase A (PKA_Kin) Basophilic serine/threonine kinase (Baso_ST_kin) T155 3.1689
0.309 0.008% Erk D-domain (ErkDD) Kinase binding site group (Kin_bind) L160 0.1582
0.567 0.549% Erk D-domain (ErkDD) Kinase binding site group (Kin_bind) v23e 0.3902
0.404 0.540% 14-3-3 Mode 1 (1433_m1) Phosphoserine/threonine binding group (pST_bind) §368 0.5328
0.547 0.648% Amphiphysin SH3 (Amphi_SH3) Src homology 3 group (SH3) P147 0.3716
0.465 0.122% Amphiphysin SH3 (Amphi_SH3) Src homology 3 group (SH3) p342 1.1383
0.407 0.034% Amphiphysin SH3 (Amphi_SH3) Src homology 3 group (SH3) P345 8.0636
0.482 0.169% Amphiphysin SH3 (Amphi_SH3) Src homology 3 group (SH3) p348 8.0636

.44 0.478% Src SH3 (Src_SH3) Src homology 3 group (SH3) P353 1.8764

0.498 0.205% p85 SH3 mode 1 (p85_SH3_m1) Src homology 3 group (SH3) P33¢ 0.1181
0.591 0.916% p85 SH3 mode 1 (p85_SH3_m1) Src homology 3 group (SH3) p342 1.1383
0.459 0.092% p85 SH3 mode 1 (p85_SH3_m1) Src homology 3 group (SH3) P3s3 1.8764
0.466 0.089% p85 SH3 mode2 (p85_SH3_m2) Src homology 3 group (SH3) P342 1.1383
0.557 0.456% p85 SH3 mode2 (p85_SH3_m2) Src homology 3 group (SH3) P345 8.0636
0.453 0.066% p85 SH3 mode2 (p85_SH3_m2) Src homology 3 group (SH3) P348 8.0636
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4.3.2 Validation of the kisspeptin receptor/p85a and the kisspeptin receptor/c-SRC
interactions

To test the above bioinformatics predictions, co-IP assays were conducted in MCF-7
cell line, which was used as a model, to detect the interactions of the human
kisspeptin receptor with p85a and c-SRC. The interaction between the human
kisspeptin receptor and p85a was initially measured. Cells were transiently co-
transfected with flag-tagged bovine p85a and HA-tagged human kisspeptin receptor.
For a co-IP negative control, cells were co-transfected with flag-p85a and flag-tagged
human kisspeptin receptor. After immunoprecipitation by bead-conjugated HA
antibody, a very weak non-specific binding was detected in the negative controls (Fig.
4.1). A much stronger band for co-immunoprecipitated p85a was detected in
samples treated either with or without KP-10 stimulation (Fig. 4.1). However, no
significant difference in the level of immunoprecipitated p85a was observed in the
presence and absence of KP-10 stimulation. The same approach was used to detect
potential interactions between the human kisspeptin receptor and c-SRC. Since
endogenous expression of c-SRC was observed in MCF-7 cells, cells were only
transiently transfected with flag-tagged human kisspeptin receptor. For a co-IP
negative control, cells were transfected with pcDNA3.1+. After immunoprecipitation
with ¢-SRC antibody-conjugated beads, the flag-kisspeptin receptor was detected in
samples treated either with or without KP-10 stimulation, rather than in a negative
control (Fig. 4.2). The level of precipitated flag-kisspeptin receptor remained a similar
level in cells with and without KP-10 treatment. These results suggest that the
predicted interactions of the kisspeptin receptor with p85a and c-SRC may occur in

the cells. Although the level/concentration of the complex was not influenced by KP-
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10 stimulation, KP-10 induced rearrangement of the quaternary structure, which

mediates activation of p85a and c-SRC, could not be excluded.
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Figure 4.1 Co-IP assays depicting a direct interaction between the human kisspeptin
receptor and p85a using MCF-7 cells. MCF-7 cells were transiently co-transfected with the
combination between flag-p85a, HA-kisspeptin receptor or flag-kisspeptin receptor
construct as indicated with “+” for with and “-” for without. The cells were then cultured for
24 hours followed by a 20 hours serum starvation. After that, 100 nM KP-10 was used for the
stimulation for 5 minutes. The cell lysate were then incubated with HA antibody conjugated
Sepharose bead slurry. Cells co-transfected with flag-p85a and flag-kisspeptin receptor was
served as a negative Co-IP control. The heavy chain of IgG served as a loading control and the
amount of cDNA transfected remained constant. Three independent expriments were
conducted, and one representative immunoblot was shown here.
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Figure 4.2 Co-IP assays depicting a direct interaction between the human kisspeptin
receptor and c-SRC using MCF-7 cells. MCF-7 cells were transiently transfected with or
without flag-kisspeptin receptor construct as indicated with “+” for with and “-” for without.
The cells were then cultured for 24 hours followed by a 20 hour serum starvation. After that,
100 nM KP-10 was used to stimulate cells for 5 minutes. The cell lysate were then
immunoprecipitated with c-SRC antibody conjugated agarose bead slurry. Cells transfected
with pcDNA3.1+ was served as a negative Co-IP control. The heavy chain of I1gG served as a
loading control and the amount of cDNA transfected remained constant. Three independent
experiments were conducted, and one representative immunoblot is shown here.
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As an alternative method to measure the interaction between the kisspeptin
receptor and non-G protein efforts, attempts were made to establish a FRET-based
method in living cells. The method also provides an opportunity to monitor real-time
protein interactions upon kisspeptin stimulation. The assay was established in
HEK293 cells, because of their ease of transfection. Since a direct interaction
between the human kisspeptin receptor and calmodulin was identified in our lab
(data not shown), cells co-expressing the eYFP-tagged human kisspeptin receptor
and eCFP-calmodulin served as a positive control for FRET (termed FRET). For
negative controls, cells were co-transfected with flag-kisspeptin receptor and eCFP-
calmodulin (termed eCFP only), eYFP-kisspeptin receptor and pcDNA3.1+ (termed
eYFP only) or flag-kisspeptin receptor and pcDNA3.1+ (termed control). The
fluorescent intensity was measured in a PHERAstar FS microplate reader and the
FRET signals are calculated as the CFP/YFP ratio. No differences were found among
negative controls and FRET samples before or after addition of 100 nM KP-10 at any
tested time (Fig.4.3). Several optimization steps were conducted in order to improve

the method. Unfortunately, a FRET signal was unable to be detected in any of them.
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Figure 4.3 Test of an interaction between the kisspeptin receptor and calmodulin by FRET
assay in HEK293 cells. The FRET assays were established using HEK293 cell line as a model.
Cells co-transfected with flag-kisspeptin receptor and pcDNA3.1+ were severed as a negative
control. In addition, eCFP only (co-transfected with flag-kisspeptin receptor and eCFP-
calmodulin) and eYFP only (co-transfected with eYFP-kisspeptin receptor and pcDNA3.1+)
were used in the control group. A FRET group, which the cells were co-transfected with
eYFP-kisspeptin receptor and eCFP-calmodulin, was used to measure the kisspeptin
receptor/calmodulin interaction. The cells were cultured for 24 hours post-transfection
followed by a 20-hour serum starvation. After that, cells were stimulated with 100 nM KP-10
after 30-second reading of the baseline. Measurements are given in relative fluorescent units
(RFU). The ratio of CFP/YFP is calculated and the mean over the baseline + SD is plotted.
Three independent expriments were conducted, and only one of them is plotted here.
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4.3.3 Functional investigation of the human kisspeptin receptor/p85a interaction

In order to investigate the biological functions of the interaction between the human
kisspeptin receptor and p85a, a series of functional assays were conducted. The
activation of the PI3K signalling pathway was measured by measuring the
phosphorylation of AKT, which is a key downstream effector of PI3K and regulates
cell proliferation and survival. The phosphorylation of AKT in MCF-7 cells transiently
expressing the kisspeptin receptor was examined by western blot. A final
concentration of 100 nM KP-10 was used to stimulate cells for different times.
Stimulation by KP-10 elicited an increase in the phosphorylation of AKT with a
maximal response of 1.99 + 0.0644-fold that of vehicle treated control after 10-
minute incubation. The level of phosphorylation of AKT slightly dropped to 1.64 +

0.175-fold after 20-minute stimulation (Fig. 4.4).
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Figure 4.4 Immunoblots depicting the KP-10-induced phosphorylation of AKT in MCF-7
cells. MCF-7 cells transiently transfected with flag-kisspeptin receptor cDNA were serum-
starved for 20 hours prior to being treated with vehicle (0.02% (v/v) propylene glycol) or 100
nM KP-10 for indicated time. Representative blots are shown. Data from three independent
experiments were quantified (using B-actin as a loading control) and the mean fold over
vehicle treated control + SD for the phosphorylation of AKT is presented. p<0.01 (**) and
p<0.005 (***) represent statistical significance from vehicle treated control.
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In order to elucidate whether the PI3K/AKT signalling could be mediated in a Gg/11-
independent manner, the phosphorylation of AKT was then detected in the presence
and absence of YM-254890. YM-254890 is a G4/11-selective inhibitor and was able to
inhibit P2Y purinergic receptor 1/Gg/11-mediated intracellular Ca®* mobilization with
ICso values of 0.18 uM in C6-15 cells, which is a rat glioma cell line (Takasaki et al.,
2004). The Ca** mobilization was completely inhibited by pre-treatment of cells with
100 nM YM-254890 for 5 minutes. Therefore, in this experiment, MCF-7 cells were
treated with 100 nM YM-254890 for 1 hour and then the phosphorylation of AKT was
measured after stimulation with 100 nM KP-10 by western blot. Significant increases
in the phosphorylation of AKT were observed upon the stimulation of KP-10 in the
absence of YM-254890 (Fig. 4.5; black bars). A maximal response of 2.95 + 0.774-fold
was obtained after 3-minute stimulation and the phosphorylation of AKT was
detectable up to 60-minute stimulation (Fig. 4.5; black bars). In the presence of YM-
254890, KP-10 induced a maximal response of 1.74 + 0.181-fold increase in the
phosphorylation of AKT after 10-minute stimulation. After that, KP-10 was unable to
stimulate the phosphorylation of AKT (Fig. 4.5; grey bars). Compared with vehicle
treated samples, the level of phosphorylation of AKT was markedly reduced in the
presence of YM-254890 within 10-minute stimulation and completely abolished after

30-minute or longer time stimulation
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depicting the effects of a G/, inhibitor on KP-10-induced
in MCF-7 cells. MCF-7 cells transiently transfected with flag-
kisspeptin receptor cDNA were serum-starved for 20 hours prior to being treated without
(black bars) or with 100 nM YM-254890 (grey bars) for 1 hour. After that, cells were
stimulated by vehicle (0.02% (v/v) propylene glycol) or 100 nM KP-10 for indicated time.

Representative blots are shown. Data from three independent experiments were quantified

(using B-actin as a loading control) and the mean fold over vehicle treated control (in the
absence of YM-254890) + SD for the phosphorylation of AKT is presented. p<0.05 (#), p<0.01
(##) and p<0.001 (####) represent statistical significance from vehicle treated control (in the
absence of YM-254890). p<0.01 (**) and p<0.005 (***) represent statistical significance from

the sample as indicated.
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In contrast to above results, it has been observed that KP-10 can inhibit the EGF- and
insulin-induced phosphorylation of AKT via EGFR and the insulin receptor in HEK293
cells expressing the kisspeptin receptor (Navenot et al., 2009). To investigate whether
KP-10 is also able to abolish the insulin-induced phosphorylation of AKT in cancer
cells, the experiments were conducted in MCF-7 cells. Cells transfected with the
human kisspeptin receptor were incubated with 10 ug/mL of insulin in the presence
and absence of 100 nM KP-10. The basal level of phosphorylation of AKT in cells was
measured in the absence of both insulin and KP-10. Briefly, the insulin was added to
the cells and incubated for 30 minutes. Simultaneously, 100 nM KP-10 was added at
indicated time points (Fig. 4.6). For the vehicle group, 0.02% (v/v) propylene glycol
was added. Insulin caused a significant increase in the phosphorylation of AKT.
However, no significant differences were observed when KP-was added at any of the
tested times (Fig. 4.6). As an alternative method, cells were firstly exposed to 100 nM
KP-10 for the indicated time (Fig. 4.7). After that, cells were co-treated with KP-10
and 10 pg/mL of insulin for another 30 minutes. Pre-treatment with KP-10 caused a
slightly decrease in the level of phosphorylation of AKT after 5-minute pre-treatment

with KP-10 (0.75 £ 0.0391-fold; Fig. 4.7).
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Figure 4.6 Immunoblots depicting the effects of KP-10 on insulin-induced phosphorylation
of AKT in MCF-7 cells. MCF-7 cells transiently transfected with flag-kisspeptin receptor cDNA
were serum-starved for 20 hours prior to being treated with 10 pg/mL insulin for 30 minutes.
Simultaneously, 100 nM KP-10 were added at indicated time. Vehicle (0.02% (v/v) propylene
glycol) was added for the vehicle group. Basal level of phosphorylation of AKT was measured
in the absence of KP-10 and insulin stimulation. Representative blots are shown. Data from
three independent experiments were quantified (using B-actin as a loading control) and the
mean fold over control (treated with insulin only) + SD for the phosphorylation of AKT is
presented.
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Figure 4.7 Effects of KP-10 pretreatment on insulin-induced phosphorylation of AKT in
MCF-7 cells. MCF-7 cells transiently transfected with flag-kisspeptin receptor cDNA were
serum-starved for 20 hours prior to being treated with vehicle (0.02% (v/v) propylene glycol)
or 100 nM KP-10 for indicated time. After that, insulin at a final concentration of 10 pg/mL
was added to stimulate cells for a further 30 minutes. Representative blots are shown. Data
from two independent experiments were quantified (using B-actin as a loading control) and
the mean fold over vehicle treated control + range for the phosphorylation of AKT is
presented. p<0.05 (*) represents statistical significance from vehicle treated control.
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4.3.4 Functional investigation of the human kisspeptin receptor/c-SRC interaction

In order to investigate the biological function of the interaction between the human
kisspeptin receptor and c-SRC, a series of assays were conducted. The
phosphorylation of c-SRC was measured by detecting the autophosphoylation of the

-I-yr416

residue within the kinase domain of the protein (Martin, 2001). A final
concentration of 100 nM KP-10 was used for the stimulation over different times in
MCEF-7 cells transiently expressing the kisspeptin receptor. No significant increase in

the phosphorylation of Tyr*'®

was identified in response to KP-10 (Fig. 4.8).
Alternatively, a FRET-based SRC reporter was used to monitor c-SRC kinase activity in
HEK293 cells. The c-SRC reporter is composed of an eCFP, a SH2 domain, a linker, a
specific substrate peptide of c-SRC and an eYFP from N-terminus to C-terminus (Fig.
4.9). In the ground status, the juxtaposition of eCFP and eYFP yield a FRET signal.

%2 and Tyr664 residues located in the substrate

Activated c-SRC phosphorylates the Tyr
region of the c-SRC reporter. The phosphorylated Tyr residues lead to the interaction
of substrate peptide with the SH2 domain of the ¢c-SRC reporter. The interaction then
induces a conformational change, which causes a separation of eCFP from eYFP and

> residue in the SH2

eliminates the FRET signal. For a negative control, the Arg17
domain of c-SRC reporter is substituted by Val (R175V). The substitution abolishes
the ability of SH2 domain binding to the phosphorylated substrate and, thus, retains
the conformation in the ground status even in the presence of c-SRC kinase activity
(Wang et al., 2005). However, a decrease in the FRET signal was observed in HEK293

cells transfected with the c-SRC reporter or R175V mutant, in response to a final

concentration of 50 ng/ul of EGF (data not shown). After sequencing the original
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stock of plasmids, unknown contaminations of DNA were identified, which may

contribute to the unexplainable results.
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Figure 4.8 Effect of KP-10 on the phosphorylation of SRC Tyr**® in MCF-7 cells. MCF-7 cells
transiently transfected with flag-kisspeptin receptor cDNA were serum-starved for 20 hours
prior to being treated with vehicle (0.02% (v/v) propylene glycol) or 100 nM KP-10 for
indicated time. Representative blots are shown. Data from three independent experiments
were quantified (using B-actin as a loading control) and the mean fold over vehicle treated
control + SD for the phosphorylation of c-SRC is presented.
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Figure 4.9 The structure of c-SRC reporter. a, The c-SRC reporter is composed of an eCFP, a
SH2 domain, a flexible linker, a specific substrate of c-SRC and an eYFP from N-terminal to C-
terminal. b, Cartoon to illustrate the FRET response of c-SRC reporter upon SRC kinase and
phosphatase activity. Figure is adapted from Wang et al., 2005.
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The KP-10-induced phosphorylation of ERK1/2 was examined further in the presence
and absence of bosutinib (also termed SKI-606), in order to elucidate whether c-SRC
is involved in the kisspeptin receptor signalling. Bosutinib is a potent dual inhibitor
for SRC and ABL1 with an ICso value of 1.2 nM (Boschelli et al., 2001) and 1 nM (Golas
et al,, 2003) in enzyme assays respectively. A rapid inhibition of autophosphoylation
of ¢c-SRC and phosphorylation of its downstream effectors was identified in the
presence of bosutinib for 10 minutes in breast cancer cell lines including MCF-7
(Vultur et al., 2008). Therefore, cells were treated with 120 nM bosutinib for 1 hour
and then the level of phosphorylation of ERK1/2 was measured after stimulation
with 100 nM KP-10 for indicated time (Fig. 4.10). In the absence of bosutinib, a
maximal response of 2.78 + 0.732-fold was observed after 10-minute incubation and
remained high after 30-minute stimulation (1.93 + 0.166-fold; Fig. 4.10; black bars).
In the presence of bosutinib, KP-10 stimulation brought a maximal response of 2.41 +
0.797-fold increase in the phosphorylation of ERK1/2 after 5-minute incubation and
the level of phosphorylation of ERK1/2 was decreased thereafter (Fig. 4.10; grey
bars). No significant increase in the phosphorylation of ERK1/2 was observed after
30-minute stimulation in the presence of bosutinib. Compared with that in the
absence of bosutinib, the level of phosphorylation of ERK1/2 was significantly

reduced after 10-and 30-minute stimulation in the presence of bosutinib.
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Figure 4.10 Immunoblots depicting the effects of a SRC inhibitor on KP-10-induced
phosphorylation of ERK1/2 in MCF-7 cells. MCF-7 cells transiently transfected with flag-
kisspeptin receptor cDNA were serum-starved for 20 hours prior to being treated without
(0.0006% (v/v) DMSO; black bars) or with 120 nM bosutinib (grey bars) for 1 hour. After that,
cells were stimulated by vehicle (0.02% (v/v) propylene glycol) or 100 nM KP-10 for indicated
time. Representative blots are shown. Data from three independent experiments were
quantified (using B-actin as a loading control) and the mean fold over vehicle treated control
(in the absence of bosutinib) £ SD for the phosphorylation of ERK1/2 is presented. p<0.05
(#), p<0.01 (##) and p<0.005 (###) represents statistical significance from vehicle treated
control (in the absence of bosutinib). p<0.05 (*) and p<0.01 (**) represents statistical
significance from the sample as indicated.
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4.3.5 Generation of the flag-tagged human kisspeptin receptor mutant constructs

The NEW Scansite 3 results showed that the predicted sites mediating the interaction

342 345 348

of the human kisspeptin receptor with p85a and c-SRC are Pro™*, Pro™", Pro™" and

Pro>>3

(Table 4.1 and 4.2). To determine whether these residues are involved in the
protein-protein interactions, their Ala mutants were constructed (P342A, P345A,
P348A and P353A) (Fig. 4.11). The mutants were generated by using PCR site-
directed mutagenesis approach. Briefly, a fragment PCR product of the flag-
kisspeptin receptor was generated by using common primers and used as a template
for the further mutagenesis (Table 4.3). The primers used for each mutant are listed
in Table 4.3 and the PCR products containing mutated residues were subcloned into
the flag-kisspeptin receptor between the Aflll and Notl sites. The mutated kisspeptin
receptor plasmids were sent to Invitrogen (Thermo Fisher Scientific, USA) for

sequencing. Functional examinations of these mutant receptors will be carried out in

the future.
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Kisspeptinreceptor

WT

P342A

P345A

P348A

P353A

342 345 348 353
RQAFRRVCPCAPRRPRRPRRPGPSDPAAPH

RQAFRRVCPCAARRPRRPRRPGPSDPAAPH
RQAFRRVCPCAPRRARRPRRPGPSDPAAPH

RQAFRRVCPCAPRRPRRARRPGPSDPAAPH

RQAFRRVCPCAPRRPRRPRRPGASDPAAPH

Figure 4.11 Partial protein sequences for wild type and mutated kisspeptin receptor. The

amino acid sequences of mutated sites of four mutants were indicated. The mutated
residues are enlarged and underlined.
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Table 4.3 Primers for PCR site-directed mutagenesis. This table shows the sequences of primers used for the generation of four
mutant receptors. The nucleotides encoding mutated residues are underlied and the mutated sites are labeled in bold.

Common Forward
Common Reverse
P342A Forward
P342A Reverse
P345A Forward
P345A Reverse
P348A Forward
P348A Reverse
P353A Forward

P353A Reverse

TTCGCACTGTACAACCTGCT
CCTCTACAAATGTGGTATGGCTG
CTGCGCGGCACGCLGLCCC
GGGGCGGCGTGCCGCGCAG
CGCGCCGAGCACGCCGCLCC
GGGCGGCGTGCTCGGCGCG
CCCGCCGAGCACGCCGGCC
GGCCGGCGTGCLTCGGLCGGG
GGCCCGGAGCATCGGACCC

GGGTCCGATGCTCCGGGCC
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4.4 Discussion

Bioinformatics analysis of 75 human GPCRs reveals 424 putative protein binding
motifs on the intracellular portions of receptors (Tovo-Rodrigues et al., 2014). Among
them, one of the most observed motifs is the SH3 domain-binding site, which is
found in more than 50% of the receptors. SH3 domain recognises and binds to short
amino acid sequences, which are rich in Pro residues (Ren et al., 1993, Yu et al.,
1994). Indeed, interactions between GPCRs and SH3 domain-containing proteins
have been reported be mediated by the Pro-rich regions located in ICL3 (Cao et al.,
2000, Oldenhof et al., 1998) and the C-terminal tail of GPCRs (Cao et al., 2000, Liu et
al., 2004) (Section 1.4.2). Three Pro-Arg-Arg repeats are identified within the C-
terminal tail of the kisspeptin receptor and are able to mediate the interaction with
PP2A, which is a SH3 domain-containing protein (Evans et al., 2008). However,
studies on other interacting proteins thought the Pro-Arg-Arg repeats are lacking.
Bioinformatics analysis by the NEW Scansite 3 program shows that this region is a
putative SH3 domain-binding motif for p85 and c-SRC. In this chapter, the direct
interaction of the kisspeptin receptor with p85a or ¢-SRC was shown in the first time

by co-IP in a breast cancer cell line.

In addition, attempts to establish CFP/YFP-based FRET assay in living cells were
made, which would allow the measurement in real-time the protein-protein
interactions. Unfortunately, no difference in FRET signals was observed in positive
control compared with that in negative controls. CFP/YFP is a widely used fluorescent
protein pair in FRET assay, and has been applied in the detection of the protein-

protein interactions (Ma et al., 2014). However, certain properties of eCFP and eYFP
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can cause difficulties in the development of FRET assays in living cells, such as
reversible photobleaching of eCFP and eYFP at physiological pH (Sinnecker et al.,
2005), photoconversion of eYFP to eCFP-like species (Raarup et al., 2009) and
phototoxic of extended eCFP excitation (Dixit and Cyr, 2003). Besides, other factors
including the orientation of eCFP and eYFP, pH, temperature and electrolyte
concentration are able to affect the eCFP/eYFP FRET (Felber et al., 2004). In addition
to these factors, the microplate reader monitors changes in cell cluster rather than
an individual cell, which may result in a low signal-to-noise ratio compared with
confocal microscopy- or flow cytometry-based assays and hence exhibits low
sensitivity. Further optimizations are necessary for the establishment of our FRET

assay using the microplate reader.

Then, the biological functions of the kisspeptin receptor/p85a interaction were
examined. Some GPCRs, such as somatostatin receptor type 2, have been shown to
inhibit the PI3K signalling pathway by disrupting the interaction of the receptor and
p85a upon agonist stimulation (Bousquet et al., 2006). A similar mechanism may be
applied by the kisspeptin receptor to suppress the PI3K/AKT signalling. To test so, the
influence of KP-10 on the kisspeptin receptor/p85a interaction and the stimulation
of phosphorylation of AKT were examined. However, the interaction between the
kisspeptin receptor and p85a retained at a similar level as that in the basal
conditions following 5-minute KP-10 stimulation. In addition, the level of
phosphorylation of AKT was increased in response to KP-10 stimulation and
remained high up to 60-minute stimulation. It has been shown that some GPCRs can

activate the PI3K/AKT pathway by Gq/11, especially Ca’" and PKC (Seatter et al., 2004,
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Wang and DeFea, 2006). Therefore, to elucidate whether the KP-10-induced
phosphorylation of AKT could be mediated by a G4/11-independent manner, a specific
inhibitor of Gg/11, YM-254890, was used. In the presence of YM-254890, KP-10-
induced phosphorylation of AKT was rapidly reduced within 10 minutes and was
completely abolished after 30 and 60 minutes. However, a weak Gg/11-independent
phosphorylation of AKT could still be observed, suggesting that the kisspeptin
receptor mediates PI3K/AKT pathway in both Ggi-dependent and -independent
manners. Indeed, other signal effectors, such as B-arrestins, are able to mediate the
activation of PI3K/AKT pathway (Goel and Baldassare, 2002). Whether the kisspeptin
receptor/p85a interaction could be involved in the activation of PI3K/AKT remains to

be elucidated.

A negative crosstalk between the kisspeptin receptor with CXCR4 (Navenot et al.,
2005), EGFR and the insulin receptor (Navenot et al., 2009) was identified (Section
1.4.3). The KP-10-induced activation of the kisspeptin receptor can completely impair
SDF-1/CXCL12-induced phosphorylation of AKT in CHO cells (Navenot et al., 2005),
and EGF- and insulin-triggered phosphorylation of AKT in HEK293 cells (Navenot et
al., 2009). To test whether the same occurred in the MCF-7 cells, the effect of KP-10
on insulin-induced AKT activation was measured. However, KP-10 treatment only led
to a slight decrease in insulin-induced phosphorylation of AKT activation in MCF-7
cells. The differences may result from the fact that different cell types were used,
suggesting that KP-10 inhibition of the stimulation of phosphorylation by other

effectors is not a general phenomenon.
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The KP-10-induced PI3K/AKT signalling presented here was measured in the early
stage. Since metastasis is a long-term progress, to fully understand the kisspeptin/the
kisspeptin receptor-mediated PI3K/AKT pathway in the suppression of metastasis, a
longer stimulation time of kisspeptin is necessary. It has been shown that in some
cancer cells, such as NPA cells, kisspeptin can trigger the phosphorylation of AKT
within 30 minutes, but suppress the activity of AKT by, for example, upregulating the
expression of tribble 3 after longer time stimulation (up to 24 hours) (Stathatos et al.,
2005). Instead, the activation of PI3K/AKT signalling pathway by kisspeptins and the
kisspeptin receptor in the early stage might be involved in the regulation of the
reproductive axis. Kisspeptins can activate PI3K/AKT pathway in GnRH neuronal cell
lines, including GT1-7 (Terasaka et al., 2013, Novaira et al., 2009) and GN11 (Novaira
et al., 2009). Inhibition of PI3K activity by a PI3K selective inhibitor attenuated
kisspeptin-induced GnRH secretion (Novaira et al., 2009). In addition, inhibition of
either PI3K or mTOR activity completely impaired KP-10-induced LH secretion in

baboon pituitary cells (Luque et al., 2011).

The biological functions of the interaction between the kisspeptin receptor and c-SRC

were further examined by measuring the kisspeptin-stimulated phosphorylation of

416

the Tyr* residue of c-SRC, which reflects the kinase activity of c-SRC (Martin, 2001).

However, no change in the level of phosphorylation of Tyr**°

was detected following
KP-10 stimulation, indicating kisspeptin may be unable to activate c-SRC. Since a
basal association between the kisspeptin receptor and c-SRC was observed, another

explanation is that c-SRC may be activated in the absence of kisspeptin and the

addition of kisspeptin may not further activate c-SRC. Moreover, it has been shown
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that the interaction of some GPCRs, such as progesterone receptor, with the SH3
domain of c-SRC is required for the activation of c-SRC (Boonyaratanakornkit et al.,
2001). Therefore, the kisspeptin receptor may be able to activate c-SRC through its
interaction with the SH3 domain of c-SRC without affecting the phosphorylation of

-I-yr416

of ¢-SRC. As an alternative approach to measure the kisspeptin-induced
activation of ¢c-SRC in living cells, a FRET-based c-SRC reporter was used. The assay is
currently under construction. Functionally, the effect of c-SRC upon kisspeptin-
induced phosphorylation of ERK1/2 was measured, since some GPCRs, including
B3AR (Cao et al., 2000), has been identified to activate ERK1/2 signalling pathway
through the interaction with c-SRC. The inhibition of c-SRC activity markedly
decreased the KP-10-induced phosphorylation of ERK1/2 in a later stage (after 10-

minute stimulation of KP-10), suggesting that the kisspeptin receptor may bind to c-

SRC to transduce c-SRC-dependent cell signalling.

Kisspeptin was found to inhibit vascular endothelial growth factor (VEGF)-induced
human umbilical vein endothelial cell migration by impairing VEGF-induced c-SRC
activation and, consequently, c-SRC-mediated FAK activation. However, KP-10
showed little effect on VEGF-mediated FAK autophosphorylation, indicating that KP-
10 may inhibit c-SRC activity to suppress cell migration and invasion (Cho et al.,
2009b). However, the kisspeptin-induced c-SRC activation presented here was only
measured at the early stage and may not be involved in the suppression of cancer
metastasis, as metastasis is a progress that occurs over long time. Since the ERK1/2
activation is important for KP-10-induced LH (Luque et al., 2011) and GnRH

(Castellano et al., 2006) release, the interaction of the kisspeptin receptor with c-
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SRC, which is involved in KP-10-induced phosphorylation of ERK1/2 as demonstrated
here and in other studies (Roseweir et al., 2012), may be important in transducing
downstream signalling in the reproductive axis. Consistently, inhibition of c-SRC
activity by using PP2, which is a selective inhibitor of SRC-family kinase, completely
impaired kisspeptin-induced inward TRPC4 current in GnRH slices prepared from
female mice. However, blockade of the downstream effector of c-SRC, such as
MEK1/2, by an inhibitor (U-0126) did not influence kisspeptin-mediated TRPC4
response, implying that kisspeptin activates the TRPC4 channels to excite GnRH
neuron through c-SRC-dependent signalling pathways (Zhang et al., 2013). Thus, the

kisspeptin receptor may directly couple to c-SRC to excite GnRH neurons.

In the further studies, to identify which Pro residues within the Pro-Arg-Arg repeats
of the kisspeptin receptor may mediate the interaction of the kisspeptin receptor
with p85a and c-SRC, site-directed mutagenesis was used to generate mutant
receptors. Ala substitution of individual Pro residue, Pro342, Pro345, Pro*® and Pr0353,
has been successfully introduced, but the co-IP and functional assays have yet to be

conducted.

In summary, the results within the chapter constitute the first observation of direct
interaction between the kisspeptin receptor/p85a and the kisspeptin receptor/c-SRC.
Additionally, they indicate that the coupling of receptor to these proteins regulates a
variety of cellular responses including the phosphorylation of AKT and ERK1/2.
Besides, the data also suggest that some cross-regulation of the kisspeptin receptor

signalling with other receptor tyrosine kinases may occur. The integration of these
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signalling events will then determine the signalling output and the cell fate such as
cell survival, migration and apoptosis. The studies presented here provide a basis for

the further investigation into the kisspeptin receptor signalling.
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Chapter 5

Investigation of the roles of Cys**® and Cys** in the C-
terminal tail of the kisspeptin receptor on receptor

expression and function
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5.1 Outline

One lipid modification, known as S-palmitoylation, has been reported in some GPCRs.
The post-translational modification occurs on the Cys residues of the C-terminal tail
of GPCRs, about 10-amino-acid away from the intracellular end of TM7. The
modification introduces a saturated 16-carbon palmitoyl group on the Cys residues,
which may be involved in the anchoring of H8 in the inner surface of the cell
membrane. S-palmitoylation is a reversible post-translation modification and the
cycle of palmitoylation and depalmitoylation has been proposed to play an important
role in GPCRs signalling, trafficking and stability. However, the palmitoylation status
of the kisspeptin receptor has not been determined yet. There are two Cys residues
(Cys338 and Cy534°) on the C-terminal tail of the kisspeptin receptor predicted as
palmitoylation sites by bioinformatics analysis. In this chapter, Ser substitutions on
the Cys residues were conducted by site-direct mutagenesis (Section 2.9) to generate
two single (C338S and C340S) and one double (C3385-C340S) mutant receptors.
Additionally, a truncated mutant to the C-terminal tail of the human kisspeptin

receptor at the residue Arg>>"

(R331X), which is a natural mutation identified in the
patients with IHH, was also created. The levels of the expression of the mutant
receptors were examined by western blot (Section 2.17). In addition, the effects of
the mutations on ligand binding (Section 2.13) and the internalization of the
receptor (Section 2.14) were measured. Moreover, the effects of the mutations on

receptor signalling were examined by measuring agonist-induced dual

phosphorylation of ERK1/2 (Section 2.17) and intracellular calcium flux (Section 2.18),
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5.2 Introduction

Palmitoylation is a post-translational modification on the Cys residues of a protein by
the addition of a palmitoyl group derived from palmitic acid. The consequence of the
presence of the long-hydrophobic chain of the fatty acid is that it can favour the
attachment of targeted proteins to the cell membrane and, therefore, promotes their
membrane localization. Various proteins have been observed to undergo this lipid
modification such as monomeric G proteins, H-Ras and N-Ras (Rocks et al., 2005,
Escriba et al., 2007), heterotrimeric G proteins (Chisari et al., 2007), and GPCRs
(Percherancier et al., 2001, Adams et al., 2011). Two types of palmitoylation have
been identified based on the locations of Cys residues. In most cases, palmitate can
be attached to Cys residues via a reversible thioester linkage (S-palmitoylation).
However, if the Cys residues are located at the N-terminus of a protein, the thioester
linkage rearranges due to the proximity of the primary amine, leading to a stable

amide linkage (N-palmitoylation) (Linder and Deschenes, 2007).

Some GPCRs have been reported to be S-palmitoylated. The S-palmitoylation sites in
GPCRs, such as B:;AR (Zuckerman et al., 2011), endothelin receptors A and B
(Stannard et al., 2003), and D,R (Ebersole et al., 2015), are mainly found on their
cytoplasmic tail. Alternative palmitoylation sites are found on the ICLs of some GPCRs
such as p-OR (Ebersole et al., 2014, Zheng et al., 2012), B1AR (Zuckerman et al., 2011)
and B,AR (Adachi et al., 2016). Since the S-palmitoylation is a reversible lipid
modification, the turnover of this type of palmitoylation is widely hypothesized to be
involved in regulating GPCR signalling by modulating structure, trafficking and

stability of the receptor (Goddard and Watts, 2012, Norskov-Lauritsen and Brauner-
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Osborne, 2015, Zhang and Kim, 2017). As discussed in Section 1.2.2, the human
kisspeptin receptor contains two Cys residues that are highly possible to be
palmitoylated, but it is not known if the Cys residues are in fact modified.
Investigations in this post-translational modification would provide new insights into
the mechanisms of signalling of kisspeptins and the kisspeptin receptor and the
structure of the kisspeptin receptor. In this chapter, two Cys residues (Cys**® and
Cys**®) at C-terminus of the kisspeptin receptor are predicted as potential
palmitoylated sites by bioinformatics analysis. Site-directed mutagenesis was
conducted in order to examine their roles in the kisspeptin receptor signalling. Ser
substitution was introduced to generate two single mutants (C338S and C340S) and a
double mutant (C3385-C340S). A R331X mutant receptor, which contains a truncation
of C-terminal tail, was additionally created as a negative control, since it has been
shown that R331X mutation leads to a loss of function of the receptor (Seminara et
al.,, 2003). The expression of the mutant receptors was evaluated and their KP-10-

induced signalling was elucidated.
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5.3 Results

5.3.1 Prediction of potential palmitoylation sites

In order to determine the likelihood of the human kisspeptin receptor being
palmitoylated, the programs NBA-Palm (Xue et al., 2006) and CSS-Palm 4.0 (Ren et
al., 2008) were used. Four Cys residues, Cy594, Cysgs, Cys115 and Cysm, were
predicted as potential sites for palmitoylation by CSS-Palm program at a high
stringency (Fig. 5.1a). Only one putative palmitoylation site, which is Cys34°, was
identified by NBA-Palm program (Fig. 5.2b). The possibility of these residues being
palmitoylated was further assessed by examining their locations on the kisspeptin
receptor. Since the 3D structure of the kisspeptin receptor has not been determined,
a prediction of the TMs of the receptor based on its primary sequence was
conducted by using TMHMM version 2.0 (Krogh et al., 2001) (Fig. 5.2). The results
showed that Cys™ and Cys> are located in TM2, and so are buried in the lipid
membrane (Fig. 5.2). Therefore, they are most unlikely to be S-palmitoylation sites. In

addition, Cys115

is at the extracellular end of TM3 and so is unlikely to be a
palmitoylation site. Instead, it has been predicted to form a disulfide bridge with
Cyslglin the middle of ECL2 (Sigrist et al., 2013), which is conserved in all GPCRs (Di
Pizio et al., 2016, Venkatakrishnan et al., 2013). Cys34°, which was predicted as a
palmitoylation site by both programs, is located in the C-terminus of the kisspeptin
receptor. The location provides high intracellular accessibility. In addition, it has been
reported that the Cys residues positioned 10- to 14-amino-acid downstream of TM7

of GPCRs are highly possible to be palmitoylated (reviewed in (Escriba et al., 2007)).

Hence, Cysa'40 is the most likely of the predicted palmitoylated site. Cys338, which is
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adjacent to Cys**°, was also hypothesized as a potential palmitoylation site due to its

location.
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a) % CSS-Palm Online Service

Results:4 | .txt v | Download ‘ t Visualize ‘ { Return
ID Position Peptide Score Cutoff
Unnamed 94 TDVTFLLCCVPFTAL 7.674 1.906
Unnamed 95 DVTFLLCCVPFTALL 7.039 3.536
Unnamed 115 [WVLGDFMCKFVNYIQ) 10.146 3.536
Unnamed 340 IAFRRVCPCAPRRPRR 5.744 3.536

b)

> NBA-Palm : Prediction of Palmitoylation Site Inplemented In Naive Bayesian Algorithm

Go back to NBA-Palm prediction page
Predicted Palmitoylation sites:

Download the TAB-deliminated data file from here.

ExampleProtein
Peptide Position Probability CutOff
FRRVCPCAPRRPR 340 0.849 0.4

Download the TAB-deliminated data file from here.

Figure 5.1 Prediction of S-palmitoylation sites on the human kisspeptin receptor. The
potential palmitoylated sites of the human kisspeptin receptor (GenBank accession number:
AAK83235.1) were predicted by a) CSS-palm and b) NBA-palm program.
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™1
MHTVATSGPNASWGAPANASGCPGCGANASDGPVPSPRAVDAWLVPLFFAALMLLGLVGN 60

™1 ICL1 T™M2 ECL1 ™3

SLVIYVICRHKPMRTVTNFYIANLAATDVTFLLCCVPFTALLYPLPGWVLGDFMCKFVNY 120

™3 ICL2 ™4
IQQVSVQATCATLTAMSVDRWYVTVFPLRALHRRTPRLALAVSLSIWVGSAAVSAPVLAL 180

T™M4 ECL2 TM5 ICL3
HRLSPGPRAYCSEAFPSRALERAFALYNLLALYLLPLLATCACYAAMLRHLGRVAVRPAP 240

T™M6 ECL3
ADSALQGQVLAERAGAVRAKVSRLVAAVVLLFAACWGPIQLFLVLQALGPAGSWHPRSYA 300

™7
AYALKTWAHCMSYSNSALNPLLYAFLGSHFRQAFRRVCPCAPRRPRRPRRPGPSDPAAPH 360

AELLRLGSHPAPARAQKPGSSGLAARGLCVLGEDNAPL 398

Figure 5.2 Prediction of TM helices in the human kisspeptin receptor. The seven TMs of the
kisspeptin receptor (GenBank accession number: AAK83235.1) were predicted by TMHMM
program. Residues in red are potential palmitoylation sites predicted by CSS-Palm, while the
Cys residue in blue is the site predicted by both CSS-Palm and NBA-Palm programs.
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5.3.2 Generation of the flag-tagged human kisspeptin receptor mutant constructs
In order to elucidate the roles of the two potential palmitoylated Cys residues (Cys338

and Cys340

) in the signalling of the kisspeptin receptor, several mutations were
introduced into the C-terminal tail. Cys338 and Cys340 residues were substituted with
Ser to generate two single mutants (C338S and 340S) and a double mutant (C338S-
C340S). Ser was preferred to the conventional Ala substitutions, because it is more
likely to be neutral in terms of structure and non-covalent interactions, since alcohols
and thiols are more chemically similar. In addition, a mutant receptor with a
truncated C-terminal tail at residue Arg>>' was constructed (R331X; Fig. 5.3). For the

generation of these mutants, the flag-tagged human kisspeptin receptor plasmid was

used as template in the PCR site-directed mutagenesis.

Since the mutation sites for C338S and C340S mutants are located in the Pro-Arg-Arg
repeats of the kisspeptin receptor, the designed primers for these two mutants
possess very high CG content. In order to minimize the non-specific binding caused
by these primers, a fragment PCR product of flag-kisspeptin receptor was produced
initially, which was used as a template for the mutagenesis using common primers
(Table 5.1). The primers used for each mutant are listed in Table 5.1 and the PCR
products containing mutated residues were subcloned into flag-kisspeptin receptor
between Aflll and Not/ sites. The mutated kisspeptin receptor plasmids were sent to

Invitrogen (Thermo Fisher Scientific, USA) for sequencing.
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Kisspeptin receptor

WT

R331X

C338S

C340S

C3385-C340S

NPLLYAFLGSHF

NPLLYAFLGSHF

NPLLYAFLGSHF

NPLLYAFLGSHF

NPLLYAFLGSHF

331 338 340
RQAFRRVCPCAPRRPRRPRRPGPS

*QAFRRVCPCAPRRPRRPRRPGPS

RQAFRRVSPCAPRRPRRPRRPGPS

RQAFRRVCPSAPRRPRRPRRPGPS

RQAFRRVSPSAPRRPRRPRRPGPS

Figure 5.3 Partial protein sequences for wild type and mutated kisspeptin receptor. The
amino acid sequences of mutated sites of four mutants are indicated and the mutated
residues are enlarged and underlined. * stands for a stop codon (TGA).
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Table 5.1 Primers for PCR site-directed mutagenesis. This table shows the sequences of primers used for the generation of four
mutant receptors. The nucleotides encoding mutated residues are underlied and the mutated sites are labeled in bold.

Common Forward
Common Reverse
R331X Forward
R331X Reverse

C338S Forward

C338S Reverse

C340S Forward

C340S Reverse
C338S-C340S Forward

C3385-C340S Reverse

TTCGCACTGTACAACCTGCT
CCTCTACAAATGTGGTATGGCTG
GCTCGCACTTCTGACAGGC
GCCTGTICAGAAGTGCGAGC
TTCCGCCGCGTCAGCCCCT
AGGGGCTGACGCGGCGGAA
GCCGCGTCTGCCCCAGCGC
GCGCTGGGGCAGACGCGGC

GCCGCGTCAGCCCCAGCGC

GCGCTGGGGCTGACGCGGC
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5.3.2 Functional examination of the flag-tagged human kisspeptin receptor mutant
constructs

Before testing whether these mutant receptors retain their biological functions, the
total expression of each mutant was examined by western blot. The results of
western blot were analyzed by quantifying the band intensity using Odyssey
application software (version 3.0). The band for B-actin was selected as a loading
control and the mean fold over the level of expression of wild-type (WT) receptor for
each sample is calculated and plotted. MCF-7 cells were transiently transfected with
WT and mutant plasmids and the results are shown in Fig. 5.4. The expression profile
of these mutants showed significantly increased expression in R331X (1.65 £ 0.401
fold change; white) and C338S (1.90 + 0.317 fold change; red). The expression of the
C340S mutant (orange) remained a similar level as that of WT receptor. By contrast,
the expression of C338S-C340S mutant was significantly decreased (0.54 + 0.16 fold

change; green).
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Figure 5.4 Total expressions of the mutant receptors. MCF-7 cells were transiently
transfected with WT and the mutant receptors as indicated. Cells transfected with
pcDNA3.1+ was used as negative control. After 48 hours culture, cells were lysed by SDS
sample buffer and the expression of these mutants were measured by western blot.
Representative blots are shown. Data from four independent experiments were quantified
(using B-actin as a loading control) and the mean fold over the expression of WT £ SD is
presented. p<0.05 (*), p<0.01 (**) and p<0.005 (***) represent statistical significance from
the expression level of WT group.
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The biological functions of the mutants were initially determined by measuring the
KP-10-induced dual phosphorylation of ERK1/2 by western blot in MCF-7 cells
expressing WT or the mutant receptors. The mean fold over vehicle treated group
(cells expressing pcDNA3.1+) of each sample is calculated and plotted (Fig. 5.5). Cells
were stimulated with a final concentration of 100 nM KP-10 or vehicle (0.02% (v/v)
propylene glycol) for 10 minutes, when the maximal phosphorylation of ERK1/2 was
observed in MCF-7 cells (Section 3.3.2). Stimulation by 100 nM KP-10 caused a
significant increase in the phosphorylation of ERK1/2 in cells expressing WT (2.02 +
0.388-fold change; black), C338S (2.23 + 0.364-fold change; red) and C340S (2.13 +
0.245-fold change; orange) mutant (Fig. 5.5). No statistically significant increase in
the level of the phosphorylation of ERK1/2 was detected in cells transfected with
pcDNA3.1+ (blue), R331X (white) or C338S-C340S (green) mutant upon KP-10

stimulation (Fig. 5.5).
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Figure 5.5 Immunoblots depicting the KP-10-induced phosphorylation of ERK1/2 using
MCF-7 cells expressing WT or mutants. MCF-7 cells were transiently transfected with
pCDNA3.1+ (blue), flag-WT (black), flag-R331X (white), flag-C338S (red), flag-C340S (orange)
or flag-C338S-C340S (green).Cells were serum-starved for 20 hours prior to being treated
with vehicle (-; 0.02% (v/v) propylene glycol) or 100 nM KP-10 (+) for 10 minutes.
Representative blots are shown. Data from three independent experiments were quantified
(using B-actin as a loading control) and the mean fold over control (vehicle treated cells
expressing pcDNA3.1+) + SD for the phosphorylation of ERK1/2 is presented. p<0.05 (*),
p<0.01 (**) and p<0.005 (***) represent statistical significance from respective pcDNA3.1+-
expressing sample.
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In addition to the measurement of the KP-10-induced phosphorylation of ERK1/2,
the calcium responses to KP-10 stimulation were measured for the purpose of
elucidating the biological functions of the mutant receptors. Calcium response to 100
nM KP-10 was measured in MCF-7 cells, which are transiently transfected with
mutant receptors, by using Fluo-4 Direct™ calcium assay kits (Section 2.18). Cells
were stimulated by vehicle (0.02% (v/v) propylene glycol; Fig. 5.6a) or 100 nM KP-10
(Fig. 5.6b). Two different kinetic patterns of calcium response were observed.
Stimulation by KP-10 caused an immediate calcium flux in the cells expressing WT,
C338S and C340S mutant receptors. By contrast, a delayed calcium response was
found in the cells expressing pcDNA3.1+, R331X and C338S5-C340S mutants. This
delayed response may not be mediated by the kisspeptin receptor signalling
pathway, as it was also observed in the empty vector control. Therefore, the
percentage response is calculated by the maximum response between 20 to 30
seconds minus the baseline (average of first 20 seconds) divided by the baseline for
each sample. The percentage response for each vehicle and KP-10 treated groups
from four independent experiments is plotted in Fig. 5.7. Statistically significant
responses were identified in the cells expressing WT (54.29% + 16.88), C338S
(47.26% £ 11.73) and C340S (42.96% + 7.977) compared with that in vehicle treated

samples.
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Figure 5.6 Calcium response to KP-10 in MCF-7 cells expressing WT and mutant receptors.
MCF-7 cells transfected with pcDNA3.1+ (blue), WT (black), R331X (purple), C338S (red),
C340 (orange) or C338S-C340S (green) were plated in a poly-D-Lysine coated 96-well plate.
After 48 hours incubation, cells were assayed for calcium response using the Fluo-4 Direct™
Calcium Assay Kit. Cells were stimulated with vehicle (0.02% (v/v) propylene glycol; Figure
5.6a) or 100 nM KP-10 (Figure 5.6b) after 20-second reading of the baseline. Measurements
are given in relative fluorescent units (RFU) every 0.5 second. Four independent expriments
were conducted, and only one of them is plotted here.
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Figure 5.7 Analysis of calcium response in figure 5.4. Percentage response over respective
basal level is calculated by the maximum response between 20.5 to 30.5 seconds minus the
baseline (average of first 20 seconds) divided by the baseline. The mean percentage
response * SD from four independent experiments are presented. p<0.001 (****) represents
statistical significance from respective vehicle treated group.
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In addition to above functional assays, the level of agonist-induced internalization of
the receptor was further tested (Section 3.3.4). The levels of internalization of the
receptor were observed after 10-minute stimulation and remained at a similar level
in the course of up to 60-minute stimulation. A significant increase in internalized
Cy5-KP18 level was detected in cells expressing WT (3.31 + 0.525-fold change) and
C338S (3.05 + 0.563-fold change) compared with the baseline in the cells expressing
pcDNA3.1+ (2.03 + 0.105-fold change) after 30-minute incubation (Fig. 5.8). However,
the internalization of R331X (2.15 + 0.344-fold change), C340S (2.54 + 0.625-fold
change) and C338S5-C340S (2.12 + 0.382-fold change) mutant receptors remained at
the baseline level. Similar results were found at the other tested incubation time

(Fig.5.8).
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Figure 5.8 Cy5-KP18 binding properties of the kisspeptin receptor mutants. MCF-7 cells
were transiently transfected with pcDNA3.1+, WT or mutant receptors as indicated and
cultured for 48 hours. After that, cells were incubated with 50 nM Cy5-KP18 for different
time as indicated. The baseline activity was measured in cells expressing pcDNA3.1+. Data
from four independent experiments were quantified (compared with the baseline of cells
expressing pcDNA3.1+) and the mean fold over the baseline of cells expressing pcDNA3.1+ +
SD for the level of internalized Cy5-KP18 is presented. p<0.05 (*), p<0.01 (**) and p<0.005
(***) represent statistical significance from respective pcDNA3.1+ expressing sample.
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5.4 Discussion

In this chapter, site-directed mutagenesis studies were used to investigate the
functional roles of potential palmitoylated Cys residues, Cys>>® and Cys**, of the
kisspeptin receptor. Four mutant receptors were generated including two single
mutants (C338S, C340S and R331X) and one double mutant (C3385-C340S). R331X
has been shown to be a loss-of-function mutation (Seminara et al., 2003) and,
therefore, was used as a negative control. The expression level of these mutants was
initially accessed by western blot. A reduction in receptor expression was observed
with the C338S-C340S mutation, suggesting that palmitoylation may be pivotal for
the stabilization of the receptor. Palmitoylation has been shown to play an important
role in maintaining the stability of several GPCRs. For example, deletion of the
palmitoylated Cys residue of D,R resulted in a reduced level of protein expression,
while the mRNA level of the receptor retained (Ebersole et al., 2015). Similarly, the
Ala substitution of all three palmitoylated Cys residues of CCR5 led to a decrease in
the level of protein expression (Percherancier et al., 2001). On possible explanation
could be that palmitoylation prolongs the half-life of the receptor, as the triple-Cys to
Ala mutant of CCR5 exhibited shortened half-life (3-fold) compared with the WT
CCR5 (Percherancier et al., 2001). In contrast, an increase in the expression of C338S

mutants was seen. The reasons of the observation remain to be investigated.

Palmitoylation has been shown to be able to regulate GPCRs signalling via affecting
their G protein coupling (Qanbar and Bouvier, 2003). Mutation of the palmitoylation

site of several GPCRs, such as u-OR (Zheng et al., 2012), NTR1 (Heakal et al., 2014),
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and muscarinic acetylcholine receptor m2 (Hayashi and Haga, 1997), resulted in a
defective interaction between the receptor and the cognate G proteins. In addition
to the coupling to G proteins, the association between some GPCRs and other non-G
protein interacting proteins was also reported to be regulated by palmitoylation. For
example, mutation on the palmitoylation site of protease-activated receptor 2
affected localization of both B-arrestin-1 and B-arrestin-2 to the inner surface of
membrane by eliminating the plasma membrane coupling of B-arrestin-1 and
delaying the surface relocation of B-arrestin-2 (Adams et al., 2011). Therefore, the
effects of the Ser substitutions on Gg/11- or B-arrestin-mediated signalling of the
kisspeptin receptor were measured by detecting agonist-induced calcium flux and

® hor Cys340 was

phosphorylation of ERK1/2. The single mutation on neither Cys>>
unable to affect the maximum responses of the KP-10-induced phosphorylation of
ERK1/2 and calcium flux. By contrast, the activation of these two signalling pathways
was completely abolished in the double C338S-C340S mutant, as well as in the R331X
deletion mutant. These results show that Cyss38 and Cys340 are involved in the
receptor signalling and palmitoylation on either Cys338 or Cys340 may be required for

proper Gg/11- and B-arrestin-dependent signalling of kisspeptins and the kisspeptin

receptor.

Involvement of palmitoylation in receptor internalization and endocytosis has been
reported in several GPCRs such as protease-activated receptor 2 (Adams et al.,,
2011), B,AR (Adachi et al., 2016) and dopamine D3 receptor (Zhang et al., 2016). So

the effects of these mutations on agonist-induced internalization of the kisspeptin
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receptor were investigated by detecting the co-internalized level of Cy5-KP18.
Mutation of Cys>>® did not affect the internalization of the receptor. In contrast, Cy5-
KP18-induced internalization of the kisspeptin receptor was undetectable in the
C340S and in the C338-C340S mutant. GRK and B-arrestin have been reported to
mediate the internalization of the kisspeptin receptor through the interaction with
the ICL2 and C-terminal tail of the receptor (Pampillo et al., 2009). Therefore,
palmitoylation on Cys**® may be required for folding of the C-terminal tail of the
kisspeptin receptor, which allows the phosphorylation of the receptor and mediates
the receptor/B-arrestin interaction. Indeed, for some GPCRs, such as thyrotropin-
releasing hormone receptor (Gehret et al., 2010), mutations on the palmitoylation
sites can inhibit the GRK-mediated phosphorylation of the receptor, which is required

for receptor downstream signalling and internalization.

Taken together, the Ser substitution of Cys338 had little effect on receptor expression

340 to5 Ser had little effect on

and functions. By contrast, the replacement of Cys
expression and the downstream signalling evens measured, but it did affect
internalization. Mutation of both Cys>*® and Cys>*° (C3385-C340S) decreased the total
expression of the receptor and abolished receptor signalling and internalization. It
has been shown that the kisspeptin receptor regulates the activity of ERK1/2 by both
Gg/11- Or B-arrestin-2-dependent manners (Szereszewski et al., 2010). The mutation

% may affect the configuration of the C-terminal tail of the kisspeptin

on Cys?’4
receptor, which only affect the binding of the receptor to B-arrestins, but not Gg/11.

As consequences, the mutant receptor could activate Gg/11-dependent signalling,
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such as calcium and EKR1/2 response, but not B-arrestin-mediated signalling

pathways, such as the internalization of the receptor. These data may indicate that

340 0

Cys™ is a primary palmitoylation site. When is Cys34 mutated, an alternative
palmitoylation may occur on Cys338, which would then rescue at least some aspects
of the kisspeptin receptor signalling. Alternatively, Cys>>® may be normally
palmitoylated, but this has effects on signalling functions not measured here, and
does not impact on receptor internalization. Although, it has been reported that
palmitoylation is pivotal for the cell surface translocation of many GPCRs, such as
B,AR (Adachi et al., 2016), CCR5 (Percherancier et al., 2001), D,R (Ebersole et al.,
2015) and protease-activated receptor 2 (Adams et al., 2011). The failure of the
measurement of internalization and signalling functions of the C338-C340S mutant
may result from its low expression level to cell surface. Under this consideration,
effects of the Cys residues on cell surface expression of the kisspeptin receptor will
be investigated in the future. To determine whether the Cys residues of the
kisspeptin receptor are in fact palmitoylated in the further studies, two main
approaches could be used to detect and quantify protein palmitoylation instead of
the incorporation assay using radioactive labelled palmitate in the future studies.
One of them is based on acyl-biotinyl exchange chemistry (Drisdel and Green, 2004).
Briefly, cell lysates are treated with N-ethylmaleimide to block free thiol groups. After
that, the palmitoyl group is removed from palmitoylated Cys residues by
hydroxylamine treatment and the newly generated free thiol groups are ready for a
variety of isotopic or chemical probes. The other approach is based on metabolic

incorporation of the palmitic acid analogue, 17-octadecynoic acid (17-ODYA),

followed by bio-orthogonal click chemistry (Martin and Cravatt, 2009, Martin, 2013).
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Chapter 6

Conclusion
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6.1 Conclusion

Kisspeptins and the kisspeptin receptor play a pivotal role in the puberty onset by
exciting GnRH neurons, which mediates the secretion of GnRH. GnRH is the central
regulator of mammalian reproductive system (Ronnekleiv and Kelly, 2013). Natural
occurring loss-of-function mutations on the kisspeptin receptor are associated with
IHH disease (Seminara et al., 2003, de Roux et al., 2003, Semple et al., 2005,
Tenenbaum-Rakover et al., 2007, Wacker et al., 2008, Teles et al., 2008) and the gain-
of-function mutation on the receptor is linked to idiopathic central precocious
puberty (Section 1.3.1) (Teles et al., 2008). Another important role of kisspeptins and
the kisspeptin receptor is involved in the suppression of cancer metastasis.
Kisspeptin has been demonstrated to inhibit cell growth and migration in a variety of
cancers (Section 1.3.2) (Ohtaki et al., 2001, Masui et al., 2004, Stathatos et al., 2005,
Jiang et al., 2005, Yoshioka et al., 2008, Kang et al., 2011, Takeda et al., 2012, Tan et

al., 2014).

Due to the importance in the regulation of puberty and suppression of cancer
metastasis, the kisspeptin receptor may be a good target for the treatment of cancer
metastasis and IHH disease. However, kisspeptins are metabolic unstable and rapidly
metabolized in mouse serum (Asami et al., 2012a, Asami et al., 2012b). Development
of kisspeptin analogues with enhanced stability and potency may provide better
therapeutic efficacy and improve the understanding of long-term signalling of the
kisspeptin receptor in in vitro and in vivo studies. Several studies have designed and
synthesized several kisspeptin analogues with increased metabolic stability and at

least similar potency compared with kisspeptins (Section 1.2.3.2) (Asami et al.,
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2012b, Asami et al., 2012a, Tomita et al., 2008, Nishizawa et al., 2016, Scott et al.,
2013). In this thesis, a novel kisspeptin lead possessing the kisspeptin receptor-
agonistic activity is developed based on the last five residues of KP-10. The peptide
termed compound B contains a phosphinic acid moiety (-PO,-CH,-), which replaces
the peptide bond between Gly>* and Leu®? of KP-10, and has inhibition on MMP-2.
Since phosphinic peptides represent high metabolic stability in vivo and the
containing phosphoryl group is a weak zinc-chelating group (Matziari et al., 2007),
compound B may form a stable complex with MMP-2 and be resistant to MMP-2-
mediated digestion. However, the potency of compound B to activate the kisspeptin
receptor and inhibit MMP-2 activity remains low, but may serve as a lead compound
to further modification. For the further studies, the structure of compound B will be

determined by NMR studies.

The kisspeptin receptor is a Gg/11 coupled receptor (Muir et al., 2001, Kotani et al.,
2001) and mediates conventional Gg/1i-dependent signalling pathways (Section
1.4.1). Other kisspeptin receptor-interacting proteins identified are B-arrestinl, B-
arrestin2 (Pampillo et al., 2009) and PP2A (Evans et al.,, 2008). The kisspeptin
receptor couples to these proteins to transduce downstream signalling (Section
1.4.2). However, it remains to be explored if there are more GIPs that regulate the
functions of the kisspeptin receptor. Three Pro-Arg-Arg repeats within the C-terminal
tail of the kisspeptin receptor are predicted as SH3-binding motifs by the NEW
Scansite 3 software, which may mediate the interaction of the receptor with SH3
domain-containing proteins (Obenauer, 2003). The data presented revealed two

novel SH3 domain-containing proteins, p85a and c-SRC, that could directly interact

168



with the kisspeptin receptor. The results imply that the kisspeptin receptor may
couple to p85a and c-SRC to activate PI3K/AKT and c-SRC-dependent ERK1/2
signalling respectively. Since metastasis is a progress that occurs over long time, the
early signalling of the kisspeptin receptor to PI3K/AKT and c-SRC presented here may
not be involved in the suppression of cancer metastasis. Alternatively, the signalling
pathways measured here might be involved in the regulation of the development of
puberty, as both PI3K/AKT pathway (Novaira et al., 2009, Luque et al., 2011) and c-
SRC (Zhang et al., 2013) have been shown to play a key role in kisspeptin-induced
excitation of GnRH neurons (Section 1.4.4). Interestingly, kisspeptins and the
kisspeptin receptor can suppress the phosphorylation of AKT induced by other
GPCRs, such as CXCR4 (Navenot et al., 2005), and receptor tyrosine kinase, including
EGFR and insulin receptor (Navenot et al., 2009). Consistently, data presented here
show a weak negative regulation of the kisspeptin receptor on insulin-induced
phosphorylation of AKT. Thus, the downregulation of a subset of receptor tyrosine
kinases may be involved in the suppression activity of kisspeptins and the kisspeptin
receptor on cancer metastasis. In the future, to fully understand the mechanisms
underlying the suppression activity of kisspeptins and the kisspeptin receptor on
cancer metastasis, a longer stimulation of kisspeptins is necessary. In addition, the
potential sites of the kisspeptin receptor that mediate the interaction of the receptor
with p85a and c-SRC will be identified by mutagenesis. The effects of mutant

receptors on the kisspeptin receptor signalling and expression will be measured.

Moreover, palmitoylation is one of post-translational modification on GPCRs and has

been demonstrated to be involved in receptor signalling, trafficking and stability
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(Section 1.2.2) (Goddard and Watts, 2012, Norskov-Lauritsen and Brauner-Osborne,
2015, Zhang and Kim, 2017). Cys338 and Cys34°, which are about 10-amino-acid
distant from the C-terminal end of TM7 of the kisspeptin receptor, are predicted to
be two potential palmitoylation sites by bioinformatics analysis. The roles of Cys338
and Cys**are uncharacterized. In this thesis, the Cys residues were studied by site-
direct mutagenesis to generate two single (C338S and C340S) and one double
(C3385-C340S) mutants. Only the C3385-C340S mutant reduced receptor expression
to 54% of the level of the expression of WT receptors, and completely abolished the
kisspeptin receptor signalling measured here. Either the C338S-C340S or the C340S
mutant impaired receptor internalization, whereas the C338S mutant had little effect
on receptor expression and function studied here. The data indicate that Cys**® and
Cys340 are essential for the kisspeptin receptor signalling. Cys340 might be a primary
palmitoylation site and Cys338 may substitute Cys340 for palmitoylation when Cys340 is
mutated. Alternatively, Cys338 may be normally palmitoylated, but this has effects on
signalling functions not measured here. Palmitoylation has been reported to assist
the tethering of H8 of some GPCRs to the cell membrane, which is a conserved
structure of GPCRs and is important for receptor functions (Qanbar and Bouvier,
2003, Escriba et al., 2007). The kisspeptin receptor contains the conserved sequence
[F(R/K)XX(F/L)XXX(L/F)], which is conserved in the H8 region of GPCRs (Section 1.2.1).
Hence, the kisspeptin receptor may also form H8 structure at the C-terminus and
Cys**® and Cys**® may be palmitoylated to anchor and stabilize the structure of HS.
However, whether these two Cys residues of the kisspeptin receptor are
palmitoylated remains to be elucidated in the future. In addition, since

palmitoylation is pivotal for the cell surface translocation of many GPCRs
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(Percherancier et al., 2001, Ebersole et al., 2015, Adachi et al., 2016), the failure of
the measurement of internalization and signalling functions of the mutant receptors
may result from their low expression level on cell surface. Hence, the effects of the
Cys residues on cell surface expression of the kisspeptin receptor will be investigated

in the further studies.

In summary, the results presented within the thesis have provided some details in
the signalling pathways of the kisspeptin receptor. The kisspeptin receptor has been
shown to interact with p85a and c-SRC to probably activate PI3K/AKT and c-SRC-
dependent signalling pathways, which may underlie the mechanisms of functions of

kisspeptins and the kisspeptin receptor in reproductive development and cancer

0 8

suppression. In addition, Cys34 and Cys33 of the kisspeptin receptor may be
palmitoylated, which the Cys340 might be a primary palmitoylation site, to assist the
tethering of the H8 with the inner surface of cell membrane and thus regulation the
kisspeptin receptor functions. Furthermore, a novel phosphinic peptide lead
possessing the kisspeptin receptor-agonistic activity and suppression activity on
MMP-2 has designed and assessed. The novel kisspeptin analogue may serve as a

lead for design of more potent and metabolic stable kisspeptin analogues for

potential therapeutic application.

171



Chapter 7

References

172



7.1 References

ADACHI, N., HESS, D. T., MCLAUGHLIN, P. & STAMLER, J. S. 2016. S-Palmitoylation of a
Novel Site in the beta2-Adrenergic Receptor Associated with a Novel Intracellular

Itinerary. J Biol Chem, 291, 20232-46.

ADAMS, M. N., CHRISTENSEN, M. E., HE, Y., WATERHOUSE, N. J. & HOOPER, J. D.
2011. The role of palmitoylation in signalling, cellular trafficking and plasma

membrane localization of protease-activated receptor-2. PLoS One, 6, €28018.

AHN, S., MAUDSLEY, S., LUTTRELL, L. M., LEFKOWITZ, R. J. & DAAKA, Y. 1999. Src-
mediated Tyrosine Phosphorylation of Dynamin Is Required for beta2-Adrenergic
Receptor Internalization and Mitogen-activated Protein Kinase Signaling. Journal of

Biological Chemistry, 274, 1185-1188.

ALEXANDER, S. P, BENSON, H. E., FACCENDA, E., PAWSON, A. J., SHARMAN, J. L,
SPEDDING, M., PETERS, J. A., HARMAR, A. J. & COLLABORATORS, C. 2013. The Concise
Guide to PHARMACOLOGY 2013/14: G protein-coupled receptors. Br J Pharmacol,
170, 1459-581.

ALONSO, N., ZAPPIA, C. D., CABRERA, M., DAVIO, C. A., SHAYO, C., MONCZOR, F. &
FERNANDEZ, N. C. 2015. Physiological implications of biased signaling at histamine

H2 receptors. Front Pharmacol, 6, 45.

ALONSO, V. & FRIEDMAN, P. A. 2013. Minireview: ubiquitination-regulated G protein-

coupled receptor signaling and trafficking. Mol Endocrinol, 27, 558-72.

ARTTAMANGKUL, S., ALVAREZ-MAUBECIN, V., THOMAS, G., WILLIAMS, J. & GRANDY,
D. 2000. Binding and Internalization of Fluorescent Opioid Peptide Conjugates in
Living Cells. Mol Pharmacol, 58, 1570-80.

173



ASAMI, T., NISHIZAWA, N., ISHIBASHI, Y., NISHIBORI, K., HORIKOSH]I, Y., MATSUMOTO,
H., OHTAKI, T. & KITADA, C. 2012a. Trypsin resistance of a decapeptide KISS1R agonist
containing an Nomega-methylarginine substitution. Bioorg Med Chem Lett, 22, 6328-
32.

ASAMI, T., NISHIZAWA, N., ISHIBASHI, Y., NISHIBORI, K., NAKAYAMA, M., HORIKOSHI,
Y., MATSUMOTO, S., YAMAGUCHI, M., MATSUMOTO, H., TARUI, N., OHTAKI, T. &
KITADA, C. 2012b. Serum stability of selected decapeptide agonists of KISS1R using
pseudopeptides. Bioorg Med Chem Lett, 22, 6391-6.

ASAMI, T., NISHIZAWA, N., MATSUI, H., NISHIBORI, K., ISHIBASHI, Y., HORIKOSHI, Y.,
NAKAYAMA, M., MATSUMOTO, S., TARUI, N., YAMAGUCHI, M., MATSUMOTO, H.,
OHTAKI, T. & KITADA, C. 2013. Design, synthesis, and biological evaluation of novel
investigational nonapeptide KISS1R agonists with testosterone-suppressive activity. J

Med Chem, 56, 8298-307.

AZZl, M., CHAREST, P. G., ANGERS, S., ROUSSEAU, G., KOHOUT, T., BOUVIER, M. &
PINEYRO, G. 2003. Beta-arrestin-mediated activation of MAPK by inverse agonists
reveals distinct active conformations for G protein-coupled receptors. Proc Natl Acad

SciUSA, 100, 11406-11.

BALLESTEROS, J. A. & WEINSTEIN, H. 1995. Integrated methods for the construction
of three-dimensional models and computational probing of structure-function

relations in G protein-coupled receptors. 25, 366-428.

BALTOS, J. A., GREGORY, K. J., WHITE, P. J., SEXTON, P. M., CHRISTOPOULQS, A. & MAY,
L. T. 2016. Quantification of adenosine A(1) receptor biased agonism: Implications for

drug discovery. Biochem Pharmacol, 99, 101-12.

BANG, I. & CHOI, H. J. 2015. Structural features of beta2 adrenergic receptor: crystal
structures and beyond. Mol Cells, 38, 105-11.

174



BECKER, J. A. J., MIRJOLET, J.-F., BERNARD, J., BURGEON, E., SIMONS, M.-J., VASSART,
G., PARMENTIER, M. & LIBERT, F. 2005. Activation of GPR54 promotes cell cycle arrest
and apoptosis of human tumor cells through a specific transcriptional program not
shared by other Gg-coupled receptors. Biochemical and Biophysical Research

Communications, 326, 677-686.

BERG, K. A., MAAYANI, S., GOLDFARB, J., SCARAMELLINI, C., LEFF, P. & CLARKE, W. P.
1998. Effector Pathway-Dependent Relative Efficacy at Serotonin Type 2A and 2C
Receptors: Evidence for Agonist-Directed Trafficking of Receptor Stimulus. Mol

Pharmacol., 54, 94-104.

BERRIDGE, M. J. 1987. Inositol trisphosphate and diacylglycerol: two interacting

second messengers. Annu Rev Biochem, 56, 159-93.

BHATTACHARYA, M., ANBORGH, P. H.,, BABWAH, A. V., DALE, L. B., DOBRANSKY, T.,
BENOQVIC, J. L., FELDMAN, R. D., VERDI, J. M., RYLETT, R. J. & FERGUSON, S. S. 2002.
Beta-arrestins regulate a Ral-GDS Ral effector pathway that mediates cytoskeletal

reorganization. Nat Cell Biol, 4, 547-55.

BOCKAERT, J., PERROY, J., BECAMEL, C., MARIN, P. & FAGNI, L. 2010. GPCR interacting
proteins (GIPs) in the nervous system: Roles in physiology and pathologies. Annu Rev

Pharmacol Toxicol, 50, 89-109.

BOCKENHAUER, S., FURSTENBERG, A., YAO, X. J., KOBILKA, B. K. & MOERNER, W. E.
2011. Conformational dynamics of single G protein-coupled receptors in solution. J

Phys Chem B, 115, 13328-38.

BOONYARATANAKORNKIT, V., SCOTT, M. P.,, RIBON, V., SHERMAN, L., ANDERSON, S.
M., MALLER, J. L., MILLER, W. T. & EDWARDS, D. P. 2001. Progesterone Receptor
Contains a Proline-Rich Motif that Directly Interacts with SH3 Domains and Activates

c-Src Family Tyrosine Kinases. Molecular Cell, 8, 269-280.

175



BOSCHELLI, D. H., YE, F., WANG, Y. D., DUTIA, M., JOHNSON, S. L., WU, B., MILLER, K.,
POWELL, D. W., YACZKO, D., YOUNG, M., TISCHLER, M., ARNDT, K., DISCAFANI, C.,
ETIENNE, C., GIBBONS, J., GROD, J., LUCAS, J., WEBER, J. M. & BOSCHELLI, F. 2001.
Optimization of 4-Phenylamino-3-quinolinecarbonitriles as Potent Inhibitors of Src

Kinase Activity. Journal of Medicinal Chemistry, 44, 3965-3977.

BOUSQUET, C., GUILLERMET-GUIBERT, J., SAINT-LAURENT, N., ARCHER-LAHLOU, E.,
LOPEZ, F., FANJUL, M., FERRAND, A., FOURMY, D., PICHEREAUX, C., MONSARRAT, B.,
PRADAYROL, L., ESTEVE, J. P. & SUSINI, C. 2006. Direct binding of p85 to sst2
somatostatin receptor reveals a novel mechanism for inhibiting PI3K pathway. EMBO

J, 25, 3943-54.

BUTCHER, A. J., KONG, K. C., PRIHANDOKO, R. & TOBIN, A. B. 2012. Physiological role

of G-protein coupled receptor phosphorylation. Handb Exp Pharmacol, 79-94.

CAO, W.,, LUTTRELL, L. M., MEDVEDEV, A. V., PIERCE, K. L., DANIEL, K. W., DIXON, T.
M., LEFKOWITZ, R. J. & COLLINS, S. 2000. Direct binding of activated c-Src to the beta
3-adrenergic receptor is required for MAP kinase activation. J Biol Chem, 275, 38131-
4,

CASTELLANO, J. M., NAVARRO, V. M., FERNANDEZ-FERNANDEZ, R., CASTANO, J. P,
MALAGON, M. M., AGUILAR, E., DIEGUEZ, C., MAGNI, P, PINILLA, L. & TENA-
SEMPERE, M. 2006. Ontogeny and mechanisms of action for the stimulatory effect of
kisspeptin on gonadotropin-releasing hormone system of the rat. Mol Cell

Endocrinol, 257-258, 75-83.

CHEN, S., CHEN, W., ZHANG, X., LIN, S. & CHEN, Z. 2016. Overexpression of KiSS-1
reduces colorectal cancer cell invasion by downregulating MMP-9 via blocking

PI3K/Akt/NF-kappaB signal pathway. Int J Oncol, 48, 1391-8.

CHEREZOV, V., ROSENBAUM, D. M., HANSON, M. A., RASMUSSEN, S. G., THIAN, F. S.,

176



KOBILKA, T. S., CHOI, H. J., KUHN, P., WEIS, W. |., KOBILKA, B. K. & STEVENS, R. C.
2007. High-resolution crystal structure of an engineered human beta2-adrenergic G

protein-coupled receptor. Science, 318, 1258-65.

CHEVRIER, L., DE BREVERN, A., HERNANDEZ, E., LEPRINCE, J., VAUDRY, H., GUEDJ, A.
M. & DE ROUX, N. 2013. PRR repeats in the intracellular domain of KISS1R are

important for its export to cell membrane. Mol Endocrinol, 27, 1004-14.

CHIEN, E. Y., LIU, W.,, ZHAO, Q., KATRITCH, V., HAN, G. W., HANSON, M. A., SHI, L.,
NEWMAN, A. H., JAVITCH, J. A., CHEREZOV, V. & STEVENS, R. C. 2010. Structure of the
human dopamine D3 receptor in complex with a D2/D3 selective antagonist. Science,

330, 1091-5.

CHISARI, M., SAINI, D. K., KALYANARAMAN, V. & GAUTAM, N. 2007. Shuttling of G
protein subunits between the plasma membrane and intracellular membranes. J Bio/

Chem, 282, 24092-8.

CHO, S. G,, LI, D., STAFFORD, L. J., LUO, J., RODRIGUEZ-VILLANUEVA, M., WANG, Y. &
LIU, M. 2009a. KiSS1 suppresses TNFalpha-induced breast cancer cell invasion via an

inhibition of RhoA-mediated NF-kappaB activation. J Cell Biochem, 107, 1139-49.

CHO, S. G., LI, D., TAN, K., SIWKO, S. K. & LIU, M. 2012. KiSS1 and its G-protein-
coupled receptor GPR54 in cancer development and metastasis. Cancer Metastasis

Rev, 31, 585-91.

CHO, S. G., WANG, Y., RODRIGUEZ, M., TAN, K., ZHANG, W., LUO, J., LI, D. & LIU, M.
2011. Haploinsufficiency in the prometastasis Kissl receptor Gpr54 delays breast

tumor initiation, progression, and lung metastasis. Cancer Res, 71, 6535-46.

CHO, S. G, YI, Z., PANG, X., YI, T., WANG, Y., LUO, J.,, WU, Z,, LI, D. & LIU, M. 2009b.

Kisspeptin-10, a KISS1-derived decapeptide, inhibits tumor angiogenesis by

177



suppressing Spl-mediated VEGF expression and FAK/Rho GTPase activation. Cancer
Res, 69, 7062-70.

CHOE, H. K., KIM, H. D., PARK, S. H., LEE, H. W., PARK, J. Y., SEONG, J. Y., LIGHTMAN, S.
L., SON, G. H. & KIM, K. 2013. Synchronous activation of gonadotropin-releasing
hormone gene transcription and secretion by pulsatile kisspeptin stimulation. Proc

Natl Acad Sci U S A, 110, 5677-82.

CLEMENTS, M. K., MCDONALD, T. P, WANG, R., XIE, G., O'DOWD, B. F., GEORGE, S. R.,
AUSTIN, C. P. & LIU, Q. 2001. FMRFamide-related neuropeptides are agonists of the
orphan G-protein-coupled receptor GPR54. Biochem Biophys Res Commun, 284,
1189-93.

CURRAN, S. & MURRAY, G. I. 1999. Matrix metalloproteinases in tumour invasion and
metastasis. The Journal of Pathology, 189, 300-308.

CVETKOVIC, D., DRAGAN, M., LEITH, S. J., MIR, Z. M., LEONG, H. S., PAMPILLO, M.,
LEWIS, J. D., BABWAH, A. V. & BHATTACHARYA, M. 2013. KISS1R induces invasiveness
of estrogen receptor-negative human mammary epithelial and breast cancer cells.

Endocrinology, 154, 1999-2014.

DE ROUX, N., GENIN, E., CAREL, J. C., MATSUDA, F., CHAUSSAIN, J. L. & MILGROM, E.
2003. Hypogonadotropic hypogonadism due to loss of function of the KiSS1-derived
peptide receptor GPR54. Proc Natl Acad Sci U S A, 100, 10972-6.

DEWIRE, S. M. & VIOLIN, J. D. 2011. Biased ligands for better cardiovascular drugs:

dissecting G-protein-coupled receptor pharmacology. Circ Res, 109, 205-16.

DHILLO, W. S., CHAUDHRI, O. B., PATTERSON, M., THOMPSON, E. L., MURPHY, K. G.,
BADMAN, M. K., MCGOWAN, B. M., AMBER, V., PATEL, S., GHATEI, M. A. & BLOOM, S.

R. 2005. Kisspeptin-54 stimulates the hypothalamic-pituitary gonadal axis in human

178



males. J Clin Endocrinol Metab, 90, 6609-15.

DHILLO, W. S., CHAUDHRI, O. B., THOMPSON, E. L., MURPHY, K. G., PATTERSON, M.,
RAMACHANDRAN, R., NUHER, G. K., AMBER, V., KOKKINOS, A., DONALDSON, M.,
GHATEI, M. A. & BLOOM, S. R. 2007. Kisspeptin-54 Stimulates Gonadotropin Release
Most Potently during the Preovulatory Phase of the Menstrual Cycle in Women. The
Journal of Clinical Endocrinology & Metabolism, 92, 3958-3966.

DI PIZIO, A., LEVIT, A., SLUTZKI, M., BEHRENS, M., KARAMAN, R. & NIV, M. Y. 2016.
Comparing Class A GPCRs to bitter taste receptors: Structural motifs, ligand

interactions and agonist-to-antagonist ratios. Methods Cell Biol, 132, 401-27.

DIVE, V., GEORGIADIS, D., MATZIARI, M., MAKARITIS, A., BEAU, F., CUNIASSE, P. &
YIOTAKIS, A. 2004. Phosphinic peptides as zinc metalloproteinase inhibitors. Cell Mol
Life Sci, 61, 2010-9.

DIXIT, R. & CYR, R. 2003. Cell damage and reactive oxygen species production
induced by fluorescence microscopy: effect on mitosis and guidelines for non-

invasive fluorescence microscopy. The Plant Journal, 36, 280-290.

DORSAM, R. T. & GUTKIND, J. S. 2007. G-protein-coupled receptors and cancer. Nat
Rev Cancer, 7, 79-94.

DOWAL, L., SIM, D. S., DILKS, J. R., BLAIR, P., BEAUDRY, S., DENKER, B. M., KOUKOS, G.,
KULIOPULOS, A. & FLAUMENHAFT, R. 2011. Ildentification of an antithrombotic
allosteric modulator that acts through helix 8 of PAR1. Proceedings of the National
Academy of Sciences, 108, 2951-2956.

DOWNES, G. B. & GAUTAM, N. 1999. The G protein subunit gene families. Genomics,
62, 544-52.

179



DREYER, G. B., METCALF, B. W., TOMASZEK, T. A., JR., CARR, T. J., CHANDLER, A. C,,
3RD, HYLAND, L., FAKHOURY, S. A., MAGAARD, V. W., MOORE, M. L., STRICKLER, J. E.
& ET AL. 1989. Inhibition of human immunodeficiency virus 1 protease in vitro:

rational design of substrate analogue inhibitors. Proc Nat! Acad Sci U S A, 86, 9752-6.

DRISDEL, R. C. & GREEN, W. N. 2004. Labeling and quantifying sites of protein

palmitoylation. Biotechniques, 36, 276-85.

DUVERNAY, M. T., FILIPEANU, C. M. & WU, G. 2005. The regulatory mechanisms of

export trafficking of G protein-coupled receptors. Cell Signal, 17, 1457-65.

EBERSOLE, B., PETKQ, J. & LEVENSON, R. 2014. Bioorthogonal click chemistry to assay
mu-opioid  receptor  palmitoylation using  15-hexadecynoic  acid and

immunoprecipitation. Anal Biochem, 451, 25-7.

EBERSOLE, B., PETKO, J.,, WOLL, M., MURAKAMI, S., SOKOLINA, K., WONG, V.,
STAGLJAR, I., LUSCHER, B. & LEVENSON, R. 2015. Effect of C-Terminal S-
Palmitoylation on D2 Dopamine Receptor Trafficking and Stability. PLoS One, 10,
e0140661.

EGLOFF, P, HILLENBRAND, M., KLENK, C., BATYUK, A., HEINE, P.,, BALADA, S,
SCHLINKMANN, K. M., SCOTT, D. J., SCHUTZ, M. & PLUCKTHUN, A. 2014. Structure of
signaling-competent neurotensin receptor 1 obtained by directed evolution in

Escherichia coli. Proc Nat!/ Acad Sci U S A, 111, E655-62.

ESCRIBA, P. V., WEDEGAERTNER, P. B., GONI, F. M. & VOGLER, O. 2007. Lipid-protein
interactions in GPCR-associated signaling. Biochim Biophys Acta, 1768, 836-52.

EVANS, B. A., BROXTON, N., MERLIN, J.,, SATO, M., HUTCHINSON, D. S,
CHRISTOPOULQOS, A. & SUMMERS, R. J. 2011. Quantification of functional selectivity
at the human alpha(1A)-adrenoceptor. Mol Pharmacol, 79, 298-307.

180



EVANS, B. J.,, WANG, Z., MOBLEY, L., KHOSRAVI, D., FUJII, N., NAVENOT, J. M. &
PEIPER, S. C. 2008. Physical association of GPR54 C-terminal with protein

phosphatase 2A. Biochem Biophys Res Commun, 377, 1067-71.

FELBER, L. M., CLOUTIER, S. M., KUNDIG, C., KISHI, T., BROSSARD, V., JICHLINSKI, P.,
LEISINGER, H. J. & DEPERTHES, D. 2004. Evaluation of the CFP-substrate-YFP system

for protease studies: advantages and limitations. Biotechniques, 36, 878-85.

FERGUSON, S. S. G., ZHANG, J., BARAK, L. S. & CARON, M. G. 1996. G-protein-coupled
receptor kinases and arrestins: regulators of G-protein-coupled receptor

sequestration. Biochemical Society Transactions, 24, 953-959.

FREDRIKSSON, R., LAGERSTROM, M. C., LUNDIN, L. G. & SCHIOTH, H. B. 2003. The G-
protein-coupled receptors in the human genome form five main families.
Phylogenetic analysis, paralogon groups, and fingerprints. Mol Pharmacol, 63, 1256-
72.

GABORIK, Z., JAGADEESH, G., ZHANG, M., SPAT, A., CATT, K. J. & HUNYADY, L. 2003.
The role of a conserved region of the second intracellular loop in AT1 angiotensin

receptor activation and signaling. Endocrinology, 144, 2220-8.

GALANDRIN, S. & BOUVIER, M. 2006. Distinct signaling profiles of betal and beta2
adrenergic receptor ligands toward adenylyl cyclase and mitogen-activated protein

kinase reveals the pluridimensionality of efficacy. Mol Pharmacol, 70, 1575-84.

GAY, E. A., URBAN, J. D., NICHOLS, D. E., OXFORD, G. S. & MAILMAN, R. B. 2004.
Functional Selectivity of D2 Receptor Ligands in a Chinese Hamster Ovary hD2L Cell
Line: Evidence for Induction of Ligand-Specific Receptor States. Molecular

Pharmacology, 66, 97-105.

GEERING, B., CUTILLAS, P. R. & VANHAESEBROECK, B. 2007. Regulation of class IA

181



PI3Ks: is there a role for monomeric PI3K subunits? Biochem Soc Trans, 35, 199-203.

GEHRET, A. U., JONES, B. W., TRAN, P. N., COOK, L. B., GREUBER, E. K. & HINKLE, P. M.
2010. Role of helix 8 of the thyrotropin-releasing hormone receptor in

phosphorylation by G protein-coupled receptor kinase. Mol Pharmacol, 77, 288-97.

GEORGIADIS, D. & DIVE, V. 2015. Phosphinic peptides as potent inhibitors of zinc-

metalloproteases. Top Curr Chem, 360, 1-38.

GODDARD, A. D. & WATTS, A. 2012. Regulation of G protein-coupled receptors by

palmitoylation and cholesterol. BMC Biol, 10, 27.

GOEL, R. & BALDASSARE, J. J. 2002. B-Arrestin 1 Couples Thrombin to the Rapid
Activation of the Akt Pathway. Annals of the New York Academy of Sciences, 973,
138-141.

GOLAS, J. M., ARNDT, K., ETIENNE, C., LUCAS, J., NARDIN, D., GIBBONS, J., FROST, P,
YE, F., BOSCHELLI, D. H. & BOSCHELLI, F. 2003. SKI-606, a 4-anilino-3-
quinolinecarbonitrile dual inhibitor of Src and Abl kinases, is a potent
antiproliferative agent against chronic myelogenous leukemia cells in culture and

causes regression of K562 xenografts in nude mice. Cancer Res, 63, 375-81.

GOODMAN, O. B,, JR.,, KRUPNICK, J. G., SANTINI, F.,, GUREVICH, V. V., PENN, R. B,
GAGNON, A. W,, KEEN, J. H. & BENOVIC, J. L. 1996. Beta-arrestin acts as a clathrin

adaptor in endocytosis of the beta2-adrenergic receptor. Nature, 383, 447-50.

GRANIER, S., KIM, S., SHAFER, A. M., RATNALA, V. R., FUNG, J. J., ZARE, R. N. &
KOBILKA, B. 2007. Structure and conformational changes in the C-terminal domain of
the beta2-adrenoceptor: insights from fluorescence resonance energy transfer

studies. J Biol Chem, 282, 13895-905.

182



GROBELNY, D., WONDRAK, E. M., GALARDY, R. E. & OROSZLAN, S. 1990. Selective
phosphinate transition-state analogue inhibitors of the protease of human

immunodeficiency virus. Biochem Biophys Res Commun, 169, 1111-6.

HAGA, K., KRUSE, A. C., ASADA, H., YURUGI-KOBAYASHI, T., SHIROISHI, M., ZHANG, C.,
WEIS, W. |., OKADA, T., KOBILKA, B. K., HAGA, T. & KOBAYASHI, T. 2012. Structure of
the human M2 muscarinic acetylcholine receptor bound to an antagonist. Nature,

482, 547-51.

HAN, S. K., GOTTSCH, M. L., LEE, K. J., POPA, S. M., SMITH, J. T., JAKAWICH, S. K.,
CLIFTON, D. K., STEINER, R. A. & HERBISON, A. E. 2005. Activation of gonadotropin-
releasing hormone neurons by kisspeptin as a neuroendocrine switch for the onset of

puberty. J Neurosci, 25, 11349-56.

HAWKINS, P. T., ANDERSON, K. E., DAVIDSON, K. & STEPHENS, L. R. 2006. Signalling

through Class | PI3Ks in mammalian cells. Biochem Soc Trans, 34, 647-62.

HAYASHI, M. K. & HAGA, T. 1997. Palmitoylation of Muscarinic Acetylcholine Receptor
m2 Subtypes: Reduction in Their Ability to Activate G Proteins by Mutation of a
Putative Palmitoylation Site, Cysteine 457, in the Carboxyl-Terminal Tail. Archives of

Biochemistry and Biophysics, 340, 376-382.

HEAKAL, Y., WOLL, M. P,, FOX, T., SEATON, K., LEVENSON, R. & KESTER, M. 2014.
Neurotensin receptor-1 inducible palmitoylation is required for efficient receptor-
mediated mitogenic-signaling within structured membrane microdomains. Cancer

Biology & Therapy, 12, 427-435.

HUANG, Y., TODD, N. & THATHIAH, A. 2017. The role of GPCRs in neurodegenerative

diseases: avenues for therapeutic intervention. Curr Opin Pharmacol, 32, 96-110.

IRWIG, M. S., FRALEY, G. S., SMITH, J. T.,, ACOHIDO, B. V., POPA, S. M., CUNNINGHAM,

183



M. J., GOTTSCH, M. L., CLIFTON, D. K. & STEINER, R. A. 2004. Kisspeptin activation of
gonadotropin releasing hormone neurons and regulation of KiSS-1 mRNA in the male

rat. Neuroendocrinology, 80, 264-72.

JAAKOLA, V. P, GRIFFITH, M. T., HANSON, M. A., CHEREZOV, V., CHIEN, E. Y., LANE, J.
R., JZERMAN, A. P. & STEVENS, R. C. 2008. The 2.6 angstrom crystal structure of a

human A2A adenosine receptor bound to an antagonist. Science, 322, 1211-7.

JARPE, M. B., KNALL, C., MITCHELL, F. M., BUHL, A., DUZIC, E. & JOHNSON, G. L. 1998.
[D-Argl,D-Phe5,D-Trp7,9,Leull]Substance P Acts as a Biased Agonist toward
Neuropeptide and Chemokine Receptors. Journal of Biological Chemistry, 273, 3097-
3104.

JIANG, H., WU, D. & SIMON, M. I. 1994. Activation of phospholipase C beta 4 by
heterotrimeric GTP-binding proteins. J Biol Chem, 269, 7593-6.

JIANG, Y., BERK, M., SINGH, L. S., TAN, H., YIN, L., POWELL, C. T. & XU, Y. 2005. KiSS1
suppresses metastasis in human ovarian cancer via inhibition of protein kinase C

alpha. Clin Exp Metastasis, 22, 369-76.

KANG, H. S., BABA, T., MANDAI, M., MATSUMURA, N., HAMANISHI, J., KHARMA, B,,
KONDOH, E., YOSHIOKA, Y., OISHI, S., FUJIl, N., MURPHY, S. K. & KONISHI, I. 2011.
GPR54 is a target for suppression of metastasis in endometrial cancer. Mol Cancer

Ther, 10, 580-90.

KAYE, R. G., SALDANHA, J. W.,, LU, Z. L. & HULME, E. C. 2011. Helix 8 of the M1
muscarinic acetylcholine receptor: scanning mutagenesis delineates a G protein

recognition site. Mol Pharmacol, 79, 701-9.

KEITH, D. E., MURRAY, S. R., ZAKI, P. A., CHU, P. C,, LISSIN, D. V., KANG, L., EVANS, C. J.
& VON ZASTROW, M. 1996. Morphine Activates Opioid Receptors without Causing

184



Their Rapid Internalization. Journal of Biological Chemistry, 271, 19021-19024.

KHAJEHALI, E., MALONE, D. T., GLASS, M., SEXTON, P. M., CHRISTOPOULOS, A. &
LEACH, K. 2015. Biased Agonism and Biased Allosteric Modulation at the CB1l
Cannabinoid Receptor. Mol Pharmacol, 88, 368-79.

KIRBY, H. R., MAGUIRE, J. J., COLLEDGE, W. H. & DAVENPORT, A. P. 2010. International
Union of Basic and Clinical Pharmacology. LXXVII. Kisspeptin receptor nomenclature,

distribution, and function. Pharmacol Rev, 62, 565-78.

KLOTZ, I. 1982. Numbers of receptor sites from Scatchard graphs: facts and fantasies.
Science, 217, 1247-1249.

KOBAYASHI, T., SASAKI, S., TOMITA, N., FUKUI, S., KURODA, N., NAKAYAMA, M., KIBA,
A., TAKATSU, Y., OHTAKI, T., ITOH, F. & BABA, A. 2010a. Synthesis and structure-
activity relationships of 2-acylamino-4,6-diphenylpyridine derivatives as novel

antagonists of GPR54. Bioorg Med Chem, 18, 3841-59.

KOBAYASHI, T., SASAKI, S., TOMITA, N., FUKUI, S., NAKAYAMA, M., KIBA, A., KUSAKA,
M., MATSUMOTO, S., YAMAGUCHI, M., ITOH, F. & BABA, A. 2010b. 2-acylamino-4,6-
diphenylpyridine derivatives as novel GPR54 antagonists with good brain exposure

and in vivo efficacy for plasma LH level in male rats. Bioorg Med Chem, 18, 5157-71.

KOHOUT, T. A., NICHOLAS, S. L., PERRY, S. J., REINHART, G., JUNGER, S. & STRUTHERS,
R. S. 2004. Differential desensitization, receptor phosphorylation, beta-arrestin
recruitment, and ERK1/2 activation by the two endogenous ligands for the CC

chemokine receptor 7. J Biol Chem, 279, 23214-22.

KOOLE, C., WOOTTEN, D., SIMMS, J., MILLER, L. J., CHRISTOPOULOS, A. & SEXTON, P.
M. 2012. Second extracellular loop of human glucagon-like peptide-1 receptor (GLP-

1R) has a critical role in GLP-1 peptide binding and receptor activation. J Biol Chem,

185



287, 3642-58.

KOTANI, M., DETHEUX, M., VANDENBOGAERDE, A., COMMUNI, D., VANDERWINDEN,
J. M., LE POUL, E., BREZILLON, S., TYLDESLEY, R., SUAREZ-HUERTA, N., VANDEPUT, F.,
BLANPAIN, C., SCHIFFMANN, S. N., VASSART, G. & PARMENTIER, M. 2001. The
metastasis suppressor gene KiSS-1 encodes kisspeptins, the natural ligands of the

orphan G protein-coupled receptor GPR54. J Biol Chem, 276, 34631-6.

KROGH, A., LARSSON, B., VON HEIJNE, G. & SONNHAMMER, E. L. 2001. Predicting
transmembrane protein topology with a hidden Markov model: application to

complete genomes. J Mol Biol, 305, 567-80.

LABASQUE, M., REITER, E., BECAMEL, C., BOCKAERT, J. & MARIN, P. 2008. Physical
interaction of calmodulin with the 5-hydroxytryptamine2C receptor C-terminus is
essential for G protein-independent, arrestin-dependent receptor signaling. Mol Biol

Cell, 19, 4640-50.

LAMBERT, N. A. 2008. Dissociation of heterotrimeric g proteins in cells. Sci Signal, 1,

res.

LAPORTE, S. A., OAKLEY, R. H., HOLT, J. A., BARAK, L. S. & CARON, M. G. 2000. The
Interaction of B-Arrestin with the AP-2 Adaptor Is Required for the Clustering of 2-
Adrenergic Receptor into Clathrin-coated Pits. Journal of Biological Chemistry, 275,

23120-23126.

LEE, C. H., PARK, D., WU, D., RHEE, S. G. & SIMON, M. |. 1992. Members of the Gq
alpha subunit gene family activate phospholipase C beta isozymes. J Biol Chem, 267,

16044-7.

LEE, C. W., LEE, K. H., LEE, S. B., PARK, D. & RHEE, S. G. 1994. Regulation of

phospholipase C-beta 4 by ribonucleotides and the alpha subunit of Gq. J Biol Chem,

186



269, 25335-8.

LEE, D. K., NGUYEN, T., O'NEILL, G. P,, CHENG, R., LIU, Y., HOWARD, A. D., COULOMBE,
N., TAN, C. P, TANG-NGUYEN, A.-T., GEORGE, S. R. & O'DOWD, B. F. 1999. Discovery

of a receptor related to the galanin receptors. FEBS Letters, 446, 103-107.

LEE, J. H., MIELE, M. E., HICKS, D. J., PHILLIPS, K. K., TRENT, J. M., WEISSMAN, B. E. &
WELCH, D. R. 1996. KiSS-1, a novel human malignant melanoma metastasis-

suppressor gene. Journal of the National Cancer Institute, 88, 1731-7.

LEE, J. H. & WELCH, D. R. 1997. Suppression of metastasis in human breast carcinoma
MDA-MB-435 cells after transfection with the metastasis suppressor gene, KiSS-1.
Cancer Res, 57, 2384-7.

LEE, J. Y., MOON, J. S., EU, Y. J,, LEE, C. W,, YANG, S. T., LEE, S. K., JUNG, H. H., KIM, H.
H., RHIM, H., SEONG, J. Y. & KIM, J. I. 2009. Molecular interaction between kisspeptin

decapeptide analogs and a lipid membrane. Arch Biochem Biophys, 485, 109-14.

LI, N., WANG, H. X., ZHANG, J., YE, Y. P. & HE, G. Y. 2012. KISS-1 inhibits the
proliferation and invasion of gastric carcinoma cells. World J Gastroenterol, 18, 1827-

33.

LINDER, M. E. & DESCHENES, R. J. 2007. Palmitoylation: policing protein stability and
traffic. Nat Rev Mol Cell Biol, 8, 74-84.

LIV, J., LIAO, Z., CAMDEN, J., GRIFFIN, K. D., GARRAD, R. C., SANTIAGO-PEREZ, L. I.,
GONZALEZ, F. A., SEYE, C. I., WEISMAN, G. A. & ERB, L. 2004. Src homology 3 binding
sites in the P2Y2 nucleotide receptor interact with Src and regulate activities of Src,

proline-rich tyrosine kinase 2, and growth factor receptors. J Biol Chem, 279, 8212-8.

LU, Z. L., COETSEE, M., WHITE, C. D. & MILLAR, R. P. 2007. Structural determinants for

187



ligand-receptor conformational selection in a peptide G protein-coupled receptor. J

Biol Chem, 282, 17921-9.

LU, Z. L., GALLAGHER, R., SELLAR, R., COETSEE, M. & MILLAR, R. P. 2005. Mutations
remote from the human gonadotropin-releasing hormone (GnRH) receptor-binding
sites specifically increase binding affinity for GnRH 1l but not GnRH I: evidence for

ligand-selective, receptor-active conformations. J Biol Chem, 280, 29796-803.

LUQUE, R. M., CORDOBA-CHACON, J., GAHETE, M. D., NAVARRO, V. M., TENA-
SEMPERE, M., KINEMAN, R. D. & CASTANO, J. P. 2011. Kisspeptin regulates
gonadotroph and somatotroph function in nonhuman primate pituitary via common

and distinct signaling mechanisms. Endocrinology, 152, 957-66.

LUTTRELL, L. M. 2008. Reviews in molecular biology and biotechnology:
transmembrane signaling by G protein-coupled receptors. Mol Biotechnol, 39, 239-

64.

LUTTRELL, L. M., FERGUSON, S. S. G., DAAKA, Y., MILLER, W. E., MAUDSLEY, S., DELLA
ROCCA, G. J,, LIN, F. T., KAWAKATSU, H., OWADA, K., LUTTRELL, D. K., CARON, M. G. &
LEFKOWITZ, R. J. 1999. B-Arrestin-Dependent Formation of B2 Adrenergic Receptor-

Src Protein Kinase Complexes. Science, 283, 655-661.

LUTZ, S., FREICHEL-BLOMQUIST, A., YANG, Y., RUMENAPP, U., JAKOBS, K. H., SCHMIDT,
M. & WIELAND, T. 2005. The guanine nucleotide exchange factor p63RhoGEF, a
specific link between Gg/11-coupled receptor signaling and RhoA. J Biol Chem, 280,
11134-9.

LUTZ, S., SHANKARANARAYANAN, A., COCO, C., RIDILLA, M., NANCE, M. R., VETTEL,
C., BALTUS, D., EVELYN, C. R., NEUBIG, R. R., WIELAND, T. & TESMER, J. J. 2007.
Structure of Galphag-p63RhoGEF-RhoA complex reveals a pathway for the activation
of RhoA by GPCRs. Science, 318, 1923-7.

188



MA, L., YANG, F. & ZHENG, J. 2014. Application of fluorescence resonance energy
transfer in protein studies. J Mol Struct, 1077, 87-100.

MAGALHAES, A. C., DUNN, H. & FERGUSON, S. S. 2012. Regulation of GPCR activity,
trafficking and localization by GPCR-interacting proteins. Br J Pharmacol, 165, 1717-
36.

MARTIN, B. R. 2013. Nonradioactive analysis of dynamic protein palmitoylation. Curr
Protoc Protein Sci, 73, Unit 14 15.

MARTIN, B. R. & CRAVATT, B. F. 2009. Large-scale profiling of protein palmitoylation in

mammalian cells. Nature Methods, 6, 135-138.

MARTIN, G. S. 2001. The hunting of the Src. Nat Rev Mol Cell Biol, 2, 467-75.

MASUI, T., DOI, R., MORI, T., TOYODA, E., KOIZUMI, M., KAMI, K., ITO, D., PEIPER, S.
C., BROACH, J. R., OISHI, S., NIIDA, A., FUJIl, N. & IMAMURA, M. 2004. Metastin and
its variant forms suppress migration of pancreatic cancer cells. Biochem Biophys Res

Commun, 315, 85-92.

MCNULTY, D. E., LI, Z., WHITE, C. D., SACKS, D. B. & ANNAN, R. S. 2011. MAPK scaffold
IQGAP1 binds the EGF receptor and modulates its activation. J Biol Chem, 286,
15010-21.

MESSAGER, S., CHATZIDAKI, E. E., MA, D., HENDRICK, A. G., ZAHN, D., DIXON, J.,
THRESHER, R. R., MALINGE, I., LOMET, D., CARLTON, M. B., COLLEDGE, W. H., CARATY,
A. & APARICIO, S. A. 2005. Kisspeptin directly stimulates gonadotropin-releasing
hormone release via G protein-coupled receptor 54. Proc Natl Acad Sci U S A, 102,

1761-6.

MILLAR, R. P., PAWSON, A. J.,, MORGAN, K., RISSMAN, E. F. & LU, Z. L. 2008. Diversity

189



of actions of GnRHs mediated by ligand-induced selective signaling. Front

Neuroendocrinol, 29, 17-35.

MIN, C., ZHENG, M., ZHANG, X., GUO, S., KWON, K. J., SHIN, C. Y., KIM, H. S., CHEON,
S. H. & KIM, K. M. 2015. N-linked Glycosylation on the N-terminus of the dopamine
D2 and D3 receptors determines receptor association with specific microdomains in

the plasma membrane. Biochim Biophys Acta, 1853, 41-51.

MOTTOLA, D. M., KILTS, J. D., LEWIS, M. M., CONNERY, H. S., WALKER, Q. D., JONES, S.
R., BOOTH, R. G., HYSLOP, D. K., PIERCEY, M., WIGHTMAN, R. M., LAWLER, C. P,
NICHOLS, D. E. & MAILMAN, R. B. 2002. Functional Selectivity of Dopamine Receptor
Agonists. |. Selective Activation of Postsynaptic Dopamine D2 Receptors Linked to
Adenylate Cyclase. Journal of Pharmacology and Experimental Therapeutics, 301,

1166-1178.

MUIR, A. I., CHAMBERLAIN, L., ELSHOURBAGY, N. A., MICHALOVICH, D., MOORE, D. J.,
CALAMARI, A., SZEKERES, P. G., SARAU, H. M., CHAMBERS, J. K., MURDOCK, P.,
STEPLEWSKI, K., SHABON, U., MILLER, J. E., MIDDLETON, S. E., DARKER, J. G.,
LARMINIE, C. G., WILSON, S., BERGSMA, D. J., EMSON, P., FAULL, R., PHILPOTT, K. L. &
HARRISON, D. C. 2001. AXOR12, a novel human G protein-coupled receptor, activated
by the peptide KiSS-1. J Biol Chem, 276, 28969-75.

NAGASE, H., VISSE, R. & MURPHY, G. 2006. Structure and function of matrix

metalloproteinases and TIMPs. Cardiovasc Res, 69, 562-73.

NAVENOT, J. M., FUJIl, N. & PEIPER, S. C. 2009. KiSS1 metastasis suppressor gene
product induces suppression of tyrosine kinase receptor signaling to Akt, tumor

necrosis factor family ligand expression, and apoptosis. Mol Pharmacol, 75, 1074-83.

NAVENOT, J. M., WANG, Z., CHOPIN, M., FUJII, N. & PEIPER, S. C. 2005. Kisspeptin-10-

induced signaling of GPR54 negatively regulates chemotactic responses mediated by

190



CXCR4: a potential mechanism for the metastasis suppressor activity of kisspeptins.

Cancer Res, 65, 10450-6.

NEER, E. J. 1995. Heterotrimeric C proteins: Organizers of transmembrane signals.

Cell, 80, 249-257.

NELSON, C. D., PERRY, S. J., REGIER, D. S., PRESCOTT, S. M., TOPHAM, M. K. &
LEFKOWITZ, R. J. 2007. Targeting of diacylglycerol degradation to M1 muscarinic

receptors by beta-arrestins. Science, 315, 663-666.

NIIDA, A., WANG, Z., TOMITA, K., OISHI, S., TAMAMURA, H., OTAKA, A., NAVENOT, J.
M., BROACH, J. R., PEIPER, S. C. & FUJII, N. 2006. Design and synthesis of downsized
metastin (45-54) analogs with maintenance of high GPR54 agonistic activity. Bioorg
Med Chem Lett, 16, 134-7.

NISHIZAWA, N., TAKATSU, Y., KUMANDO, S., KIBA, A., BAN, J., TSUTSUMI, S., MATSUI,
H., MATSUMOTO, S. I., YAMAGUCHI, M., IKEDA, Y., KUSAKA, M., OHTAKI, T., ITOH, F. &
ASAMI, T. 2016. Design and Synthesis of an Investigational Nonapeptide KISS1
Receptor (KISS1R) Agonist, Ac-d-Tyr-Hydroxyproline (Hyp)-Asn-Thr-Phe-azaGly-Leu-
Arg(Me)-Trp-NH2 (TAK-448), with Highly Potent Testosterone-Suppressive Activity
and Excellent Water Solubility. J Med Chem, 59, 8804-8811.

NORSKOV-LAURITSEN, L. & BRAUNER-OSBORNE, H. 2015. Role of post-translational
modifications on structure, function and pharmacology of class C G protein-coupled

receptors. Eur J Pharmacol, 763, 233-40.

NOVAIRA, H. J., NG, Y., WOLFE, A. & RADOVICK, S. 2009. Kisspeptin increases GnRH
MRNA expression and secretion in GnRH secreting neuronal cell lines. Mol Cell

Endocrinol, 311, 126-34.

NYGAARD, R., FRIMURER, T. M., HOLST, B., ROSENKILDE, M. M. & SCHWARTZ, T. W.

191



2009. Ligand binding and micro-switches in 7TM receptor structures. Trends

Pharmacol Sci, 30, 249-59.

OBENAUER, J. C. 2003. Scansite 2.0: proteome-wide prediction of cell signaling

interactions using short sequence motifs. Nucleic Acids Research, 31, 3635-3641.

ODDI, S., DAINESE, E., SANDIFORD, S., FEZZA, F., LANUTI, M., CHIURCHIU, V., TOTARO,
A., CATANZARO, G., BARCAROLI, D., DE LAURENZI, V. CENTONZE, D,
MUKHOPADHYAY, S., SELENT, J., HOWLETT, A. C. & MACCARRONE, M. 2012. Effects of
palmitoylation of Cys(415) in helix 8 of the CB(1) cannabinoid receptor on membrane

localization and signalling. Br J Pharmacol, 165, 2635-51.

ODDI, S., STEPNIEWSKI, T. M., TOTARO, A., SELENT, J., SCIPIONI, L., DUFRUSINE, B.,
FEZZA, F., DAINESE, E. & MACCARRONE, M. 2017. Palmitoylation of cysteine 415 of
CB1 receptor affects ligand-stimulated internalization and selective interaction with
membrane cholesterol and caveolin 1. Biochimica et Biophysica Acta (BBA) -

Molecular and Cell Biology of Lipids, 1862, 523-532.

OHTAKI, T., SHINTANI, Y., HONDA, S., MATSUMOTO, H., HORI, A., KANEHASHI, K.,
TERAOQO, Y., KUMANO, S., TAKATSU, Y., MASUDA, Y., ISHIBASHI, Y., WATANABE, T,
ASADA, M., YAMADA, T., SUENAGA, M., KITADA, C., USUKI, S., KUROKAWA, T., ONDA,
H., NISHIMURA, O. & FUJINO, M. 2001. Metastasis suppressor gene KiSS-1 encodes

peptide ligand of a G-protein-coupled receptor. Nature, 411, 613-7.

OLDENHOF, J., VICKERY, R., ANAFI, M., OAK, J., RAY, A., SCHOOTS, 0., PAWSON, T.,
VON ZASTROW, M. & VAN TOL, H. H. 1998. SH3 binding domains in the dopamine D4
receptor. Biochemistry, 37, 15726-36.

ORSINI, M. J., KLEIN, M. A., BEAVERS, M. P.,, CONNOLLY, P. J., MIDDLETON, S. A. &
MAYO, K. H. 2007. Metastin (KiSS-1) mimetics identified from peptide structure-

activity relationship-derived pharmacophores and directed small molecule database

192



screening. J Med Chem, 50, 462-71.

PAGE-MCCAW, A., EWALD, A. ). & WERB, Z. 2007. Matrix metalloproteinases and the

regulation of tissue remodelling. Nat Rev Mol Cell Biol, 8, 221-33.

PALCZEWSKI, K. 2006. G protein-coupled receptor rhodopsin. Annu Rev Biochem, 75,
743-67.

PAMPILLO, M., CAMUSO, N., TAYLOR, J. E., SZERESZEWSKI, J. M., AHOW, M. R., ZAJAC,
M., MILLAR, R. P., BHATTACHARYA, M. & BABWAH, A. V. 2009. Regulation of GPR54
signaling by GRK2 and beta-arrestin. Mol Endocrinol, 23, 2060-74.

PARK, J. H., SCHEERER, P., HOFMANN, K. P., CHOE, H. W. & ERNST, O. P. 2008. Crystal

structure of the ligand-free G-protein-coupled receptor opsin. Nature, 454, 183-7.

PARMAR, V. K., GRINDE, E., MAZURKIEWICZ, J. E. & HERRICK-DAVIS, K. 2016. Beta2-
adrenergic receptor homodimers: Role of transmembrane domain 1 and helix 8 in

dimerization and cell surface expression. Biochim Biophys Acta.

PASQUIER, J., KAMECH, N., LAFONT, A. G., VAUDRY, H., ROUSSEAU, K. & DUFOUR, S.
2014. Molecular evolution of GPCRs: Kisspeptin/kisspeptin receptors. J Mol
Endocrinol, 52, T101-17.

PERCHERANCIER, Y., PLANCHENAULT, T., VALENZUELA-FERNANDEZ, A., VIRELIZIER, J.
L., ARENZANA-SEISDEDOS, F. & BACHELERIE, F. 2001. Palmitoylation-dependent
control of degradation, life span, and membrane expression of the CCR5 receptor. J

Biol Chem, 276, 31936-44.

PEREZ, D. M., HWA, J., GAIVIN, R., MATHUR, M., BROWN, F. & GRAHAM, R. M. 1996.
Constitutive activation of a single effector pathway: evidence for multiple activation

states of a G protein-coupled receptor. Mol Pharmacol. , 49, 112-22.

193



PLEIMAN, C., HERTZ, W. & CAMBIER, J. 1994. Activation of phosphatidylinositol-3'
kinase by Src-family kinase SH3 binding to the p85 subunit. Science, 263, 1609-1612.

PUPO, A. S., DUARTE, D. A, LIMA, V., TEIXEIRA, L. B., PARREIRAS, E. S. L. T. & COSTA-
NETO, C. M. 2016. Recent updates on GPCR biased agonism. Pharmacol Res, 112, 49-
57.

QANBAR, R. & BOUVIER, M. 2003. Role of palmitoylation/depalmitoylation reactions

in G-protein-coupled receptor function. Pharmacology & Therapeutics, 97, 1-33.

RAARUP, M. K., FJORBACK, A. W., JENSEN, S. M., MULLER, H. K., KJAERGAARD, M. M.,
POULSEN, H., WIBORG, O. & NYENGAARD, J. R. 2009. Enhanced yellow fluorescent
protein photoconversion to a cyan fluorescent protein-like species is sensitive to

thermal and diffusion conditions. J Biomed Opt, 14, 034039.

RASMUSSEN, S. G., CHOI, H. J., FUNG, J. J., PARDON, E., CASAROSA, P,, CHAE, P. S,,
DEVREE, B. T., ROSENBAUM, D. M., THIAN, F. S., KOBILKA, T. S., SCHNAPP, A.,
KONETZKI, 1., SUNAHARA, R. K., GELLMAN, S. H., PAUTSCH, A., STEYAERT, J., WEIS, W.
I. & KOBILKA, B. K. 2011a. Structure of a nanobody-stabilized active state of the
beta(2) adrenoceptor. Nature, 469, 175-80.

RASMUSSEN, S. G., DEVREE, B. T.,, ZOU, Y., KRUSE, A. C., CHUNG, K. Y., KOBILKA, T. S.,
THIAN, F. S., CHAE, P. S., PARDON, E., CALINSKI, D., MATHIESEN, J. M., SHAH, S. T,
LYONS, J. A., CAFFREY, M., GELLMAN, S. H., STEYAERT, J., SKINIOTIS, G., WEIS, W. |,
SUNAHARA, R. K. & KOBILKA, B. K. 2011b. Crystal structure of the beta2 adrenergic

receptor-Gs protein complex. Nature, 477, 549-55.

RASOULZADEH, Z., GHODS, R., KAZEMI, T., MIRZADEGAN, E., GHAFFARI-TABRIZI-
WIZSY, N., REZANIA, S., KAZEMNEJAD, S., AREFI, S., GHASEMI, J., VAFAEI, S.,
MAHMOUDI, A. R. & ZARNANI, A. H. 2016. Placental Kisspeptins Differentially

Modulate Vital Parameters of Estrogen Receptor-Positive and -Negative Breast

194



Cancer Cells. PLoS One, 11, e0153684.

REID, H. M., MULVANEY, E. P, TURNER, E. C. & KINSELLA, B. T. 2010. Interaction of the
human prostacyclin receptor with Rab11: characterization of a novel Rab11 binding
domain within alpha-helix 8 that is regulated by palmitoylation. J Biol Chem, 285,
18709-26.

REINER, S., AMBROSIO, M., HOFFMANN, C. & LOHSE, M. J. 2010. Differential signaling
of the endogenous agonists at the beta2-adrenergic receptor. J Biol Chem, 285,

36188-98.

REN, J., WEN, L., GAO, X., JIN, C., XUE, Y. & YAO, X. 2008. CSS-Palm 2.0: an updated

software for palmitoylation sites prediction. Protein Eng Des Sel, 21, 639-44.

REN, J. G., LI, Z. & SACKS, D. B. 2007. IQGAP1 modulates activation of B-Raf. Proc Nat/
Acad Sci U S A, 104, 10465-9.

REN, R., MAYER, B. J., CICCHETTI, P. & BALTIMORE, D. 1993. Identification of a ten-

amino acid proline-rich SH3 binding site. Science, 259, 1157-61.

RHEE, S. G. 2001. Regulation of phosphoinositide-specific phospholipase C. Annu Rev
Biochem, 70, 281-312.

RINGEL, M. D., HARDY, E., BERNET, V. J., BURCH, H. B., SCHUPPERT, F., BURMAN, K. D.
& SAIJl, M. 2002. Metastin receptor is overexpressed in papillary thyroid cancer and

activates MAP kinase in thyroid cancer cells. J Clin Endocrinol Metab, 87, 2399.

RITTER, S. L. & HALL, R. A. 2009. Fine-tuning of GPCR activity by receptor-interacting
proteins. Nat Rev Mol Cell Biol, 10, 819-30.

ROCKS, O., PEYKER, A., KAHMS, M., VERVEER, P. J., KOERNER, C., LUMBIERRES, M.,

195



KUHLMANN, J., WALDMANN, H., WITTINGHOFER, A. & BASTIAENS, P. I. 2005. An
acylation cycle regulates localization and activity of palmitoylated Ras isoforms.

Science, 307, 1746-52.

RONNEKLEIV, O. K. & KELLY, M. J. 2013. Kisspeptin excitation of GnRH neurons. Adv
Exp Med Biol, 784, 113-31.

ROOMI, M. W., MONTERREY, J. C., KALINOVSKY, T., RATH, M. & NIEDZWIECKI, A. 2009.
Patterns of MMP-2 and MMP-9 expression in human cancer cell lines. Oncology

Reports, 21.

ROSEWEIR, A. K., KATZ, A. A. & MILLAR, R. P. 2012. Kisspeptin-10 inhibits cell
migration in vitro via a receptor-GSK3 beta-FAK feedback loop in HTR8SVneo cells.
Placenta, 33, 408-15.

ROSEWEIR, A. K., KAUFFMAN, A. S., SMITH, J. T., GUERRIERO, K. A., MORGAN, K.,
PIELECKA-FORTUNA, J., PINEDA, R., GOTTSCH, M. L., TENA-SEMPERE, M., MOENTER,
S. M., TERASAWA, E., CLARKE, 1. J., STEINER, R. A. & MILLAR, R. P. 2009. Discovery of
potent kisspeptin antagonists delineate physiological mechanisms of gonadotropin

regulation. J Neurosci, 29, 3920-9.

ROY, M., LI, Z. & SACKS, D. B. 2004. IQGAP1 binds ERK2 and modulates its activity. J
Biol Chem, 279, 17329-37.

ROY, M., LI, Z. & SACKS, D. B. 2005. IQGAP1 is a scaffold for mitogen-activated protein
kinase signaling. Mol Cell Biol, 25, 7940-52.

RUNNELS, L. W. & SCARLATA, S. F. 1999. Determination of the affinities between
heterotrimeric G protein subunits and their phospholipase C-beta effectors.

Biochemistry, 38, 1488-96.

196



RYMAN-RASMUSSEN, J. P, NICHOLS, D. E. & MAILMAN, R. B. 2005. Differential
activation of adenylate cyclase and receptor internalization by novel dopamine D1

receptor agonists. Mol Pharmacol, 68, 1039-48.

SANDOVAL, A., EICHLER, S., MADATHIL, S., REEVES, P. J., FAHMY, K. & BOCKMANN, R.
A. 2016. The Molecular Switching Mechanism at the Conserved D(E)RY Motif in Class-
A GPCRs. Biophys J, 111, 79-89.

SBAI, O., MONNIER, C., DODE, C., PIN, J. P., HARDELIN, J. P. & RONDARD, P. 2014.
Biased signaling through G-protein-coupled PROKR2 receptors harboring missense

mutations. FASEB J, 28, 3734-44.

SCOTT, G., AHMAD, |., HOWARD, K., MACLEAN, D., OLIVA, C., WARRINGTON, S.,
WILBRAHAM, D. & WORTHINGTON, P. 2013. Double-blind, randomized, placebo-
controlled study of safety, tolerability, pharmacokinetics and pharmacodynamics of
TAK-683, an investigational metastin analogue in healthy men. Br J Clin Pharmacol,

75, 381-91.

SEATTER, M. J., DRUMMOND, R., KANKE, T., MACFARLANE, S. R., HOLLENBERG, M. D.
& PLEVIN, R. 2004. The role of the C-terminal tail in protease-activated receptor-2-
mediated Ca2+ signalling, proline-rich tyrosine kinase-2 activation, and mitogen-

activated protein kinase activity. Cellular Signalling, 16, 21-29.

SEMINARA, S. B., MESSAGER, S., CHATZIDAKI, E. E., THRESHER, R. R., ACIERNO, J. S.,
JR., SHAGOURY, J. K., BO-ABBAS, Y., KUOHUNG, W., SCHWINOF, K. M., HENDRICK, A.
G., ZAHN, D., DIXON, J.,, KAISER, U. B., SLAUGENHAUPT, S. A., GUSELLA, J. F,
O'RAHILLY, S., CARLTON, M. B., CROWLEY, W. F,, JR., APARICIO, S. A. & COLLEDGE, W.
H. 2003. The GPR54 gene as a regulator of puberty. N Engl J Med, 349, 1614-27.

SEMPLE, R. K., ACHERMANN, J. C., ELLERY, J., FAROOAQ|, I. S., KARET, F. E., STANHOPE,
R. G., O'RAHILLY, S. & APARICIO, S. A. 2005. Two novel missense mutations in g

197



protein-coupled receptor 54 in a patient with hypogonadotropic hypogonadism. J

Clin Endocrinol Metab, 90, 1849-55.

SENSQY, O. & WEINSTEIN, H. 2015. A mechanistic role of Helix 8 in GPCRs:
Computational modeling of the dopamine D2 receptor interaction with the GIPC1-

PDZ-domain. Biochim Biophys Acta, 1848, 976-83.

SHENGBING, Z., JING FENG, L., BIN, W., LINGYUN, G. & AIMIN, H. 2009. Expression of
KiSS-1 Gene and its Role in Invasion and Metastasis of Human Hepatocellular
Carcinoma. The Anatomical Record: Advances in Integrative Anatomy and

Evolutionary Biology, 292, 1128-1134.

SHIMAMURA, T., SHIROISHI, M., WEYAND, S., TSUJIMOTO, H., WINTER, G., KATRITCH,
V., ABAGYAN, R., CHEREZOV, V., LIU, W., HAN, G. W., KOBAYASHI, T., STEVENS, R. C. &
IWATA, S. 2011. Structure of the human histamine H1 receptor complex with
doxepin. Nature, 475, 65-70.

SHIN, Y. K., LIU, Q., TIKOO, S. K., BABIUK, L. A. & ZHOU, Y. 2007. Influenza A virus NS1
protein activates the phosphatidylinositol 3-kinase (PI3K)/Akt pathway by direct
interaction with the p85 subunit of PI3K. J Gen Virol, 88, 13-8.

SHRIVER, M., MARIMUTHU, S., PAUL, C., GEIST, J., SEALE, T., KONSTANTOPOULOS, K.
& KONTROGIANNI- KONSTANTOPOULOS, A. 2014. Giant obscurins regulate the PI3K
cascade in breast epithelial cells via direct binding to the PI3K/p85 regulatory

subunit. Oncotarget.
SIGRIST, C. J.,, DE CASTRO, E., CERUTTI, L., CUCHE, B. A., HULO, N., BRIDGE, A,
BOUGUELERET, L. & XENARIOS, I. 2013. New and continuing developments at

PROSITE. Nucleic Acids Res, 41, D344-7.

SIMON, M. |, STRATHMANN, M. P. & GAUTAM, N. 1991. Diversity of G proteins in

198



signal transduction. Science, 252, 802-8.

SINNECKER, D., VOIGT, P, HELLWIG, N. & SCHAEFER, M. 2005. Reversible

photobleaching of enhanced green fluorescent proteins. Biochemistry, 44, 7085-94.

SOTO, A. G. & TREJO, J. 2010. N-linked glycosylation of protease-activated receptor-1
second extracellular loop: a critical determinant for ligand-induced receptor

activation and internalization. J Biol Chem, 285, 18781-93.

SPENGLER, D., WAEBER, C., PANTALONI, C., HOLSBOER, F., BOCKAERT, J., SEEBURG, P.
H. & JOURNOT, L. 1993. Differential signal transduction by five splice variants of the
PACAP receptor. Nature, 365, 170-5.

STALLAERT, W., DORN, J. F., VAN DER WESTHUIZEN, E., AUDET, M. & BOUVIER, M.
2012. Impedance responses reveal beta(2)-adrenergic receptor signaling
pluridimensionality and allow classification of ligands with distinct signaling profiles.

PLoS One, 7, e29420.

STAMENKOVIC, 1. 2003. Extracellular matrix remodelling: the role of matrix

metalloproteinases. J Pathol, 200, 448-64.

STANNARD, C., LEHENKARI, P. & GODOVAC-ZIMMERMANN, J. 2003. Functional
diversity of endothelin pathways in human lung fibroblasts may be based on

structural diversity of the endothelin receptors. Biochemistry, 42, 13909-18.

STATHATOS, N., BOURDEAU, I., ESPINOSA, A. V., SAll, M., VASKO, V. V., BURMAN, K.
D., STRATAKIS, C. A. & RINGEL, M. D. 2005. KiSS-1/G protein-coupled receptor 54
metastasis suppressor pathway increases myocyte-enriched calcineurin interacting
protein 1 expression and chronically inhibits calcineurin activity. J Clin Endocrinol

Metab, 90, 5432-40.

199



STERNINI, C., SPANN, M., ANTON, B., KEITH, D. E., JR.,, BUNNETT, N. W., VON
ZASTROW, M., EVANS, C. & BRECHA, N. C. 1996. Agonist-selective endocytosis of mu

opioid receptor by neurons in vivo. Proc Natl/ Acad Sci U S A, 93, 9241-6.

STERNLICHT, M. D. & WERB, Z. 2001. How matrix metalloproteinases regulate cell
behavior. Annu Rev Cell Dev Biol, 17, 463-516.

STETLER-STEVENSON, W. G. 2001. The role of matrix metalloproteinases in tumor

invasion, metastasis, and angiogenesis. Surg Oncol Clin N Am, 10, 383-92, x.

SZERESZEWSKI, J. M., PAMPILLO, M., AHOW, M. R., OFFERMANNS, S.,
BHATTACHARYA, M. & BABWAH, A. V. 2010. GPR54 regulates ERK1/2 activity and
hypothalamic gene expression in a Galpha(q/11) and beta-arrestin-dependent

manner. PLoS One, 5, €12964.

TAKASAKI, J., SAITO, T., TANIGUCHI, M., KAWASAKI, T., MORITANI, Y., HAYASHI, K. &
KOBORI, M. 2004. A novel Galphag/11-selective inhibitor. J Biol Chem, 279, 47438-45.

TAKEDA, T., KIKUCHI, E., MIKAMI, S., SUZUKI, E., MATSUMOTO, K., MIYAJIMA, A.,
OKADA, Y. & OYA, M. 2012. Prognostic role of KiSS-1 and possibility of therapeutic
modality of metastin, the final peptide of the KiSS-1 gene, in urothelial carcinoma.

Mol Cancer Ther, 11, 853-63.

TAKINO, T., KOSHIKAWA, N., MIYAMORI, H., TANAKA, M., SASAKI, T., OKADA, Y., SEIKI,
M. & SATO, H. 2003. Cleavage of metastasis suppressor gene product KiSS-1

protein/metastin by matrix metalloproteinases. Oncogene, 22, 4617-26.

TAN, K., CHO, S. G,, LUO, W,, YI, T.,, WU, X., SIWKO, S., LIU, M. & YUAN, W. 2014.
KiSS1-induced GPR54 signaling inhibits breast cancer cell migration and epithelial-

mesenchymal transition via protein kinase D1. Curr Mol Med, 14, 652-62.

200



TELES, M. G., BIANCO, S. D., BRITO, V. N., TRARBACH, E. B., KUOHUNG, W., XU, S.,
SEMINARA, S. B., MENDONCA, B. B., KAISER, U. B. & LATRONICO, A. C. 2008. A
GPR54-activating mutation in a patient with central precocious puberty. N Engl J

Med, 358, 709-15.

TENA-SEMPERE, M., FELIP, A, GOMEZ, A. ZANUY, S. & CARRILLO, M. 2012.
Comparative insights of the kisspeptin/kisspeptin receptor system: Lessons from

non-mammalian vertebrates. General and Comparative Endocrinology, 175, 234-243.

TENENBAUM-RAKOVER, Y., COMMENGES-DUCOS, M., IOVANE, A., AUMAS, C,
ADMONI, O. & DE ROUX, N. 2007. Neuroendocrine phenotype analysis in five
patients with isolated hypogonadotropic hypogonadism due to a L102P inactivating
mutation of GPR54. J Clin Endocrinol Metab, 92, 1137-44.

TERASAKA, T., OTSUKA, F., TSUKAMOTO, N., NAKAMURA, E., INAGAKI, K., TOMA, K.,
OGURA-OCHI, K., GLIDEWELL-KENNEY, C., LAWSON, M. A. & MAKINO, H. 2013.
Mutual interaction of kisspeptin, estrogen and bone morphogenetic protein-4

activity in GnRH regulation by GT1-7 cells. Mol Cell Endocrinol, 381, 8-15.

THOMPSON, G. L., LANE, J. R.,, COUDRAT, T., SEXTON, P. M., CHRISTOPOULOS, A. &
CANALS, M. 2015. Biased Agonism of Endogenous Opioid Peptides at the mu-Opioid
Receptor. Mol Pharmacol, 88, 335-46.

TOMITA, K., OISHI, S., OHNO, H., PEIPER, S. C. & FUJII, N. 2008. Development of novel
G-protein-coupled receptor 54 agonists with resistance to degradation by matrix

metalloproteinase. J Med Chem, 51, 7645-9.

TOVO-RODRIGUES, L., ROUX, A., HUTZ, M. H., ROHDE, L. A. & WOODS, A. S. 2014.
Functional characterization of G-protein-coupled receptors: a bioinformatics

approach. Neuroscience, 277, 764-79.

201



URBAN, J. D.,, CLARKE, W. P, VON ZASTROW, M., NICHOLS, D. E., KOBILKA, B.,
WEINSTEIN, H., JAVITCH, J. A., ROTH, B. L., CHRISTOPOULQS, A., SEXTON, P. M.,
MILLER, K. J., SPEDDING, M. & MAILMAN, R. B. 2007a. Functional selectivity and

classical concepts of quantitative pharmacology. J Pharmacol Exp Ther, 320, 1-13.

URBAN, J. D., VARGAS, G. A.,, VON ZASTROW, M. & MAILMAN, R. B. 2007b.
Aripiprazole has functionally selective actions at dopamine D2 receptor-mediated

signaling pathways. Neuropsychopharmacology, 32, 67-77.

VARGOVA, V., PYTLIAK, M. & MECHIROVA, V. 2012. Matrix metalloproteinases. EXS,
103, 1-33.

VENKATAKRISHNAN, A. J., DEUPI, X., LEBON, G., TATE, C. G., SCHERTLER, G. F. & BABU,
M. M. 2013. Molecular signatures of G-protein-coupled receptors. Nature, 494, 185-
94.

VIOLIN, J. D., DEWIRE, S. M., YAMASHITA, D., ROMINGER, D. H., NGUYEN, L.,
SCHILLER, K., WHALEN, E. J., GOWEN, M. & LARK, M. W. 2010. Selectively engaging
beta-arrestins at the angiotensin Il type 1 receptor reduces blood pressure and

increases cardiac performance. J Pharmacol Exp Ther, 335, 572-9.

VISSE, R. & NAGASE, H. 2003. Matrix metalloproteinases and tissue inhibitors of

metalloproteinases: structure, function, and biochemistry. Circ Res, 92, 827-39.

VULTUR, A., BUETTNER, R., KOWOLIK, C., LIANG, W., SMITH, D., BOSCHELLI, F. & JOVE,
R. 2008. SKI-606 (bosutinib), a novel Src kinase inhibitor, suppresses migration and

invasion of human breast cancer cells. Mol Cancer Ther, 7, 1185-94.

WACKER, J. L., FELLER, D. B., TANG, X. B., DEFINO, M. C., NAMKUNG, Y., LYSSAND, J. S.,
MHYRE, A. J., TAN, X., JENSEN, J. B. & HAGUE, C. 2008. Disease-causing mutation in

GPR54 reveals the importance of the second intracellular loop for class A G-protein-

202



coupled receptor function. J Biol Chem, 283, 31068-78.

WANG, P. & DEFEA, K. A. 2006. Protease-activated receptor-2 simultaneously directs
beta-arrestin-1-dependent inhibition and Galphag-dependent activation of

phosphatidylinositol 3-kinase. Biochemistry, 45, 9374-85.

WANG, Q., ZHAO, J., BRADY, A. E., FENG, J.,, ALLEN, P. B., LEFKOWITZ, R. J.,
GREENGARD, P. & LIMBIRD, L. E. 2004. Spinophilin blocks arrestin actions in vitro and

in vivo at G protein-coupled receptors. Science, 304, 1940-4.

WANG, Y., BOTVINICK, E. L., ZHAQ, Y., BERNS, M. W., USAMI, S., TSIEN, R. Y. & CHIEN,
S. 2005. Visualizing the mechanical activation of Src. Nature, 434, 1040-1045.

WARNE, T., MOUKHAMETZIANOV, R., BAKER, J. G.,, NEHME, R., EDWARDS, P. C,
LESLIE, A. G., SCHERTLER, G. F. & TATE, C. G. 2011. The structural basis for agonist and

partial agonist action on a beta(1)-adrenergic receptor. Nature, 469, 241-4.

WEI, H., AHN, S., SHENQY, S. K., KARNIK, S. S., HUNYADY, L., LUTTRELL, L. M. &
LEFKOWITZ, R. J. 2003. Independent beta-arrestin 2 and G protein-mediated
pathways for angiotensin Il activation of extracellular signal-regulated kinases 1 and

2. Proc Natl Acad Sci US A, 100, 10782-7.

WERBONAT, Y., KLEUTGES, N., JAKOBS, K. H. & VAN KOPPEN, C. J. 2000. Essential role
of dynamin in internalization of M2 muscarinic acetylcholine and angiotensin AT1A

receptors. J Biol Chem, 275, 21969-74.
WHITE, J. F., NOINAJ, N., SHIBATA, Y., LOVE, J., KLOSS, B., XU, F., GVOZDENOVIC-
JEREMIC, J., SHAH, P,, SHILOACH, J., TATE, C. G. & GRISSHAMMER, R. 2012. Structure

of the agonist-bound neurotensin receptor. Nature, 490, 508-13.

WU, B., CHIEN, E. Y., MOL, C. D., FENALTI, G., LIU, W., KATRITCH, V., ABAGYAN, R,,

203



BROOUN, A., WELLS, P, BI, F. C.,, HAMEL, D. J., KUHN, P.,, HANDEL, T. M., CHEREZOV, V.
& STEVENS, R. C. 2010. Structures of the CXCR4 chemokine GPCR with small-

molecule and cyclic peptide antagonists. Science, 330, 1066-71.

XU, F., WU, H., KATRITCH, V., HAN, G. W., JACOBSON, K. A., GAQ, Z. G., CHEREZOV, V.
& STEVENS, R. C. 2011. Structure of an Agonist-Bound Human A2A Adenosine
Receptor. Science, 332, 322-327.

XUE, Y., CHEN, H., JIN, C., SUN, Z. & YAO, X. 2006. NBA-Palm: prediction of
palmitoylation site implemented in Naive Bayes algorithm. BMC Bioinformatics, 7,

458.

YAN, C., WANG, H. & BOYD, D. D. 2001. KiSS-1 represses 92-kDa type IV collagenase
expression by down-regulating NF-kappa B binding to the promoter as a
consequence of lkappa Balpha -induced block of p65/p50 nuclear translocation. J Biol

Chem, 276, 1164-72.

YOSHIOKA, K., OHNO, Y., HORIGUCHI, Y., OzU, C., NAMIKI, K. & TACHIBANA, M. 2008.
Effects of a KiSS-1 peptide, a metastasis suppressor gene, on the invasive ability of
renal cell carcinoma cells through a modulation of a matrix metalloproteinase 2

expression. Life Sci, 83, 332-8.

YU, H., CHEN, J. K., FENG, S., DALGARNO, D. C., BRAUER, A. W. & SCHREIBER, S. L.
1994. Structural basis for the binding of proline-rich peptides to SH3 domains. Cell,
76, 933-45.

ZAJAC, M., LAW, J., CVETKOVIC, D. D., PAMPILLO, M., MCCOLL, L., PAPE, C., DI
GUGLIELMO, G. M., POSTOVIT, L. M., BABWAH, A. V. & BHATTACHARYA, M. 2011.
GPR54 (KISS1R) transactivates EGFR to promote breast cancer cell invasiveness. PLoS

One, 6, €21599.

204



ZHANG, C.,, BOSCH, M. A., RONNEKLEIV, O. K. & KELLY, M. J. 2013. Kisspeptin
activation of TRPC4 channels in female GnRH neurons requires PIP2 depletion and

cSrc kinase activation. Endocrinology, 154, 2772-83.

ZHANG, C., SRINIVASAN, Y., ARLOW, D. H., FUNG, J. J., PALMER, D., ZHENG, Y., GREEN,
H. F., PANDEY, A., DROR, R. O., SHAW, D. E., WEIS, W. I., COUGHLIN, S. R. & KOBILKA,
B. K. 2012. High-resolution crystal structure of human protease-activated receptor 1.

Nature, 492, 387-92.

ZHANG, D., ZHAO, Q. & WU, B. 2015a. Structural Studies of G Protein-Coupled
Receptors. Mol Cells, 38, 836-42.

ZHANG, P., KOFRON, C. M. & MENDE, U. 2015b. Heterotrimeric G protein-mediated

signaling and its non-canonical regulation in the heart. Life Sci, 129, 35-41.

ZHANG, X. & KIM, K. M. 2017. Multifactorial Regulation of G Protein-Coupled
Receptor Endocytosis. Biomol Ther (Seoul), 25, 26-43.

ZHANG, X., LE, H. T.,, ZHANG, X., ZHENG, M., CHOI, B. G. & KIM, K. M. 2016.
Palmitoylation on the carboxyl terminus tail is required for the selective regulation of

dopamine D2 versus D3 receptors. Biochim Biophys Acta, 1858, 2152-62.

ZHENG, H., PEARSALL, E. A., HURST, D. P,, ZHANG, Y., CHU, J., ZHOU, Y., REGGIO, P. H.,
LOH, H. H. & LAW, P. Y. 2012. Palmitoylation and membrane cholesterol stabilize mu-

opioid receptor homodimerization and G protein coupling. BMC Cell Biol, 13, 6.

ZIEGLER, N., BATZ, J., ZABEL, U., LOHSE, M. J. & HOFFMANN, C. 2011. FRET-based
sensors for the human M1-, M3-, and M5-acetylcholine receptors. Bioorg Med Chem,

19, 1048-54.

ZUCKERMAN, D. M., HICKS, S. W., CHARRON, G., HANG, H. C. & MACHAMER, C. E.

205



2011. Differential regulation of two palmitoylation sites in the cytoplasmic tail of the

betal-adrenergic receptor. J Biol Chem, 286, 19014-23.

ZURN, A., ZABEL, U., VILARDAGA, J. P., SCHINDELIN, H., LOHSE, M. J. & HOFFMANN,
C. 2009. Fluorescence resonance energy transfer analysis of alpha 2a-adrenergic
receptor activation reveals distinct agonist-specific conformational changes. Mol

Pharmacol, 75, 534-41.

ZUSCIK, M. J., PORTER, J. E., GAIVIN, R. & PEREZ, D. M. 1998. Identification of a
Conserved Switch Residue Responsible for Selective Constitutive Activation of the

beta 2-Adrenergic Receptor. Journal of Biological Chemistry, 273, 3401-3407.

206



