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ABSTRACT Omar Bahattab

The role of ligand processing in neuromedin U receptor
signalling and regulation

The neuromedin U (NmU) and neuromedin S (NmS), neuropeptides, from various
species share the greatest homology in their C-terminal regions. Both NmU and NmS
share the seven residues located in the C terminus of their sequence, including the
amidation of the C-terminal amino acids. Two family A G protein-coupled receptors
have been identified for these peptides; NMU1 and NMU2. Both receptors have high
affinity for both ligands but the differential expression of receptors and ligands may
dictate what they do. Both receptors can signal through Gogi: and Gaip, leading to
increases in intracellular [Ca?*]; and pertussis toxin-sensitive inhibition of adenylyl
cyclase activity, respectively. Data presented here demonstrate that following
desensitisation of NMUZ2, re-sensitisation is dependent on receptor internalisation,
endosomal acidification and receptor recycling. Re-sensitisation is also dependent on
endothelin converting enzyme-1 (ECE-1) activity, most likely through proteolysis of
NmU in endosomes, which may facilitate disassociation of receptor-B-arrestin
complexes resulting in NMU2 recycling and re-sensitisation. In addition to Ca’* release,
NMUs activate extracellular signal-regulated kinase (ERK) and it is possible that this
may involve a number of different mechanisms. This study shows that human (h) NmU-
25 and hNmS-33 evoke time- and concentration-dependent activation of ERK by
NMU2. In experiments in which the free ligand was removed following a 5 minute
stimulation, hNmS-33 provoked prolonged activation of ERK whereas ERK activation
returned to basal level following hNmU-25. In these experiments, the ECE-1 inhibitor,
SM19712, prolonged ERK activation following hNmU. Knockdown of either f-
arrestin-1 or -2 with siRNA and, in particular, combined isoformic knockdown reduced
re-sensitisation of Ca?* signalling by NMU2 following desensitisation with either
ligand. Knockdown of B-arrestins-1 and -2 individually or in combination significantly
enhanced and extended the duration of NmU-mediated ERK activation, but had a much
more limited impact on hNmS-33-mediated ERK activation. The current study indicates
that ERK is likely regulated by G-protein-dependent mechanisms, mainly through Gag,

with little evidence for a role for G-protein-independent mechanisms.
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ABBREVIATIONS

[Ca*]; Intracellular calcium concentration

7TM Seven transmembrane

7TMRs Seven transmembrane receptors

AC Adenylyl cyclase

ACTH Adrenocorticotropic hormone

ADAM A disintegrin and metalloproteinase domain-containing protein
ALL Acute lymphatic leukaemia

AML Acute myeloid leukaemia

AP-2 Adaptor protein-2

APS Ammonium persulphate

ARC Arcuate nucleus

ATP Adenosine triphosphate

BBB Blood-brain-barrier

BiFC Bimolecular fluorescence complementation
BRET Bioluminescence resonance energy transfer
BSA Bovine serum albumin

CAMP Adenosine cyclic-3’,5-monophosphate
CCE Capacitative Ca”* entry

Cch Carbachol

CCK4 Cholecystokinin tetrapeptide

CCPs Clathrin-coated pits

CCVs Clathrin-coated vesicles

CCX-CKR High affinity receptor for the chemokines
cDNA Complementary DNA

CHO Chinese hamster ovary

cNmuU-25 Chicken NmU-25

cNmuU-9 Chicken NmU-9

CNS Central nervous system

CRAC Ca’" release-activating Ca’* channel

CRH Corticotrophin-releasing hormone
C-terminal Carboxy-terminal

Cy3B-pNmuU-8 pNmU-8 fluorescently-tagged at N-terminal with Cy3B
DAG Diacylglycerol

ddH,0 Double-distilled water

DGK Diacylglycerol kinase

DIO Diet-induced obesity

DMEM Dulbecco’s modified Eagle's medium
DMSO Dimethyl sulphoxide
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DNA Deoxyribonucleic acid

dNmuU-25 Dog NmU-25

dNmuU-8 Dog NmU-8

dNTPs Deoxyribonucleotide triphosphate

D-PBS Dulbecco’s phosphate-buffered saline
DTT Dithiothreitol

ECxo Concentration given 50% of the maximal response
ECE-1 Endothelin-converting enzyme 1

ECL Enhanced chemiluminescence

ECL Electrochemiluminescent

EDTA Ethylenediaminetetraacetic acid

EFC Enzyme fragment complementation

EGF Epidermal growth factor

eGFP Enhanced green fluorescent protein
EGFR Epidermal growth factor receptor

EPAC Exchange protein activated by cAMP
ERK Extracellular signal-regulated kinase

ETa Endothelin A receptor

FBS Fetal bovine serum

Fluo-4-AM Fluo-4-acetoxymethylester

FM-3 Previous name of neuromedin U receptor type-1
FM-4 Previous name of neuromedin U receptor type-2
Fmoc Fluorenylmethyloxycarbonyl

fNmU-17 Frog NmU-17

fNmMU-23 Frog NmU-23

fNmU-25 Frog NmU-25

G protein Heterotrimeric guanine nucleotide-binding protein
GABAg Gamma-aminobutyric acid receptor type B
GAP GTPase-activating protein

GDP Guanosine diphosphate

GEF Guanine-nucleotide exchange factor
gfNmuU-21 Goldfish NmU-21

gfNmuU-25 Goldfish NmU-25

gfNmU-38 Goldfish NmU-38

GIT Gastrointestinal tract

GLP-1 Glucagon-like peptide 1

GPCR G protein-coupled receptor

gpNmu-9 Guinea pig NmU-9

GRK G protein-coupled receptor kinase

GTP Guanosine triphosphate

H2r Histamine H2 receptor

HB-EGF Heparin-binding EGF-like growth factor
HEK?293 Human embryonic kidney 293 cell lines
HEK-NMU1 HEK 293 cells stably expressing NMU1

HEK-NMU1-eGFP

HEK 293 cells stably expressing C-terminal eGFP-tagged

NMU1

HEK-NMU?2

HEK 293 cells stably expressing NMU2
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HEK-NMU2-eGFP

HEK 293 cells stably expressing C-terminal eGFP-tagged
NMU2

hNmS-33 Human NmS-33

hNmU-25 Human NmU-25

HPLC High-performance liquid chromatography

HRP Horseradish peroxidase

13 Third intracellular loop

IBMX Isobutylmethylxanthine

ICC Immunocytochemistry

ICV Intracerebroventricular

IL Interleukin

InsPy Inositol (poly)phosphate

IP3 Inositol 1,4,5-trisphosphate

v Intravenous

JgNmMU-25 Japanese quail NmU-25

Kg Dissociation constant

KHB Krebs-HEPES buffer

KIR2DL1 Killer cell immunoglobulin-like receptor 2DL1

KO Knockout

LPARs Lysophosphatidic acid receptors

MAPK Mitogen-activated protein kinase

MEM Minimum essential medium

MES 2-(N-morpholino) ethane sulfonic acid

MNmMS-36 Mouse NmS-36

MRNA Messenger RNA

NGF Nerve growth factor

NK cells Natural Killer cells

NK1 Neurokinin 1 receptor

NmS Neuromedin S

NmU Neuromedin U

NMU1 Neuromedin U receptor subtype-1

NMU1-eGFP Neuromedin U receptor subtype-1 C-terminus tagged with
eGFP

NMU?2 Neuromedin U receptor subtype-2

NMU2-eGFP Neuromedin U receptor subtype-2 C-terminus tagged with
eGFP

NmU-LI NmU-like immunoreactivity

NMUR1 NMUL1 gene

NMUR?2 NMU?2 gene

NSCLC cells Non-small lung cancer cells

N-terminal Amino-terminal

NTS Nucleus tractus solitarius

OA Okadaic acid

PAGE Polyacrylamide gel electrophoresis

PC Prostate cancer

PDBu Phorbol 12,13-dibutyrate

PDGFR Platelet-derived growth factor receptors
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PECs Negative logarithm of the concentration given 50% of the
maximal response

pERK Phosphorylated extracellular signal-regulated kinase

PIP, Phosphatidylinositol-4,5-bisphosphate

PKA Protein kinase A

PKC Protein kinase C

PLC Phospholipase C

PLCP Phospholipase C

pNmU-25 Porcine NmU-25

pNmU-8 Porcine NmU-8

PP Protein phosphatase

PP2A Protein phosphatase type 2A

PTH Parathyroid hormone

PTHIR Parathyroid hormone receptor, subtype 1

PTX Pertussis toxin

PVDF Polyvinylidene difluoride

PVN Paraventricular nucleus

PYK?2 Protein kinase tyrosine

RAMP1 Receptor activity-modifying protein 1

rbNmuU-25 Rabbit NmU-25

RER Rough endoplasmic reticulum

RLU Relative light unit

RNA Ribonucleic acid

rNmsS-36 Rat NmS-36

rNmuU-23 Rat NmU-23

ROCK Rho-kinase

R-PSOP (R)5'(phenylaminocarbonylamino)spiro[ 1-
azabicyclo[2.2.2]octane-3,2'(3'H)-furo[2,3-b]pyridine]

RT Room temperature

S1P1 Sphingosine-1-phosphate receptor 1

S6 Ribosomal Protein S6

SAR Structure-activity relationship

SCN Suprachiasmatic nucleus

SDS Sodium dodecyl sulfate

SERCA Sarcoplasmic/endoplasmic reticulum Ca®*-ATPase

SiRNA Small/short interfering RNA

SM-19712 Selective ECE-1 inhibitor v(4-chloro-N-[[(4-cyano-3methyl-1-
phenyl-1H-pyrazol-5-yl)amino]carbonyl]
benzensulfateonaminde, monosodium salt)

SOS Son of Sevenless

SPPS Solid-phase peptide synthesis

STIM1 Stromal interaction molecule 1

TBST Tris buffered saline with Tween 20

TCA Trichloroacetic acid

TEMED N, N, N°, N -tetramethylelethylendiamine

tERK Total extracellular signal-regulated kinase

tNmS-17 Toad NmS-17
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tNmS-33

Toad NmS-33

TRPC Transient receptor potential cation channels
TSHR Thyrotropin receptor

UTP Uridine-5"-triphopshate

V2R Vasopressin V2 receptor
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CHAPTER 1

1.1 Neuropeptides and neurotransmitters

Different chemical substances regulating different physiological processes such as
locomotion, metabolism, homeostasis, reproduction and growth in multicellular
organisms mainly perform signal transmission between neurons in the nervous system.
These substances include neuropeptides and various types of neurotransmitters.
Neuropeptides are produced by enzymatic cleavage of a precursor protein in order to

make fragments that are active peptides specific for one or more GPCRs.

Neuropeptides are the largest and most diverse class of signalling molecules in the
brain. They can act as neurotransmitters, as modulators of ongoing neurotransmission
by other transmitters, as autocrine or paracrine regulators in a close cellular
environment, and as hormones on long range. Many attempts have been made in order
to define the neurotransmitters. Based on different concepts including that peptide
hormones are chemical signals in the endocrine system, neurosecretion of peptides is a
general principle in the nervous system; and the nervous system is responsive to peptide
signals, neuropeptides can be defined as they are small proteinaceous substances
produced and released by neurons through the regulated secretory route and acting on

neural substrates (Klavdieva, 1996).

Neuropeptides production occurs within the ribosomes in the neuronal cell body. Gene
transcription in the nucleus leads ultimately to the synthesis of a precursor protein, a
pre-propeptide, in the rough endoplasmic reticulum (RER). The pre-propeptide is then
transported to the Golgi apparatus where it is further modified and packaged into large
dense-core vesicles (100-200 nm in diameter). The mature peptide in vesicles is then
transported along the microtubules by motor proteins towards the pre-synaptic terminal
and vesicles are stored in preparation for release. If an action potential reaches the pre-
synaptic terminal, voltage gated calcium channels are opened resulting in an influx of
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[Ca®*];. The rise of cytosolic Ca®* triggers fusion between the vesicle membrane and the
plasma membrane of the pre-synaptic neuron and causes release of neuropeptide. The
neuropeptide then binds to a receptor on the post-synaptic neuron and causes a
postsynaptic effect that can be either an excitatory or inhibitory, but more common a
modulatory effect in the CNS (Nassel, 2002). On the other hand, neurotransmitters are
synthesized and packaged into small synaptic vesicles (50 nm in diameter) within the
pre-synaptic terminal. One or more biosynthetic enzymes are required for production of
the mature neurotransmitter. Moreover, removal of a neurotransmitter from the synaptic
cleft (to remove a signal) is accomplished by uptake into the pre-synaptic terminal or
into glial cells via vesicular transporters whereas neuropeptides are removed from the
synaptic cleft by enzymatic degradation or diffusion (Nassel, 2002). Neurotransmitters
are released from synaptic vesicles in synapses into the synaptic cleft, where they are

received by receptors on other synapses.

Neuropeptides can function as neuromodulators when released at a short distance,
synaptically or non-synaptically, or they can also act as neurohormones when released
at a longer distance into the blood stream (O'Shea et al., 1985; Nassel, 2009).
Neuropeptides play a role in signalling and were discovered in the 1970s by the fact that
most hypothalamic signalling molecules were identified as small peptides (Hokfelt et
al., 2003). With rare exceptions, all neuropeptide receptors belong to the large family of
G protein-coupled receptors (GPCRs). Indeed, they are ligands for about 20% of the
GPCRs (Rashid et al., 2004). Neuropeptides have the ability to modulate different
activities in the central nervous system such as pain, addiction and depression. In the
gastrointestinal tract (GIT), they can regulate absorption, motility, and smooth muscle
tone (Hokfelt et al., 2003; Rashid et al., 2004).

In contrast to other smaller signalling molecules such as neurotransmitters,
neuropeptides are released, expressed and used by neurons in order to communicate
with each other by acting on the cell surface receptors. Moreover, neuropeptides can be
present together with one or two neurotransmitters. This can help in synaptic
communication as the neurotransmitters affect the excitability of neurons by
depolarising or hyperpolarising them (Hokfelt et al., 2003). In addition, neuropeptides
are larger than neurotransmitters. They have 3-100 amino acid residues. This allows
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them to contain more chemical information and possess several sites for receptor
interaction (Hokfelt et al., 2003; Rashid et al., 2004). Therefore, neuropeptides have the
ability to bind to receptors with high affinity (pM to nM affinities compared to
neurotransmitters that have pM affinities). Furthermore, neuropeptides are usually
broken down by peptidases whereas removing small molecule neurotransmitter action is
by reuptake mechanisms with exception of acetylcholine (Ach) that is broken down by
acetylcholinesterase (Hokfelt et al., 2003).

1.2 Neuromedins

1.2.1 Introduction

Neuromedin U (NmU) and neuromedin S (NmS) are members of the neuropeptide
family known as the neuromedins. NmU was isolated from porcine cord in the early
1980s due to its ability to contract smooth muscle of rat uterus or guinea pig ileum (the
suffix U represents the ability to contract uterus smooth muscle) (Kangawa et al., 1983;
Minamino et al., 1983; Minamino et al., 1984b; Minamino et al., 1984a; Minamino et
al., 1985b; Mori et al., 2005a). However, NmS was isolated in 2005 from rat brain
extract and the suffix S given due to its high expression in the suprachiasmatic nucleus
(SCN) (Mori et al., 2005). Two GPCRs have been discovered for NmU and NmS
termed NMU1 and NMU2 (Alexander et al., 2008; Sharman et al., 2011).

Moreover, there are two porcine versions of NmU showing equipotent contractile
effects on strips of rat uterine smooth muscle. They were identified as pPNmU-25 and
pNmU-8, twenty five and eight amino acid peptides respectively. The number following
the peptide relates to the number of amino acids. The generation of the biologically
active, pNmU-8, has been suggested by the presence of a dibasic pairing Arg'® and
Arg*’ serving as a proteolytic cleavage site before the last eight C-terminal amino acids
(Minamino et al., 1985).

In both rat and man (Lo et al., 1992) (Austin et al., 1995), NmU is synthesized and
located within the C-terminus of a 174 amino acid precursor protein. There is 74%
homology between rNmU-23 and hNmU-25 and four out of five proteolytic sites in the

rat are present in the human version (Brighton et al., 2004a). This therefore



demonstrates evolutionary conservation of the precursor between hNmuU-25 and rNmU-
23.

NmS has been isolated from different species including human (hNmS-33), rat (rNmS-
36) and mouse (MNmMS-36) (Mori et al., 2005). It has also been isolated from the dermal
venoms of Eurasian bombinid toads (tNmS-17 and tNmS-33) (Chen et al., 2006). NmS
peptide was clearly detected in the rat brain. On the other hand, it was very difficult to
detect it in the spleen and testis compared to NmU. In rat brain, NmS peptide was found
in a number of areas including the hypothalamus, midbrain, and pons—medulla
oblongata, whereas abundant expression of NmS mRNA was detected only in the
hypothalamus. These differences in the distributions of MRNA and peptide indicate that
nerve fibers originating from hypothalamic NmS neurons project into the midbrain,
pons, or medulla oblongata. Furthermore, abundant expression of type 2 receptor
MRNA was detected not only in the hypothalamus, but also in the midbrain and pons—
medulla oblongata. These results suggest unknown physiological roles of NmS within
this region (Mori et al., 2012).

1.2.2 Structure and functions

NmU has been isolated from different species including rat (rNmU-23) (Domin et al.,
1986; Conlon et al., 1988; Minamino et al., 1988), guinea pig (gpNmuU-9) (Murphy et
al., 1990; O'Harte et al.,, 1991; Domin et al., 1992), Japanese quail (jgNmU-25)
(Shousha et al., 2005), human (hNmU-25) (Austin et al., 1995) and goldfish (gfNmU-
21, gfNmU-25 and gfNmU-38) (Maruyama et al., 2008).

Both NmU and NmS are located in separate genes and different chromosomes. NmU in
man, for example, is located on chromosome 4ql2 whereas NmS is located on
chromosome 2g11.2. The amino acid sequence analysis and structure of both NmU and
NmS has indicated three important points. These are the conservation of the amino acid
sequence particularly at the C-terminus; an amidated C-terminus and variation of N-
terminal length. Moreover, the different isoforms of NmU and NmS isolated from

mammalian and non-mammalian species reveal a significant level of conservation and
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homology (Figure 1.1). The C-terminal heptapeptide (FLFRPRN-NH;) of NmU and
NmS is conserved across all mammalian species, playing a fundamental role in their
biological activities. The C-terminal five amino acids (FRPRN-NH;) are conserved
across all species with the exception of isoforms isolated from goldfish (Maruyama et
al., 2008) (Figure 1.1).

In addition, NmS isoforms of all species have the same C-terminal undecapeptide (Chen
et al., 2006). It has been suggested, in some mammalian forms such as pNmuU-25
(Minamino et al., 1985) and dNmU-25 (O'Harte et al., 1991), that the presence of a
dibasic pairing (Arg*® and Arg’) plays fundamental role in allowing proteolytic
cleavage site. This, therefore, allows the generation of the biologically active
octapeptide, NmU-8. In chicken, however, Arg'’ is substituted by Gly, and a shorter
nonapeptide NmU-9 has been detected. Therefore, Arg'® and Gly'’ site has been
suggested to be a cleavage site (O'Harte et al., 1991) . On the other hand, Arg'® and
Gly'" are present in NmU of other species such as hNmU-25 as well but there is no

evidence for a shorter form (Figure 1.1).

The replacement, for example, of a single amino acid of NmU-8 by either Gly or the
inactive D-moiety leads to reduction in contractile activity on chicken crop smooth
muscle. Also, substitution of any of the last C-terminal seven amino acids of NmU-8 by
Ala reduced the potency for Ca** mobilisation in cells expressing NMU2 (Funes et al.,
2002). Moreover, it has been suggested that variations in the neuromedin U amino acid
sequence are associated with some diseases including the obesity (Hainerova et al.,
2006). For instance, it has been demonstrated that an Alal9Glu variant of NmU was
associated with an increased prevalence of the combined phenotypes of overweight and
obesity in middle-aged white people, and a rare mutation, Argl65Trp, co-segregated

with childhood obesity.

Moreover, amide group incorporation at the C-terminus is present in about 50% of
peptides with therapeutic use and this is a key in ligand-receptor interaction and in the
protection of the peptide against the proteolytic activity of carboxypeptidases (Rink et
al., 2010). The C-terminal asparagine is important for NmU. It has been shown that

pNmU-8 lacking this loses its hypertensive effect and contractile activity in both rat
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uterus (Minamino et al., 1985) and chicken crop smooth muscle (Kawai et al., 2006).
For example, in contrast to NmU-8, a non-amidated version did not stimulate Ca**
responses in cells expressing human NMUL1 (Hedrick et al., 2000). In addition, in cells
expressing mouse NMUs, non-amidated NmU-8, failed to evoke Ca?*, whereas NmU-8-
NH, elevated [Ca®']; at either NMU1 or NMU2 with similar potency (Funes et al.,
2002). Most of the differences in amino acid sequence of NmU and NmS between
different species are present at the N-terminus. Despite this, there is some conservation,
within N-terminal residues. In NmU-25, for instance, GIn® is conserved and Asp*-Glu®
is present as well with the exception of goldfish NmU-25, while chicken NmU-25 does
not have Pro'® (Figure 1.1). Because of these differences, it has been suggested that
these residues are key in the potency and duration of action. pPNmU-25 stimulates a
longer hypertensive impact than pPNmU-8 in rat and the contractile effect was three
times more potent than pNmU-8 on rat uterus (Minamino et al., 1985).

1.2.3 NmU and NmS distribution

NmU distribution has been studied in mammals including rat and man (Domin et al.,
1989; Austin et al., 1995; Fujii et al., 2000; Szekeres et al., 2000) where it is found
largely within brain and gut tissues. Thus, it is often termed a gut-brain peptide (Austin
et al., 1995; Szekeres et al., 2000). On the other hand, NmS exists mainly in the (CNS),
particularly in the (SCN) of the hypothalamus, the site of the master circadian

pacemaker in mammals (Mori et al., 2005).

NmS mRNA is highly expressed in the central nervous system, spleen and testis. In rat
brain, NmS expression is restricted to the core of the SCN. The highest level of
expression is detected in the hypothalamus (Mori et al., 2005). Moreover, there is also
low-level expression of NmS mRNA in other hypothalamic nuclei including the arcuate
nucleus (ARC), paraventricular nucleus (PVN), and supraoptic nucleus (Mori et al.,
2005).



hNmU-25
pNmU-25

pNmU-8
dNmU-25

dNmU-8
aNmu-25

aNmu-9
rNmU-25
gpNmuU-9
rNmU-23
fNmU-25

fNmU-23
tfNmU-23
cdNmU-17
goldfishNmU-38
goldfishNmU-25

goldfishNmU-21

FlRVDIEEE Qs P ALs iaus R UGV IFLLLEIRIPIRIVISNIS
GO00REEEER0VECOOCVHMGEEED NH,
03060000 NH,
GO00GGEEPERNMORIOOAGMEEEED NH,
6ROGEEOY NH,

VGV EDILIGAGG 0 s IRIGLY FLFIFIRIP IR IN NI
603660 NH,

LF P VDI TEFIQls PG s s RIS LY FLLIFIRIP TR I TS
603060000 NH,
00006VAEEVIOCEEEAEOEED NH,

LK PIDLELENLIQIG, PIGLGLV LIS IR G Y IFIVIFIRIP IR N AT S BY
SIDIELEILIQIGIPIGIGIV: LiSIRIGIYFIVIFIREPEREIN NH2

6066UCUEEEUIS060G060000 NH,
0006006066666060000 NH,
60600006060600060000060600000666000600 NI,
0600000000000060666000000 NH,
000060000000666000000 NH,

hNms-33
hNms-36
mNmS-36
tNms-33
tNmS-17
rNmS-36

000066600000600000000060066060000 NH,
060000000030000GECA0RGGO0600GEAR000D N,
060000006000000000000005060066060000 NF,

606EGO000000000000600060606060G00 N1,

09060060666060600 NI,
0000000000I00006E0A0E00606006GOGAGOD Ni1,

Figure 1.1 Amino acid sequences of the neuromedins, NmU and NmS, from

different species

NmU and NmS isolated form different species are shown in upper and lower boxes,

respectively. A conserved C-terminus pentapeptide (red circles) is present in all species

except in gfNmU (yellow circles) (Maruyama et al., 2008). All species have an amide

group at the C-terminal asparagine (N-NH;) (Domin et al., 1989). The conserved C-

terminal heptapeptide is indicated in the orange box. A cleavage site (Arg'®-Arg’) is

present in some species (green circles). NmU-8 is identical to the C terminus of NmU-

25. Thus, it is the most highly conserved region of the entire peptide (Zeng et al., 2006).

Abbreviations; h, human; p, porcine, d, dog; a, avian; r, rabbit; gp, guinea pig; f, frog;

cd, Chinese toad; m, mouse; t, toad; tf, tree frog.



1.2.4 Physiological roles of neuromedin U and S

Since the discovery of NmU and NmS, many studies have been conducted in order to
understand the pathophysiology of both peptides. It has been shown that they are
involved in different physiological and pathological activities in both the central and
peripheral nervous systems. NmU can, for instance, stimulate the secretion of the
somatostatin hormone from &-cell of rat pancreatic islets (Kaczmarek et al., 2009). It
has also been indicated that NmU has the ability to inhibit bone formation and
remodelling (Sato et al., 2007).

It has also been indicated that NmU plays a role in specific types of cancer. Since
treatment of leukemic cancer cell-line (K562) expressing dominant negative c-Myb may
promote leukemogenesis. Real-time PCR analysis of NmU mRNA and c-Myb in
primary acute myeloid leukaemia (AML), normal hematopoietic cells, and acute
lymphatic leukaemia (ALL) revealed that c-Myb was present in both AML and ALL,
while NmU was present only in AML (Shetzline et al., 2004).

An increase in the blood pressure can be achieved in response to administration of NmU
in rats in addition to an increase in heart rate whereas an increase in plasma
noradrenaline was only demonstrated at higher doses (Minamino et al., 1985; Chu et al.,
2002). As it has been mentioned early, the first function identified for NmU was the
ability of porcine NmU to contract rat uterine smooth muscle (Minamino et al., 1985).
In addition to its ability to contract this type of smooth muscle, it contracts many other
types of smooth muscles (Westfall et al., 2002; Jones et al., 2006; Prendergast et al.,
2006; Dass et al., 2007; Mitchell et al., 2009) and indeed human ileum, rat and mouse
stomach can be directly contracted by NmU (Dass et al., 2007).

Neuromedin U is a highly conserved neuropeptide regulating food intake and body
weight. Mice lacking NmU are hyperphagic and obese and this makes NmU receptor a
novel target for treating obesity (Howard et al., 2000; Hanada et al., 2004; Benzon et
al., 2014). NmuU injection in rat brain regions including ARC and PVN decreases food

intake, body weight and causes a transient increase in body temperature and locomotor



activity (Howard et al., 2000a). A role for NmU in regulating food intake is consistent
with the expression of NMU and its ligands in brain including ARC and PVN (Howard
et al., 2000; Kojima et al., 2000). Moreover, it has been recently reported that long-term
central administration of NmU reduces food intake, adiposity and body weight and the
NMU2 is crucial for such physiological activities in female but not male mice
(Egecioglu et al., 2009). Indeed, the PVN and ARC are well known to be crucial for
NmU-mediated central energy homeostasis. It has been shown that microinjection of
NmU in these areas in the rat led to satiety and increased locomotor activity and
temperature (Wren et al., 2002; Novak et al., 2006).

In addition, in contrast to corticotrophin-releasing hormone knockout mice CRH KO,
intracerebroventricular (ICV) administration of NmU suppressed dark-phase food
intake and fasting-induced feeding in wild-type mice and this suggest that NmU could
play a role in feeding behaviour via CRH (Hanada et al., 2003). In addition, ICV
administration of NmU reduced feeding, suggesting that NmU enhances energy
expenditure by increasing locomotor activity, body temperature and heat production
(Nakazato et al., 2000). On the other hand, it has been reported that NMU2 knockout
mice have increased the body weight when fed a high-fat diet. The same study
confirmed an anti-obesity role of the central NmU signalling system in diet-induced
obesity (DIO) that could be mediated via NMU2 in female but not in male mice
(Egecioglu et al., 2009). Perhaps surprisingly NMU2 knockdown had no effect on food
intake and body weight when rats were fed with a standard chow. In contrast, when they
were fed with only high-fat diet, they gained more body weight. The data in this study
suggest that NMUZ2 signalling in the PVN influences the intake of obesogenic food such
as high-fat diet by selectively regulating preference for increased dietary fat. Also,
NMU2 expression in the PVN minimises weight gain in an obesogenic circumstances,
since NMU2 normally inhibits weight gain even when exposed to obesogenic food
leading to weight gain increased, when NMU2 was knocked down (Benzon et al.,
2014).

It has been suggested that in order for NmU to exert its effects on feeding and satiety, a
neuronal network with other appetite-regulating peptides could be involved. For

instance, it has been indicated that the satiety hormone leptin regulates NmU action by
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blocking the satiety effect of leptin when ICV injection with anti-NmU IgG prior to
intraperitoneal administration of leptin was performed (Campfield et al., 1995). In light
of that, leptin is likely to exert its effects on food intake via NmU pathway (Jethwa et
al., 2005; Jethwa et al., 2006). Also, the interaction between leptin, a protein hormone
secreted from adipocytes acting at the hypothalamus mediating its anorectic effect
(reducing appetite), and NmU has been observed in which expression of NmU mRNA
is decreased within the hypothalamic of the leptin-deficient strain of mice and also in
the ventromedial hypothalamus (nucleus of the hypothalamus) of fasted rats (Howard et
al., 2000). Furthermore, it has been shown that NmU is stimulated by leptin from
hypothalamic explants (Wren et al., 2002a). Moreover, it has been indicated that NmU
expression is lesser within nucleus tractus solitarius (NTS) getting information
connecting to gut nutrients delivering this to different locations in the brain that regulate
food intake, including brain stem and forebrain (Rinaman et al., 1998). Therefore, based
on such outcomes, it is suggested that NmU free is mediated by leptin and the
composite of NmU is inhibited in the lack of leptin. In contrast, it has been reported
that that anti-NmU 1gG had no effect on blocking leptin-mediated on satiety (Nakahara
et al., 2010).

It has been reported that NmU and NmS peptides produce central effect on energy
homeostasis using NMU2 rather than NMU1. Therefore, a preferential central
distribution of NMU2 mRNA in the CNS in particular the hypothalamic regions
including the PVN in rat and mouse has been suggested (Howard et al., 2000; Guan et
al., 2001; Jethwa et al., 2006). It has also been suggested that NMU1 could be involved
in food intake and body weight inhibition following peripheral administration of NmuU.

A recent study highlights the crucial role of both NmU and NmS acting centrally on
NMU?2 in the regulation of body weight. Chronic centrally applied NmU or NmS can
decrease body weight and food intake and NmU also increased body temperature over
two weeks (Peier et al., 2009). These data suggest that NmU produced its effects when
administered centrally via NMU2 and through NMU1 when administered peripherally.
Excess weight and diabetes are conditions associated with a high morbidity and
mortality and an understanding of the regulation of the body weight is crucial for the

identification and exploitation of potential therapeutic targets.
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NmU and its receptors are also highly expressed in the SCN of the hypothalamus which
is the biological clock control centre (Nakahara et al., 2004). NmS is more highly
expressed than NmU in the SCN, suggesting a crucial role of this neuropeptide in
regulating the circadian system (Mori et al., 2005). Despite a potentially key role of
NmS in this, both NmU and NmS are regulated by the light-dark cycle with highest
expression during the light phase (Moriyama et al., 2005).

The functions of NmS in the brain have been validated by ICV administration of the
peptide to rats. This has been associated with a phase-shift in circadian rhythm (Mori et
al., 2005), suppression of food intake (lda et al., 2005), reduced urine volume
(Sakamoto et al., 2007), increased milk secretion (Sakamoto et al., 2008), and elevated
plasma levels of luteinizing hormone (Vigo et al., 2007). Although ICV-administered
NmU induced the same responses, the activity of NmS was greater than that of NmU
(Nakahara et al., 2004; Ida et al., 2005; Mori et al., 2005; Sakamoto et al., 2007;
Sakamoto et al., 2008). Also, it has been shown that cardiovascular function is regulated
by NmS through the sympathetic nervous system in mice as ICV injection increased
heart rate (Sakamoto et al., 2011). In addition to reducing feeding behaviour, NmS also
influences gut motility by reducing gastric emptying. It also disrupts the motor activity
in the antrum and duodenum of conscious food-deprived mice (Atsuchi et al., 2010).
Several mechanisms have been suggested to account for the way in which the central
administration of NmU controls feeding behaviour and energy expenditure. A previous
study indicated that central infusion of oxytocin by activating brain stem projecting
oxytocin-containing neuron is involved in the NmU-mediated inhibition of feeding
(Olson et al., 1991). Furthermore, it has been reported that activation of vasopressin or
arginine-vasopressin containing neurons in the PVN by NmU inhibited water intake
(Howard et al., 2000). This suggests that this effect is mediated by arginine-vasopressin
consistent with the ability of centrally administered NmU to stimulate release of this

hormone from hypothalamic explants (Niimi et al., 2001; Wren et al., 2002).
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1.3 Discovery and characterisation of receptors for NmU

1.3.1 Background

Two types GPCRs for NmU and NmS have been identified: NMU1 and NMU2
(Alexander et al., 2008; Sharman et al., 2011). Prior to de-orphanisation, these receptors
were known as FM-3 and FM-4 respectively. FM-3 was cloned from mouse T-cell
cDNA and human cDNA libraries according to its homology to the growth hormone
secretagogue receptor (the ghrelin receptor) and the neurotensin-1 (NT1 receptor),
which have 33% and 29% homology respectively to NMUL (Tan et al., 1998). FM-3
protein sequences from human and mouse are 73% homologous. FM-4, also previously
known as TGR-1, was also cloned from both human and rat and was identified as a
receptor for NmU and thus called NMU2 (Hosoya et al., 2000; Howard et al., 2000;
Raddatz et al., 2000). Human and rat NMU21 and NMU2 share 73% and 75% homology
respectively (Howard et al., 2000). NmU analogues have high affinity and stimulate
NmU-mediated signalling at sub-nanomolar concentrations (Kojima et al., 2000;
Raddatz et al., 2000; Szekeres et al., 2000).
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1.3.2 Structural characteristics of NMUs

Both NMU receptors are typical Family A GPCRs. The GPCRs have no sequence
homology but the primary structure is known by a common structural motif of 7TM-
spanning regions (Bockaert et al., 1999). NMUs have seven putative transmembrane
domains. The NMU2 C-terminus contains 88 amino acids whereas NMU1 C-terminus
consists of 70 amino acids. The D/ERY (Asp, Arg, Tyr, Glu) motif is a highly
conserved that plays a role in ligand binding (Rhee et al., 2000; Rovati et al., 2007), G-
protein coupling (Scheer et al., 2000) and the preservation of inactive receptors
(Wilbanks et al., 2002). NMUs have ERY motif at the boundary of TM 3 and the

second intracellular loop.

The importance of Arg of the D/ERY motif in the formation of the receptor-G protein
complex has been recently confirmed by the crystal structure of opsin in its G-protein-
interacting conformation (Scheerer et al., 2008; Rovati et al., 2014). Furthermore, it has
been suggested that Arg of the DRY motif is important for stabilizing the inactive and
the active conformation through interaction with key residues in TM-III, -VI. However,
the Arg micro-switch is not important for the actual G-protein activation. In addition,
the mutation of Arg had no effect on Gas signalling and internalisation, and only (-
arrestin-2 mobilization was reduced (Valentin-Hansen et al., 2012). NMUL1 has either a
shorter version, 403 amino acids (Tan et al., 1998) or a longer version of 426 amino
acids (Raddatz et al., 2000) and a predicted molecular mass of 47450 Da. Similar to
NMU1, NMU2 has two versions; either 412 amino acids (Hosoya et al., 2000; Howard
et al., 2000a) or 415 amino acids (Raddatz et al., 2000). The receptors show 45-50 %
amino acid homology. Transmembrane domains of both receptor, NMU1 and NMU?2,
are highly conserved whereas the N- and C-terminals indicate little homology. The third
intracellular loop of NMUZ2 is shorter than that in NMUL (Figure 1.2). NMUs have
phosphorylation sites within their intracellular domains potentially for PKA and PKC
and casein kinases | and Il. In contrast, GRKs phosphorylation sites have not been
identified (Brighton et al., 2004a) due to lack of information concerning consensus

sequences. NMU2 contains a certain sequence (-YQSF) binding to the clathrin-coated
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pit (CCP) playing a role in CCP-mediating GPCR ligand-dependent internalisation
(Marchese et al., 2008).

Disulphide bridges are likely between the conserved cysteine residues that are the same
positions of other Family A GPCRs (Strader et al., 1994; Perlman et al., 1995). This
disulphide bridge may be critical for ligand binding, protein folding and the stability of
receptor conformation (Savarese et al., 1992) (Figure 1.2). Serine-, threonine- and
tyrosine-linked phosphorylation and asparagine (N)-linked glycosylation sites are also
present. Unfortunately, due to the lack of information regarding consensus sequences,
(Pitcher et al., 1998), potential phosphorylation sites of GRKSs have not been identified.

NH>

NMU1

COOH
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Figure 1.2 The structure of NMU1 and NMU?2

The above structures were modified using the PyMol Molecular Graphics System.
Sequences were acquired with NCBI accession numbers for both receptors NMU1 and
NMU2 (AF272362 and AF272363, respectively). Prediction of the structures was
carried out using the TASSER (lterative Threading ASSEmbly Refinement approach).
It is a hierarchical approach to protein structure prediction that consists of template
identification by threading (a method of protein modeling which is used to model those
proteins), followed by tertiary structure assembly via the rearrangement of continuous
template fragments guided by an optimized C (alpha) and side-chain-based potential
driven by threading-based, predicted tertiary restraints (Zhang et al., 2004; Zhang et al.,
2006). The cysteine residues for disulphide bound formation are shown (s-s) (yellow
Spheres) between the first and second extracellular loops. Identification of N-linked
glycosylation sites are indicated (red Spheres). The sites most likely to be
phosphorylated are shown (serine residues cyan Spheres, tyrosine residues orange
Spheres, threonine residues green Spheres). The positions of the ERY motif at the
transmembrane are illustrated (blue Spheres). Adapted from

http://cssb.biology.gatech.edu.
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1.3.3 The distribution of NMUs

It has been suggested that NMU1 in human is expressed predominantly in the periphery,
especially the gastrointestinal tract, whereas NMU2 expression is predominantly in the
CNS. In the human, mRNA for NMUL exists in high levels in peripheral tissues
including lung, spleen, ileum, jejunum, and the duodenum and at lower levels in femur,
caecum, colon, and rectum (Fujii et al., 2000; Gartlon et al., 2004; Hsu et al., 2007).
Low amounts of NMUL are also present in thyroid, thymus, trachea, kidney, stomach,
adipose tissue and uterus but is not detectable in the adrenal gland or testis (Fujii et al.,
2000; Hsu et al., 2007). NMU1 mRNA and protein have also been shown in isolated rat
pancreatic islets (Kaczmarek et al., 2006). In Man, many studies using Northern blot
and dot blot analyses have indicated high levels of NMU1 mRNA in the periphery
including bone marrow, adrenal cortex, jejunum, duodenum, small intestine, adipose
tissue and testis. In addition, lower levels are present in prostate, kidney, lung, stomach,
spleen, trachea, heart, and placenta (Hedrick et al., 2000; Raddatz et al., 2000; Szekeres
et al., 2000; Gartlon et al., 2004).

NMU1 mRNA exist but at low levels in rat CNS but can be detected in striatum,
thalamus, spinal cord, cortex, cerebellum, small-medium diameter of dorsal root ganglia
and amygdale. In the mouse, NMU1 mRNA is present in small neurons of the dorsal
root ganglia and in hippocampal neurons (Fujii et al., 2000; Funes et al., 2002; Gartlon
et al., 2004; Zhang et al., 2010; Wang et al., 2011).

NMU?2 is present in high levels peripherally and has been identified often at both the
mMRNA and protein level. For instance, in the rat high levels are found in the uterus and
ovary but at low levels in salivary gland, adipose tissue, stomach, large intestine, small
intestine, bladder, testis and thymus (Fujii et al., 2000; Hosoya et al., 2000; Gartlon et
al., 2004). In contrast to NMU1, NMU2 mRNA or protein is absent from the adrenal
gland (Fujii et al., 2000; Hsu et al., 2007; Rucinski et al., 2007; Trejter et al., 2008;
Ziolkowska et al., 2008). Also, species-dependent distribution has been suggested and

this can be clearly seen as NMU?2 is absent in human and dog uterus but present at high
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levels in rat uterus (Raddatz et al., 2000; Shan et al., 2000). This may result from the
impact of oestrogen that enhances NMU2 expression in rat (Nandha et al., 1999).
NMU2 mRNA has also been found in high levels in the pig including lung, heart, ovary,
spleen, uterus, kidney, liver and colon with low levels in duodenum and thyroid gland
(Yang et al., 2012). NMU2 is detected in the ovary, gut, kidney and testis in goldfish
peripheral tissues (Maruyama et al., 2011).

NMU?2 is also centrally distributed and this is consistent with the NMU ligands, NmU
and NmS, indicating important functions of the ligands. NMU?2 is present in high levels
in rat hypothalamus particularly in the wall of the third ventricle with moderate levels in
the par ventricular nucleus (PVN) (Howard et al., 2000a; Guan et al., 2001). Low levels
of NMU2 mRNA have also been observed in different tissues including spinal cord,
striatum, hippocampus and medulla oblongata (Fujii et al., 2000; Hosoya et al., 2000;
Gartlon et al., 2004). NMU2 is present in low levels in the cerebellum, thalamus and
cortex (Fujii et al., 2000; Hosoya et al., 2000; Gartlon et al., 2004). On the other hand,
in mouse, the hypothalamus, medulla, pons and spinal cord, have the highest amounts of
the receptors (Funes et al., 2002). Furthermore, brain and pituitary in goldfish have
NMU2 (Maruyama et al., 2011). In addition, it has been recently demonstrated that
NMU2 mRNA exists in spinal cord, medulla oblongata, hypothalamus, pons and
pituitary in pig (Yang et al., 2012). In human, it has been shown that NMU2 mRNA is
expressed predominantly to specific regions within the brain including substantia nigra
(Howard et al., 2000), medulla oblongata, pontine reticular formation (Raddatz et al.,
2000), spinal cord and thalamus. It has also been observed in the hippocampus,
hypothalamus, and cerebral cortex (Raddatz et al., 2000). In addition, human NMU2
has been peripherally observed. For example, it has been found with high levels in
testes whereas it was found with low levels in gastrointestinal tract, genitourinary tract,
liver, pancreas, adrenal gland, thyroid gland, lung, trachea, spleen, thymus, and thyroid
(Raddatz et al., 2000; Shan et al., 2000). In contrast, human NMU2 has not been
peripherally observed with some researches either in liver, heart, skeletal muscle,
intestines, pancreas, placenta, and kidneys (Howard et al., 2000) or bladder (Westfall et
al., 2002).
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As it has been early mentioned that two high affinity NmU and NmS receptors, NMUI
and NMU2, have been identified and NMUI is predominantly expressed in the
periphery, whereas NMUZ2 is primarily expressed in the brain and because the obesity is
regulated centrally, and based on that, this study has focused on using NMUZ2 rather
than NMUL. On the other hand, when required, the comparison between the receptors
has been conducted. Therefore, human embryonic kidney cells (HEK293), either wild-
type (HEK293-WT), or stably expressing either NMU1 or NMU2 (HEK-NMUL1 and
HEK-NMU2, respectively) were provided by GlaxoSmithKline (Harlow, UK).
Moreover, HEK-NMU1-eGFP and HEK-NMUZ2-eGFP stable cell-lines were generated
in our lab by a previous PhD student (Alhosaini, 2011). These cells were used in this
project. On the other hand, the natural expression of NMUs and/or the ability of NmU
to evoke NMU-mediated [Ca®']; mobilization in a range of cells endogenously
expressing NMU, including K562 cells, mouse Th2 cells (Johnson et al., 2004), primary
mast cells (Moriyama et al., 2005), pancreatic p-cells (Kaczmarek et al., 2006), human
pancreatic cancer cell-lines (Ketterer et al., 2009) and eosinophils (Moriyama et al.,
2006) have been investigated. Unfortunately, no responses were detected in most of
these studies. The reason for the lack of responses to NmuU is unclear. One possibility

could be the lack of receptors on the cell membrane.

19



1.4 G protein-coupled receptors (GPCRs)

NmU and NmS mediate their function via either NMU1 or NMU2 receptors belonging
to Family A of the GPCRs superfamily. Therefore, it is important to understand how
these receptors are activated and regulated depending on previous studies of other
members of GPCRs.

GPCRs are polypeptides of 300-1200 amino acids, sharing seven transmembrane a-
helices (7TM) and possessing an extracellular N-terminus and cytoplasmic C-terminus
constituting the largest family of plasma membrane receptors. These receptors play a
role in many diseases and are considered as potential therapeutic targets for around 40%
of drugs (Millar et al., 2010). Many functions are regulated by these receptors including
electrical activity, metabolism, secretion and response to neurotransmitters and
hormones (Stevens et al., 2013). These functions are achieved by activating
heterotrimeric G protein. In contrast, G protein signalling can also be activated by some
receptors that do not have 7TM helices (Patel, 2004).

The seven transmembrane-domain GPCR superfamily is grouped based on sequence
similarities and the length of the extracellular N terminus into three main sub-families,
A, B and C. These sub-families have approximately 25% amino acid homology between
them. Family A is the largest family with a short extracellular N terminal and many
receptors belong to this sub-family including opsin receptors and adrenoreceptors and
they are known as rhodopsin-like receptors. Family B receptors are smaller than family
A and include peptide hormones such as secretin and glucagon and therefore they are
called secretin/glucagon receptors with an intermediate extracellular N terminal length
that is ligand-binding domain. Family C is the smallest family with a long extracellular
N terminal containing “venus flytrap” module that is the ligand binding site (Brauner-
Osborne et al., 2007). The contain Ca?* -sensing receptors and gamma-aminobutyric
acid type B (GABAGg) receptors. Both physiological and structural features have been
used to classify GPCRs. However, more recently, an alternative classification system
called GRAFS has been proposed. Thus, a large scale phylogenetic analyses of the
majority of the GPCRs in the human genome has been performed providing the GRAFS
system identifying five families named glutamate (G), rhodopsin (R), adhesion (A),
frizzled/taste2 (F), and secretin (S) (Fredriksson et al., 2003).
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1.4.1 Activation and termination of signalling by G proteins

G protein-coupled receptors signal through a variety of mechanisms that impact many
functions. G protein—dependent and G protein—independent pathways each have the
capacity to initiate numerous intracellular signalling cascades to mediate these effects
(Figure 1.3).

GPCRs are so named due to their interaction with G proteins. G proteins are
heterotrimeric guanine nucleotide-binding proteins. They belong to the GTPase
superfamily acting as transducers of the signal generated by the ligand-receptor
complex and therefore signalling pathways can be either activated or inhibited. G
proteins have three polypeptides grouped into two functional units; o-subunit and By
subunit. Both subunits are localized at the inner surface of the plasma membrane.
Guanine nucleotide (GDP) is bound to the binding site of a-subunit that has GTPase
activity facilitating GTP hydrolysis and G protein inhibition in a-subunit (Cabrera-Vera
et al., 2003). At the resting state, the G protein binds as a heterotrimeric complex with
GDP bound to the a-subunit. Ligand binding leads to a conformational change of the
receptor causing GDP to disassociate from the o subunit. This is replaced by GTP. The
receptor-ligand complex behaves as a guanine nucleotide exchange factor (GEF) for the
G protein resulting in disassociation of a-GTP from the By complex. GDP-for-GTP
exchange results in releasing a-GTP from the By dimer leading to interaction of Ga and
/or GBy subunits with effectors. Once the GTP is hydrolysed to GDP by Ga subunit
GTPase activity, Ga-GDP quickly rebinds to the Gy complex in order to recreate the
inactive form of G protein heterotrimer. It is worthy to mention that GTPase activity is
regulated by GTPase-activating proteins (GAPS) that in this instance are often members
of the regulator G protein signalling (RGS) protein family (Pierce et al., 2002) (Figure
1.4).

There are more than 20 subtypes of Ga subunits with four main classes; Gas, Goi2/13,
Gai/o and Gag/11. GPCRs can bind either promiscuously or selectively to specific Ga
members. Gas activates adenylyl cyclase (AC) and this in turn promotes the synthesis

of the second messenger adenosine cyclic-3",5 -monophosphate (CAMP) from ATP.
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Protein kinase (PKA) is activated by cAMP and as a result of this activation, many
cellular functions can be regulated by phosphorylation. In addition, GBy can activate
CcAMP production by increasing AC activity using some but not all isoenzymes. On the
other hand, Gai/o inhibits AC activity and thus cAMP generation is inhibited.
Moreover, many ion channels such as inwardly rectifying K™ channels can be regulated
by Gai/o (Figure 1.5).

Gog/11 plays a role in stimulating phosphoinositide turnover through activation
phospholipase CB (PLCP) and this enzyme hydrolyses phosphatidylinositol-4,5-
bisphosphate (PIP,) to both diacylglycerol (DAG) that activates protein kinase C
(PKC), and IP5 that induces Ca®* release into the cytoplasm by stimulating IP5 receptors
on the endoplasmic reticulum (Dawson, 1997; Berridge et al., 2000; Cordeaux et al.,
2002) . The effectors of the G213 pathway are three RhoGEFs (p115-RhoGEF, PDZ-
RhoGEF, and LARG), which, when bound to Gal2/13 activate the cytosolic small
GTPase, Rho. Once bound to GTP, Rho can then go on to activate various proteins

responsible for cytoskeleton regulation such as Rho-kinase (ROCK).

The majority of GPCRs that couple to Gaiz13 also couple to other sub-classes, often
Gag/11. This results in facilitating GTP-for-GDP exchange on RhoGEF, which can
regulate functions such as cell migration and proliferation (Chen et al., 2005). Once the
GPy is dissociated from the activated G proteins complex, in addition to ion channels, a
huge number of effectors such as AC and PLC can be also modulated (Jacoby et al.,
2006). An example of Gy signalling is its effect of activating or inhibiting (AC)
leading to the intracellular increase or decrease of the (CAMP) (Tang et al., 1991).
Despite that a study did not detect an effect of NmU on AC activity in HEK293 cells
transiently expressing NMU1 (Szekeres et al., 2000), it has recently been suggested that
NMU1-meidated signalling occurs via Gogi: while NMU2 signalling prefers
downstream of Gai, (Hsu et al., 2007). Coupling of NMUs has also been investigated
with both recombinant (Brighton et al., 2004b) and endogenous (rat colonic smooth
muscle cells) NMU-expressing cells (Brighton et al., 2008).

It has also been demonstrated that extracellular signal-regulated kinase (ERK) are
activated following G protein-dependent and p-arrestin-dependent pathways (DeFea et
al., 2000; Marinissen et al., 2001).
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Figure 1.3 G-protein-dependent and G-protein-independent signalling pathways

Once the ligand binds to the receptor, the receptor activates a Ga-subunit and the
effector; in this example, PLCp is activated leading to downstream G-protein-dependent
signalling. Following receptor phosphorylation and arrestin recruitment, alternatively,

G-protein-independent signalling pathways are initiated including for example, ERK.
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Figure 1.4 Activation cycle of a G-protein by a G-protein-coupled receptor

receiving a ligand

GPCR in the resting state (1). When the ligand binds to the receptor, association of the
membrane-heterotrimeric G protein with the intracellular domain of the receptor is
promoted (2). Because of ligand binding, the GDP associated with the Ga subunit is
exchanged for GTP (3). The Ga-GTP subunit dissociates from the By subunits and
therefore the separated subunits are able to modulate effector enzymes (4). Finally, GTP

hydrolysis to GDP allows re-association of o and By subunits.
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Figure 1.5 Ga-mediated signalling pathways resulted by different Ga subunits
Pathways regulated by different Ga subunits. Gas and Gaij, activate and inhibit AC

respectively. Gao/13 activates monomeric G-protein such as Rho. Gog11 activates PLC
hydrolysing PIP, to increase [Ca®']; and activate PKC. Abbreviations: AC; adenylyl
cyclase. PKC; protein kinase C. PKA,; protein kinase A. Epac; exchange protein directly
activated by cCAMP. ER; endoplasmic reticulum.
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1.4.2 Phosphorylation and desensitization of GPCR

In order for a GPCR to transduce an extracellular signal, it must both traffic correctly to
and be retained at the cellular surface to allow for receptor/ligand interaction. The well-
characterised pathway for GPCR endocytosis occurs through clathrin-coated pits
(CCPs) that contain clathrin and adapter protein-2 (AP-2) complexes. Once the ligand
binds to the receptor, G proteins are activated allowing the regulation of cellular
activity. However, such processes tightly regulate the sensitivity and responsiveness of
cells to such activation as desensitisation in the face of repeated or persistent agonist
stimulation to ensure the reduction of prolonged effects that may be detrimental effects
to cell function and viability. Desensitisation can essentially be sub-divided into two
types. Homologous desensitisation is where only active receptors (agonist-bound) are
regulated, whereas heterologous desensitisation is where inactive receptors (i.e. those
not bound by agonist) are regulated by the activity of other receptors that couple to the
same or different signalling pathways (Lohse et al., 1990). The general mechanisms for
such desensitisation processes involves phosphorylation of serine/threonine residues
within the third intracellular (i3) loop and C-terminal tail of the receptor by a range of
protein kinases although it is notable that desensitisation can occur at other points in the
signalling pathways (Pierce et al., 2002). The Kkinase(s) responsible for this
phosphorylation are either PKC or PKA for heterologous desensitisation or G protein
coupled receptor kinases (GRKSs) for homologous desensitisation) (Pierce et al., 2002).
Desensitisation can be either rapid within seconds to minutes or slow within hours to
days and involve loss of receptor signalling function, removal or receptors from the
plasma membrane into the sub-cellular compartments (internalisation) or loss of total

receptor number (down-regulation).

NMU1 and NMU2 contain putative (serine/threonine) phosphorylation sites for PKA
and PKC in their intracellular terminus (Brighton et al., 2004a) (Figure 1.2). The
consensus sequences for GRK phosphorylation have not been defined and it is therefore
not possible to say with any certainty if the NMU receptors contain GRK
phosphorylation sites (Brighton et al., 2004a).
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Receptor phosphorylation by GRKs results in B-arrestin recruitment and therefore
removing of receptor-G protein coupling and G protein dependent signalling (Pierce et
al., 2002; Moore et al., 2007; Marchese et al., 2008).
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1.4.3 Internalization and trafficking of GPCR

In addition to fulfilment an intracellular signalling role, GPCRs internalisation plays a
role in receptor desensitisation, recycling and down-regulation (Moore et al., 2007). As
a result of GRK-mediated receptor phosphorylation and B-arrestin binding, the receptor
complex is internalised using clathrin-coated pits (CCP) that is supported by GRK and
[-arrestin in the presence of the adaptor protein-2 (AP-2) that facilitates translocation of
the receptor-p-arrestin complex into CCP. In addition, the presence of GTPase proteins
such as dynamin, which participates in the pinching of CCP from the cell surface, is
crucial for processing of clathrin-dependent endocytosis that allows the complex to be
moved to the early endosome. There are then two possibilities; the receptor either is
degraded in lysosomes or dephosphorylated and recycled back to the cell surface (re-
sensitisation) (Pierce et al., 2002; Moore et al., 2007) (Figure 1.7). The presence of
(Tyr-X-X-@ where x is any amino acid, and & is a bulky hydrophobic residue) at the C-
terminus in the receptor is important in binding to the subunit of the AP-2. This
regulates CCP-dependent GPCR internalisation and trafficking. Internalisation of
NMUs has been confirmed by fluorescently-tagged pNmuU-8 (Cy3B-pNmU-8) that can
be inhibited by concanavalin suggesting the role of CCP-mediated internalisation
(Brighton, 2005). Moreover, NMU2 has a tyrosine motif (YQSF) in its C-terminal
indicating that this receptor is susceptible to AP-2-/clathrin-dependent internalisation
(Marchese et al., 2008). The Rab family of small GTPases is crucial in determining the
fate of a GPCR. In addition, it has recently been indicated that sorting nexin 1 (SNX1)
plays a role in endosomal to lysosomal GPCR sorting (Zhong et al.,, 2002).
Overexpression of a SNX1 carboxyl terminal-deletion mutant was able to impede
endosome to lysosome sorting of PARL and thus markedly inhibit PAR1 degradation
(Wang et al., 2002). Whether SNX1 or other SNX proteins can mediate the endosomal
to lysosomal sorting of GPCRs other than PAR1 remains to be determined. Moreover,
receptor ubiquitination (an enzymatic, protein post-translational modification process) is
integral in receptor degradation by means of lysosomes (Seachrist et al., 2003; Drake et
al., 2006). Ubiquitin-dependent lysosomal degradation is applicable to GPCRs
including vasopressin receptor (V;R) (Martin et al., 2003) and the protease-activated
receptor2 (PAR2) (Jacob et al., 2005).
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1.4.4 The role of B-arrestins in the termination and transduction of GPCRs signals

Activation of GPCRs on the cell surface by ligand binding promotes functional
signalling via G protein-dependent and independent pathways (Pierce et al., 2002)
(Figure 1.5). In addition, ligand binding to GPCRs induces phosphorylation of
intracellular domains within receptors, the binding of B-arrestins and internalisation of
the ligand-receptor-p-arrestin complex into intracellular compartments leading to signal
termination, signal propagation and receptor re-sensitisation (Moore et al., 2007;
Marchese et al., 2008) (Figure 1.8). Classical agonists bind the receptor and stabilise
conformations that couple to and activate heterotrimeric G proteins and this results in
canonical second-messenger signalling. Moreover, these activated receptors are
substrates for G-protein-coupled receptor kinase (GRKSs). After phosphorylation by
GRKSs, receptors bind B-arrestins sterically interdicting further G-protein signalling.
This results in G-protein signal cessation, leading to receptor desensitisation. In
addition, [-arrestins scaffold receptors to membrane-trafficking machinery and
therefore cause receptor internalisation from the cell surface and sequestration form G

proteins.

It has been recently shown that GPCRs exhibit different patterns of agonist-induced f3-
arrestin interaction, which allows the receptors to be grouped into two distinct classes.
Class A receptors include the B, and alg adrenoceptor, p opioid, endothelin 5o and
dopamine Dia receptors. These receptors bind to B-arrestin-2 with higher affinity than
B-arrestin-1 and their interaction with B-arrestins is transient. B-arrestins are recruited to
the receptor at the plasma membrane and translocate with it to clathrin-coated pits;
however, the receptor—f-arrestin complex dissociates upon internalization of the
receptor, such that, as the receptor proceeds into an endosomal pool, the B-arrestin
recycles to the plasma membrane (Zhang et al., 1999). Class B receptors, represented by
the angiotensin AT, neurotensin 1, vasopressin 2, thyrotropin-releasing hormone and
neurokinin NK-1 receptors, bind to p-arrestin-1 and p-arrestin-2 with equal affinity.
These receptors form stable complexes with B-arrestins, such that the receptor—p-

arrestins complex internalizes as a unit that is targeted to endosomes (Zhang et al.,
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1999; Oakley et al., 2000b). By analogy with the known crystal structure of visual
arrestin, B-arrestins are thought to be composed of two major structural domains, N and
C, each comprising a seven-stranded  sandwich (Figure 1.6). Based upon mutagenesis
studies performed using both B-arrestins and visual arrestins, the p-arrestins are
comprised of two major functional domains, an N-terminal (A) domain responsible for
recognition of activated GPCRs and a C-terminal (B) domain responsible for secondary
receptor recognition. The A and B domains are separated by a phosphate sensor domain
(P) (Figure 1.6). The functionally identified A and B domains correspond
approximately to the N and C domains identified crystallographically. N (R1)- and C
(R2)-terminal regulatory domains reside at either end of the protein (Luttrell et al.,
2002). The R2 domain contains the primary site of B-arrestin-1 phosphorylation, S412,
as well as the LIEF (amino acid residues LIEF) binding motif for clathrin and the RXR
binding motif for B,-adaptin (AP2). The recognition domain for inositol phospholipids
(IPg) resides within the B domain. One or more PXXP motifs located within the A
domain of B-arrestin-1 mediates binding to the c-Src-SH3 domain. The MAP kinase,
JNK3, and possibly other MAP kinases (MAPKs), interact with B-arrestin-2 via a
consensus MAP kinase recognition sequence, RRSLHL, located within the B domain.
Less precisely defined interactions, such as those between B-arrestin-1 (1-185) and
Askl and Src-SH1 domains, B-arrestin-1 and NSF, and B-arrestin-2 and Mdm2, are also
shown (Figure 1.6). Regions of the protein involved in receptor or membrane
recognition are shown in blue; those involved in controlling B-arrestin interaction with
the endocytic machinery are shown in red, while proposed interactions between [-
arrestin and signalling proteins are shown in green (Luttrell, 2002). The signalling
pathway (as a result of activation) needs to be interdicted; otherwise cell death or
uncontrolled proliferation could occur. Therefore, in addition to its role in terminating
receptor activation, the degradation of molecules produced by an activated receptor is
facilitated by B-arrestin. For example, different enzymes including diacylglycerol kinase
(DGK) and phosphodiesterase (PDE4) (as a result of mAChR and B-adrenoceptor
activation, respectively) are recruited by [-arrestin resulting in DAG and cAMP
degradation into phosphatidic acid (PA) and AMP, respectively (Perry et al., 2002;
Nelson et al., 2007).
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Figure 1.6 putative domain architecture of the p-arrestins (Luttrell et al., 2002)

The B-arrestins are comprised of two major functional domains, an N-terminal domain
responsible for recognition of activated GPCRs and a C-terminal domain responsible for
secondary receptor recognition. The N and C domains are separated by a phosphate
sensor domain (P). The functionally identified N and C domains correspond
approximately to the N and C domains identified crystallographically. R1- and R2-
terminal regulatory domains reside at either end of the protein. The R2 domain contains
the primary site of B-arrestin-1 phosphorylation, S412, as well as the LIEF binding
motif for clathrin and the RXR binding motif for B,-adaptin (AP2). The recognition
domain for inositol phospholipids (IPs) resides within the B domain. The MAP kinase,
JNK3, and possibly other MAP kinases (MAPKs), interact with B-arrestin-2 via a
consensus MAP kinase recognition sequence, RRSLHL, located within the B domain.
Regions of the protein involved in receptor or membrane recognition are shown in blue;
those involved in controlling B-arrestin interaction with the endocytic machinery are
shown in red, while proposed interactions between [-arrestins and signalling proteins

are shown in green.
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1.4.5 GPCRs dephosphorylation

Dephosphorylation is a critical mechanism of GPCR re-sensitisation. After stimulation,
the phosphorylated P,AR, for instance, appears in an endosomal vesicle fraction
enriched with protein phosphatase type 2A (PP2A) activity (Pitcher et al., 1995). It has
been suggested that receptor internalisation is required for receptor dephosphorylation
within the intracellular compartments, leading to receptor recycling and re-sensitisation.
The B,AR, for instance, is phosphorylated in response to agonist stimulation and

dephosphorylated after 20 min recovery in agonist-free media (Anborgh et al., 2000).

PP2A is a cytosolic enzyme that is a member of a diverse family of phospho-serine and
phospho-threonine specific enzymes expressed in in eukaryotic cells (Zolnierowicz,
2000). Dephosphorylation of the B2AR could occur in acidified vesicles because the
association of the receptor with PP2A could be prevented by the neutralization with
ammonium chloride (Krueger et al., 1997). A B-arrestin 2 BAR2-PP2A complex, in
addition, is a signalling intermediate of the dopamine D2 receptor (Beaulieu et al.,
2005). Endocytic vesicles that are formed by invagination and pinching of clathrin-
coated pits become uncoated in the cytoplasm and fuse with specialized membrane
organelles known as endosomes, from which receptors and their ligands are sorted to
various intracellular destinations. The pH of endocytic organelles and lysosomes is
acidic, and acidification and its regulation constitute an important part of endosome
maturation. Early endosomes have a pH in the 6.8-6.1 range, whereas the late
endosomes in the 6.0-4.8 range and in lysosomes the pH can drop to values around 4.5
(Maxfield et al., 1987). The low pH not only provides a better environment for
hydrolytic reactions, but it is also essential for membrane trafficking, for the sorting and
routing of cargo, for the inactivation of internalized ligands-receptor complexes
(Huotari et al., 2011).

Some phosphorylated receptors are rapidly dephosphorylated by protein phosphatase(s)
at or near the plasma membrane directly following receptor activation. This suggests
that these different mechanisms of receptor dephosphorylation could occur at different

phosphorylation sites and this has been shown for the somatostatin receptor (Ghosh et
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al., 2011). There also can be a mixture of dephosphorylation events. Thus, for example
the NK1R can be internalised, dephosphorylated, recycled and re-sensitised (Grady et
al., 1995), but some desensitised NK;Rs remain at the cell surface where they are
dephosphorylated by PP2A (Murphy et al., 2011). Substance P (SP) induced association
of B-arrestin 1 and PP2A with noninternalised NK3R, since B-arrestin 1 knockdown
prevented SP-induced association of cell-surface NK;R with PP2A. This suggests that
this interaction is mediated by B-arrestin. This rapid receptor dephosphorylation requires
the scaffolding function of B-arrestin to recruit protein phosphatase(s) which in return

prevent other forms of B-arrestin-dependent signalling.

Because nothing is known about the protein phosphatases responsible for NMU2 de-
phosphorylation and re-sensitisation, the mechanism of NMU2 re-sensitisation and the

role of PP2A in this process were examined.
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1.5 Ligand-receptor pseudo-irreversible binding and dual

coupling of NMUs in recombinant systems

It has been indicated by previous studies in our laboratory that HEK293 cells stably
express either NMUL1 or NMU2 (HEK-NMU1 and HEK-NMU?2, respectively) that
increases in [Ca*']; observed on application of different NmU analogues did not return
to basal levels even with extensive washing. In addition, no Ca** response was observed
on re-application of NmU (Brighton et al., 2004b; Alhosaini, 2011). Under these
conditions, it was not clear whether a rapid complete of NMU1l and NMU2
desensitisation or a pseudo-irreversibility of NmU-binding occurred. Furthermore, this
irreversible binding was proposed on the basis of inability to remove fluorescently-
tagged pNmU-8 (Cy3B-pNmU-8) from the NMU receptors even with extended wash
periods or even with displacing it by addition of 10-fold excess of unlabelled NmU
(Brighton et al., 2004b). This phenomenon (irreversible-binding) has been demonstrated
by several GPCRs including substance P (SP), since repetitive application of SP in
KNKR cells did not evoke repetitive [Ca®*]; signalling via a neurokinin-1 receptor even
with washing to remove ligands (Schmidlin et al., 2001). Low pH solutions have been
successfully used to remove high-affinity peptide ligands from their receptors at the
cell-surface (Haigler et al., 1980; Koenig et al., 1997). Thus, this approach has been
successfully exploited in our laboratory in order to remove receptor-bound Cy3B-
pNmU-8. Washing with pH 7.4, 4, 3.5, 3 for 30 s failed to do so, while a rapid washing
(15-25) at pH 2.0 was sufficient to completely displace Cy3B-pNmU-8 from the cell
membrane. this can be acheived without affecting cell viability and their ability to
respond to agonist re-application, since re-stimulation of the cells with pNmU-8-Cy3B
(10 nM) restored fluorescence at the cell surface (Brighton et al., 2004b; Alhosaini,
2011). In addition, Cy3B is considered to be relatevily acid-insensitive (Amersham
Bioscience, Fluorescence Screening Guide). The possibility that this irreversible
binding result from a rapid and full NMUs desensitisation was observed by the fact that
NKZ1 receptor required 3 h recovery to show full recovery of Ca’** responses to SP
(Schmidlin et al., 2001).

In contrast to inhibition of forskolin-mediated cAMP generation (Hosoya et al., 2000;
Aiyar et al., 2004; Brighton et al., 2004b), activation of either NMU1 or NMU2 by
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NmU or NmS resulted in an increase in [Ca**]; (Fujii et al., 2000; Hedrick et al., 2000;
Hosoya et al., 2000; Howard et al., 2000; Raddatz et al., 2000; Shan et al., 2000; Aiyar
et al., 2004), PLC activity (Aiyar et al., 2004; Brighton et al., 2004b), arachidonic acid
release (Fujii et al., 2000; Aiyar et al., 2004; Brighton et al., 2004b) and InsPy
generation (Raddatz et al., 2000; Szekeres et al., 2000; Aiyar et al., 2004; Brighton et
al., 2004a). Inhibition of AC activity is abolished by PTX pre-treatment, while increases
in InsP, and [Ca*]; are PTX-insensitive, indicating Goga1 and Go; coupling,
respectively (Aiyar et al., 2004; Brighton et al., 2004b). This dual coupling to Gaq and
Ga; has been confirmed for many recombinantly GPCRs including As; adenosine
receptor (Palmer et al., 1995) and M; and M3 mACh receptors (Offermanns et al.,
1994). On the other hand, this dual coupling has also been reported for the endothelin
(ETa) receptor in adult rat cardiac myocytes (Hilal-Dandan et al., 1992; Hilal-Dandan
et al., 1994) and NMU receptors in the cultured colonic myocytes (Brighton et al.,

2008) that are not recombinantly expressed.
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Figure 1.7 Major cellular events of GPCR signalling and trafficking

(A) Binding of agonist ligand to the GPCR initiates signalling by increasing guanine
nucleotide exchange activity of the cognate heterotrimeric G protein, activating Ga and
releasing Gpy, each of which can transduce signals. (B) The majority of GPCRs are
phosphorylated after agonist-induced activation, often by members of the GPCR kinase
(GRK) family that selectively recognize agonist-occupied receptors. (C) Phosphorylated
receptors are preferred substrates for association with arrestins. (D) Several arrestin
isoforms also bind components of endocytic lattices (clathrin heavy chain, AP2 alpha
subunit and PIP2), promoting agonist-dependent clustering of GPCRs in clathrin-coated
pits. (E) GPCRs that engage the clathrin-dependent endocytic machinery internalize and
are delivered to early endosomes, where it is thought that ligand dissociation and
receptor dephosphorylation events occur as result of presence of low pH and ECE-1
activity, and where receptors engage distinct molecular sorting machineries that
determine later trafficking fate. (G) Receptor sorting to lysosomes results in their
proteolytic destruction and contributes to a long-term attenuation of cellular
responsiveness (down-regulation) that is often observed after prolonged agonist
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exposure. (F) Receptor sorting into a recycling pathway mediates non-destructive return
of receptors to the plasma membrane. This is thought to support sustained cellular
responsiveness, or promote functional recovery of cellular responsiveness from a
desensitized state (re-sensitisation) after repeated agonist exposure (lrannejad et al.,
2014).
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1.6 Endothelin-converting-enzyme: structure, function and
potential role in endosomal ligand processing

1.6.1 Background

Two isozymes of ECE, ECE-1 and ECE-2, have been identified and make up a
subfamily within this group of type Il membrane-bound metalloproteases (Xu et al.,
1994; Noriaki et al., 1995). Both enzymes have been shown to cleave big ET-1 to
produce ET-1 with a similar overall profile of inhibitor sensitivity in vitro as well as in
transfected cells. However, ECE-1 and ECE-2 exhibit the following striking
differences; ECE-1 cleaves big endothelins in neutral pH, whereas ECE-2 functions in
an acidic pH range. ECE-1 has a broader tissue distribution and is expressed at higher
level than ECE-2. ECE-1 and ECE-2 have similar structures with a short N-terminal
domain and a large C-terminal. In addition, they have a single transmembrane segment
(Schweizer et al., 1997).

Some studies (Padilla et al., 2007; Roosterman et al., 2007; Roosterman et al., 2008;
Pelayo et al., 2011) have indicated that the receptor-ligand complex availability in the
endosomes is controlled by the activity of the metalloendopeptidase endothelin-
converting enzyme ECE-1 that determines stability of the peptide-receptor-arrestin
complex and this in turn regulates receptor recycling and re-sensitisation. Therefore, the

following section will focus on ECE-L1.

Endothelin converting enzyme 1 is an enzyme which in humans is encoded by the ECE-
1 gene. It is a membrane-bound metalloprotease that catalyses the conversion of
inactive big endothelins into active endothelins (Schmidt et al., 1994). Endothelin [ET]
is a protein consisting of a family of three isopeptides, ET1, ET2 and ET3 (Yanagisawa
et al., 1988). ET1 is the most potent vasoconstrictor agent identified. It was isolated
from the culture media of aortic endothelial cells. ET-1 is a 21-amino acid peptide. ETs
are produced by cleavage of proproETs that are polypeptides of about 200 amino acids.
The preproETs are then cleaved at a Trp-Val (Trp-lle for big ET-3) site. The enzyme
that is responsible of this process is endothelin-converting enzyme (ECE). It is a zinc
metallopeptidase related to both neutral endopeptidase and the Kell blood group

antigen.
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1.6.2 Structure

ECE-1 is a type Il integral membrane protein and shows homologies to both EC-24.11
and the erythrocytes blood group antigen Kell (King, 1994) in several tissues such as
brain.

ECE-1 is present as a disulphide-linked dimer of subunits 120-130 kDa, whereas E-
24.11 is not present. In addition, ECE-1 is not inhibited by E-24.11 inhibitors such as
thiorphan (Turner et al., 1996). Moreover, ECE belongs to a family of zinc
metalloproteinase that also includes neutral endopeptidase-24.11 (NEP) and the
erythrocyte cell-surface antigen, Kell. Like other family members, ECE is a type Il
integral membrane protein consisting of a short N-terminal cytoplasmic domain, a
single transmembrane domain, and a large extracellular domain that includes the active
catalytic site of the enzyme comprising the C-terminal end of the enzyme. The protein
contains ten highly conserved cysteine residues and ten N-linked glycosylation sites that
help to stabilize the protein (Xu et al., 1994). It also contains a HEXXH (His591,
Glu592, X, X, Hisb95, where X represents any amino acid) zinc-binding motif in the
extracellular catalytic domain that is characteristic of zincin proteinases (Jiang et al.,
1992; Bode et al., 1993). Therefore, the fundamental proteolytic mechanism of ECE-1
is similar to that of E-24.11. The N-terminal cytoplasmic domain of bovine ECE is
similar to the rat and human sequences (> 92%) (Shimada et al., 1995). Thus, ECEs
cloned are likely to be structurally similar and thought to be membrane-bound
proteinase with a short cytoplasmic N-terminus, a single transmembrane domain, and a

large extracellular C-terminus containing catalytic domain.

All forms of ECE cross species have homology in amino acid sequence in their putative
extracellular domains (> 95%). This indicates that ECE-1 in different species has the
similar functions. Regarding ECE-1, Arg102 is conserved in all isoforms cross species,
whereas Arg747 is replaced by glutamyl residue playing a role in substrate binding.
Moreover, Glu648 residue is present in ECE (Moual et al., 1991).
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There are four ECE-1 isoforms (a, b, ¢, and d) that are derived from a single gene
through the use of alternative promoters. These four isoforms show clear differences in
both tissue distribution and sub-cellular localization. ECE-1a has 758 residues whereas
ECE-1b has 770 residues and ECE-1c has 754 residues and lastly ECE-1d possesses
767 residues. All ECE-1 isoforms share a common C-terminal catalytic domain but are
differentially distributed as a result of the differences in their N-termini (Laurent et al.,
2003); (Schweizer et al., 1997; Azarani et al., 1998a; Brooks et al., 2000; Hunter et al.,
2006) (Figure 1.8). Immunofluorescence studies have revealed that in endothelial cells,
ECE-1b and ECE-1d are mainly in endosomal membranes (Laurent et al., 2003)
(Schweizer et al., 1997; Azarani et al., 1998) whereas ECE-1a and ECE-1c are mainly
present at the plasma membrane but with a minor localization in endosomes (Schweizer
et al., 1997; Laurent et al., 2003).

Northern blot analysis indicates abundant expression of ECE-1 in different tissues,
including lung, pancreas, placenta, adrenal gland, ovary and testis. ECE is present in
cells of the male and female reproductive tracts. ECE-1 has been seen in a number of
cancers (Ahmed et al., 2000). It is correlated with tumour progression in prostate cancer
(PC) and lung cancer (Ahmed et al., 2000; Dawson et al., 2006). ECE-1 has neutral pH
optimum for hydrolysing big-endothelin Trp-21-Vall-22 bond (Davenport et al., 2006).
Moreover, neurogenic inflammation is regulated by the release of neuropeptides. In
order to inhibit the neurogenic inflammation, neuropeptide receptor inhibitors could be
used. A recent study has indicated that substance P neurokinin-1 receptor is mediated by
ECE-1 (Keeble, 2009). Therefore, it could be possible to inhibit ECE-1 in order to stop

the re-sensitization process.
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1.6.3 Functions and potential roles of ECE-1 in endosomal ligand processing

As it has been mentioned early, the ECE-1 isoforms are widely sub-cellular distribution,
suggesting a diversity of physiological functions. Cleavage of big ET to ET has been
suggested to be by cell-surface ECE-1. The ET is produced in the endoplasmic
reticulum (ER). Approximately 200-residue preproendothelins are first cleaved by a
furin-like processing protease(s) into biologically inactive intermediates called big ETs
(Blais et al., 2002). Big ET is then converted into a 21 amino acid biologically active
peptide, called ET by cleaving the Trp21l-Vall-22 bond by membrane ECE-L.
Furthermore, it has been shown that despite ECE-1 has lower affinity for bradykinin
than Angiotensin converting enzyme (ACE) and neprilysin (NEP), ECE-1 inactivates
and hydrolyses vasodilator peptide bradykinin in the extracellular (Hoang et al., 1997)
suggesting that membrane ECE-1plays a role in the metabolism of some circulating

peptides resulting in initiating or terminating cellular functions.

Based on that, the possible roles of ECE-1 in endosomes have been suggested. In
contrast to peptides including neuropeptide Y and angiotensin Il (ATII) that are poorly
cleaved under acidic conditions, it has been observed that some neuropeptides including
substance P (SP), angiotensin | (ATI), bradykinin (BK), neurotensin and calcitonin
gene-related peptide (CGRP) can be cleaved by ECE-1 with an acidic pH optimum
(Fahnoe et al., 2000b; Padilla et al., 2007; Roosterman et al., 2007). It has been shown
that CGRP was not degraded at pH 7.4 up to 360 min, but completely degraded within
240 min at pH 5.5 when the 250 uM of CGRP was incubated with 415 nM of
recombinant human ECE-1 (rhECE-1), suggesting the pH-dependence of ECE-1
function (Padilla et al., 2007). The same experiment indicated that CGRP was degraded
by rhECE-1 in a concentration-dependent manner and that the degradation was inhibited
by ECE-1 inhibitor, SM-19712. Moreover, rhECE-1 degraded BK at both pH 7.4 and
5.5 and the degradation was inhibited by ECE-1 inhibitor. It has also been demonstrated
that there was no detectable degradation of ATII up to 480 Min at pH 7.4 and 5.5, but it
was degraded at pH 5.5. Thus, the function of ECE-1 is likely to be peptide- and pH-
dependent. Intracellular degradation was investigated using ‘*I-His’CGRP in which
HEK293 expressing recombinant receptor for CGRP was incubated with %I

His’CGRP, a heterodimer of the calcitonin receptor-like receptor (CLR) and receptor
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activity-modifying protein 1 (RAMP1), for 10 min to allow internalisation followed by
acid wash and further incubation. It has been demonstrated by HPLC using fractions of
cells lysates that endocytosed CGRP was degraded. Also, this degradation was inhibited
by ECE-1 and endosomal acidification inhibitors, SM-19712 and bafilomycin A; (an
inhibitor of vacuolar-type H*-ATPase), respectively (Padilla et al., 2007). Thus, because
ECE-1 is present in endosomes, it was suggested that CGRP degradation by ECE-1 is
likely to occur in endosomes (Padilla et al., 2007). The same study has also indicated
that ECE-1 or endosomal acidification inhibition prolonged the interaction between
CLR and B-arrestins implying that the recycling and re-sensitisation of the CLR are
regulated by ECE-1(Padilla et al., 2007).

It has been shown that endocytosed receptors can continue to signal by B-arrestin-
dependent manner (G protein-independent manner) (Lefkowitz et al., 2005).
Dissociation of the ligand-receptor-arrestin complex may be facilitated by the
degradation of endocytosed peptides in endosomes. Endosomal ECE-1 degrades SP and
inhibition or knockdown of ECE-1 induced a prolonged interaction between (-arrestins
and the NK;R in endosomes (Roosterman et al., 2007). ERK activation may be
influenced by this because sustained ERK activation is enhanced by inhibiting either
ECE-1 or endosomal acidification using SM-19712 or bafilomycin A; (Cottrell et al.,
2009). ERK activation in the cytosol and nucleus was promoted by SM-19712.
However, a weak and transient interaction with B-arrestins in response to SP resulted
from a C-terminally truncated NK;R and ERK activation was not regulated by ECE-1
suggesting that SP-induced p-arrestins-mediated ERK activation is regulated by
endosomal ECE-1 (Cottrell et al., 2009). A variety of functions including anti-apoptotic
and proliferative were regulated by SP-induced ERK activation. In contrast, cell death
in the nervous system can also be mediated by ERK (Lu et al., 2006) and the
transcription factor and nuclear receptor, Nurr77 are phosphorylated by SP resulting in

cell death via B-arrestin-dependent ERK activation (Castro-Obregon et al., 2004).

Some peptides were degraded by ECE either in the extracellular fluid or endosomes
thereby regulating signalling from the cell membrane or endocytosed receptors. Most of
the ECE-1 inhibitors that have been developed are not selective. For instance,

phosphoramidon, the first ECE-1 inhibitor, inhibited the pathophysiological effects of
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big ET-1 (Matsumura et al., 1990; Vemulapalli et al., 1993), the secretion of ET-1 from
cultured endothelial cells (Ikegawa et al., 1990; Sawamura et al., 1990). In contrast, this
inhibitor has higher affinity for NEP and a low affinity for angiotensin-converting
enzyme (ACE) (Kukkola et al., 1995). Another selective inhibitor is FR901533 but it
did not inhibit endogenous ET-1 production (Xu et al., 1994). Cytotoxic inhibitors are
PD 069185 and PD 159790 and inhibit the production of both ET-1 and big ET-1(Ahn
et al., 1998). A current inhibitor, SM19712, 4-chloro-N-[[(4-cyano-3-methyl-1-phenyl-
1H-pyrazol-5-yl) amino] carbonyl] benzenesulfonamide monosodium salt, was found
through the screening of the Sumitomo Pharmaceutical Library (Patent No. EP 885890).
SM-19712 did not inhibit NEP, and nine other metalloprotease enzymes at up to 100
uM. Radio ligand binding to receptors including AT1R, AT2R, ETA, ETB, EGFR and
eight other receptors was not influenced by SM-19712. Furthermore, the endogenous
production of ET-1 in endothelin cells was inhibited by SM19712 (Umekawa et al.,
2000). Thus, it has been reported that SM-19712 is a potent and selective endothelin

converting enzyme ECE-1 inhibitor, both in vivo and vitro (Umekawa et al., 2000).
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Figure 1.8 ECE-1 isoforms and their distribution.

/

The figure reveals the ECE-1 isoforms and indicates the different N-termini of each

isoform. They share a common catalytic domain and differ only in their amino terminus,
which determines their subcellular distribution: ECE-1a and ECE-1c are predominantly
localized at the plasma membrane, whereas ECE-1b and ECE-1d are mostly found in

endosomes. They are differentially tissue distributed.
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1.7 GPCR-Activated ERK signalling pathways

The MAPK/ERK pathway consists of a chain of proteins in an intracellular signalling
pathway that communicates a signal from a receptor on the surface of the cell,
ultimately to the DNA in the nucleus of the cell. Currently, GPCRs are considered to

utilize two primary types of transducers: G-proteins and B-arrestins.

It has been shown in recent years that multiple signal transduction pathways are enaged
upon GPCR activation. One of the major cellular effectors activated by GPCRs is ERK.
Both G-protein and B-arrestin mediated signalling pathways can lead to ERK activation
(Ahn et al., 2004; Goldsmith et al., 2007) (Figure 1.9). Importantly, the subcellular
destination of activated ERK1/2 is dependent on the activation pathway. For example,
G-protein-dependent ERK activation results in the translocation of active ERK to the
nucleus. In contrast, ERK activated via an arrestin-dependent mechanism remains
largely in the cytoplasm. Un-phosphorylated ERK is found mainly in the cytoplasm
associating with anchoring proteins, such as MEK1 and vinculin. Un-phosphorylated
ERK is anchored in the cytoplasm forming a core signalling complex consisting of Raf,
MEK, and ERK. When the receptor is activated, ERK1/2 are phosphorylated and
released from the Raf/MEK/ERK signalling complex. The dissociated, phosphorylated
ERK1/2 then binds to other cellular proteins carrying them to new destinations. The
subcellular distribution of activated ERK is regulated by interactions with different
proteins promoting ERK cytoplasmic and nuclear retention (Volmat et al., 2001). It has
been demonstrated that cytoplasmic confinement of ERK prior to its activation and
nuclear transportation is under control of MEK1 (Fukuda et al., 1997). Casein kinase 2
further phosphorylates ERK1/2 already phosphorylated via the G-protein-dependent
pathway and they have the ability to bind to a nuclear anchor protein for nuclear
translocation where different transcription factors can be activated and phosphorylated
(Chuderland et al., 2008; Plotnikov et al., 2011).

The subcellular destinations of activated ERK1/2 can be selectively determined by
specific ligands of the same GPCRs. For example, ERK can be activated by the p-
opioid receptor (MOR) agonists, morphine and etorphine resulting in morphine-induced
ERK activation via a G-protein-dependent pathway and etorphine-induced ERK
activation via a B-arrestin-dependent pathway (Belcheva et al., 2005). The nuclear
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translocation of pERK was not induced by morphine and the amount of pERK1/2 in the
nucleus was similar to the basal level. Morphine-activated ERK1/2 remained in the
cytoplasm in contrast to etorphine-activated ERK where pERK was found in nuclear
fractions (Zheng et al., 2008).

A wide variety of cellular processes including proliferation, differentiation, migration,
survival, growth, growth arrest and apoptosis can be regulated by the ERK cascade.

The ERK pathway is activated by many stimuli including cytokines, growth factors, and
GPCR ligands (Wei et al., 2003; Ahn et al., 2004; Leroy et al., 2007). ERK activation
by GPCRs can be mediated by the activation of Ras, Rap, PKC, tyrosine kinases (e.g.,
c-Src), transactivation of receptor tyrosine kinases, or via B-arrestins. It has also been
indicated that ERK activation could be mediated by both pathways, G-protein and f-
arrestins, for particular receptors and these pathways are independent of each other
(DeWire et al., 2007). For example, the ERK activation could be induced by the biased
ATI1R agonist Sll that is incapable of activating G-protein signalling. Also, agonist and
antagonist can activate ERK1/2. For instance, ERK1/2 can be activated by
isoproterenol, the f2-adrenergic agonist, by both pathways, whereas ERK1/2 can be
completely activated by antagonist ICI118551 via the B-arrestin-dependent pathway
(Azzi et al., 2003). In addition, the time-course of both pathways is different. For
example, ERK can be activated in two phases by parathyroid hormone (PTH) through
its receptor PTH1R. The early rapid activation phase peaked at 5 min and a later
sustained activation phase peaked at 30 to 60 min after stimulation (Gesty-Palmer et al.,
2006). The early phase of ERK activation was significantly diminished when the cells
were treated with the PKA inhibitor, H89, or the PKC inhibitor, GF109203X, although
these had little effect on the later phase of ERK activation. This suggests that the early
phase of ERK activation is through a G-protein-dependent pathway, while the later
phase ERK activation is through a G-protein-independent pathway. Indeed, knocking
down both B-arrestin-1 and/or -2 altered the time-course of PTH-stimulated ERK
activation. The rapid and transient ERK activation was observed at 5 min and then
returned to basal levels suggesting that the late phase of ERK activation was dependent

on a B-arrestin-dependent pathway.
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Figure 1.9 G-protein-dependent and G-protein-independent ERK1/2 activation

pathways. Heterotrimeric G-proteins stimulate second-messenger systems such as IP3
and (cCAMP), as well as signal cascades such as (MAPKS). B-arrestins bind to GPCRs
phosphorylated by GRKSs, and thus terminate G-protein signalling and initiate a distinct
set of signals, such as activation of MAPK, Src and Akt.
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1.7.1 G-protein-dependent pathway

The activation of ERK cascades through G-protein a subunits including Gas, Gaj, and
Gaq along with G-protein By subunit signalling to Ras has been demonstrated (Hawes et
al., 1995; van Biesen et al.b, 1996; Jordan et al., 1999; Saini et al., 2007). PKC and
PKA have been considered to be crucial components in G-protein-dependent signalling
pathways. G-protein-dependent activation of ERK1/2 can be inhibited when the cells
being treated with PKA and PKC inhibitors, H89 and GF109203X, respectively
(Mochizuki et al., 1999; Gesty-Palmer et al., 2006).

1.7.1.1 Gas stimulation of ERK1/2

Signals are transduced by Gas from Gas-coupled GPCRs to AC converting ATP to
CAMP and subsequently to cAMP-mediated activation of PKA (Gilman, 1987).
Consequently, cCAMP as well as cAMP-activated PKA have been shown to play a major
role in Gas-mediated stimulation (Cook et al., 1993; Wan et al., 1998; Dumaz et al.,
2005; Houslay, 2006; Pearson et al., 2006). The first observation that Ga; is involved in
the regulation of ERK1/2 signalling module was from studies focused on defining the
oncogenic pathways. It was shown that the stimulation of Gas and subsequent
generation of cCAMP results in the activation of exchange protein directly activated
by cAMP (EPAC) stimulating GDP-GTP exchange on Rap-1 (Laroche-Joubert et al.,
2002) and activation of guanine nucleotide exchange factor (GEF) specific for Rap-
1(Bos, 2006). The GTP-bound Rap-1, thus stimulated, activates B-Raf which
subsequently activates ERK1/2. Another study also indicated that Gas stimulation of
ERK1/2 via Rap-1 involves a Rap-1 GEF other than EPAC in many cell types (Stork et
al., 2002). ERK1/2 can also be stimulated by Gas via a pathway involving cCAMP-
PKA-Src-mediated activation of Rap-1-GEF known as Crk SH3 domain-
binding guanine nucleotide-releasing factor (C3G). C3G stimulation of Rap-1 and Rap-
1- is also able to mediate activation of B-Raf-MEK-ERK (Weissman et al., 2004;
Obara et al., 2005; Wang et al., 2006). It has also been demonstrated in different cell
lines including COS-7, HEK293 (Norum et al., 2003), thyrocytes (Tsygankova et al.,
2000), and melanoma cell lines (Amsen et al., 2006) that Gas-CAMP-mediated

activation of Ras is involved in the stimulation of ERK1/2. In contrast, it has also been
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demonstrated that the ERK pathways can be inhibited by the Gas-mediated CAMP-PKA
signalling pathway (Cook et al., 1993; Wu et al., 1993). PKA-mediated phosphorylation
or Rap-1-mediated sequestration of a specific isoform of Raf (C-Raf) are thought to be
involved in Gas-mediated inhibition (Dhillon et al., 2002) (Figure 1.10).

C-Raf

MEK-1/2

ERK-1/2

B-Raf

MEK-1/2

ERK-1/2

Figure 1.10 ERK1/2 regulation by Gas The B-Raf-mediated activation of ERK1/2 is
stimulated by Gas via Rap-1 or Ras, and C-Raf-mediated activation of ERK1/2 is
inhibited by phosphorylation of C-Raf by means of PKA. (adapted from (Goldsmith et
al., 2007).
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1.7.1.2 Ga; stimulation of ERK1/2

The Ga,; family of G proteins includes the a-subunits Gai1, Gaiz, Gais, Gaz, Gaoa and
Gog. A role for Ge; in the regulation of the ERK has been suggested by studies focused
on defining the molecular basis for mitogenic activity of the activated mutants of Ga;i,
as the gip2 oncogene in a tumor of the ovary (Lyons et al., 1990). It has been suggested
that two inhibitory pathways; effect on AC and effect on Rap-1 via Rap-1-GAP protein
are involved in Ga;-dependent activation of ERK. The signal transduction role of Gg; is
to couple specific receptors to the inhibition of AC (Johnson et al., 1989; Tang et al.,
1992), since expression of the activated mutant of Ga; (gip2), resulted in a decrease in
the accumulation of cAMP in cultured cells and subsequent decrease in PKA activity
leading to a relief of the inhibitory effect of PKA on C-Raf, and the stimulation of Ras—
C-Raf signalling to ERK (Radhika et al., 2001). This was supported by the observation
that activation of C-Raf was increased by the expression of Gai, (Pace et al., 1995). In
contrast, the ERK pathway can be activated by Ga; via an alternate Ras-dependent
mechanism (Pace et al., 1995; Mochizuki et al., 2000). It has been demonstrated that the
expression of Gaj, and subsequent activation by Al adenosine receptors results in the
stimulation of ERK activity, since the expression of a PTX-resistant mutant of Ga;j; in
cells treated with PTX was used to control the effect of Al-adenosine receptors
specifically coupled to the transfected PTX-resistant Gai, (Pace et al., 1995) (Figure
1.11). Cyclic AMP is synthesized from ATP by AC located on the inner side of the
plasma membrane and anchored at various locations in the interior of the cell (Rahman
et al., 2013). AC is activated by a range of signalling molecules through the activation
of AC stimulatory G (Gas)-protein-coupled receptors. However, AC is inhibited by
agonists of AC inhibitory G (Ga,)-protein-coupled receptors
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C-Raf

MEK-1/2

ERK-1/2

Figure 1.11 ERK1/2 regulation by Ga; Since the Gai-mediated decrease in CAMP
levels and PKA activity relieves the inhibitory effect of PKA on C-Raf, this results in
the stimulation of Ras-C-Raf signalling leading to ERK1/2 activation. ERK1/2 can also
be activated by Gai through the disassociated By-subunits. PLCP and PI3K can also be
involved in By-meditated activation of ERK, both of which can be activated by By-
subunits (adapted from (Goldsmith et al., 2007).
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1.7.1.3 GByi stimulation of ERK1/2

ERK can be stimulated by Ga; via mechanisms involving the dissociated By subunits
(Koch et al., 1994). Such activation of ERK, has been demonstrated for a number of
Gaj-coupled receptors including Mj-muscarcinic, ap-adrenergic, D, dopamine, Al
adenosine and lysophosphatidic acid receptors (LPARSs) (Crespo et al., 1994; Koch et
al., 1994). It has been demonstrated by transfection studies using COS-7 or HEK293
that PLCP is stimulated by Py released from Gaj-heterotrimers leading to (IP3)-
mediated increase in [Ca*']; and Ca**-calmodulin-mediated activation of Pyk2 kinase.
Pyk2 activates Src, which in turn stimulates the Shc adaptor protein, resulting in the
activation of Ras via the Ras-GEF, mSOS (Hawes et al., 1996; DellaRocca et al., 1997)
(Figure 1.12). It has also been demonstrated that By-subunit transports signals through a
Src- and Shc-independent mechanism involving the phosphorylation of dynamin Il and
its association with Grb2 (Kranenburg et al., 1997). Since dynamin can connect Ras-
GEF SOS to Ras, By-mediated activation of Ras could be facilitated by dynamin in this
case (Wunderlich et al., 1999). As dynamin plays a role in vesicular endocytosis
(Praefcke et al., 2004) that is required for H-Ras-mediated activation of ERK1/2 (Roy et
al., 2002), it has been suggested that a critical role in By-mediated activation of ERK1/2
could be played by dynamin Il-mediated endocytosis.

1.7.1.4 Gag stimulation of ERK1/2

Two mechanisms could be involved in ERK1/2 activation by Gayg, including PLC-
DAG-PKC and PLC-IP3-Ca®*. ERK1/2 can be stimulated either via Goq-activated PKC
by direct phosphorylation and activation of C-Raf (Ueda et al., 1996; Schonwasser et
al., 1998), or through Ca**-calmodulin-mediated activation of Pyk2 resulting in the
activation of Ras and then ERK (Dikic et al., 1996; DellaRocca et al., 1997). This is
likely to be cell type dependent. For example, ERK1/2 can be stimulated by Goq via
PKC-C-Raf in COS-7 and CHO cells expressing Mi-muscarinic receptors (Luttrell et
al., 1995), and this is in contrast to Gag-coupled bradykinin receptors that can activate
ERK1/2 via C**-calmodulin pathway involving Pyk2, Src and Ras (Dikic et al., 1996).
Moreover, the PKC- and Ca?*-mediated pathways are involved in ERK1/2 activation in

HEK293 expressing a;-adrenergic receptor (DellaRocca et al., 1997). A novel
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mechanism has been observed for activating ERK1/2 via a Gaq involving DAG and
Ca’*-dependent Rap-1-GEF (Guo et al., 2001). In this case, the release of DAG and
Ca®* results in activation of a Ca®*- and diacylglycerol-regulated guanine nucleotide
exchange factor (CalDAG-GEFI) that stimulates Rap-1 and this in turn can stimulate B-
Raf and subsequently ERK1/2 (Guo et al., 2001). As the By-subunits dissociate from
Gag-coupled receptors and stimulate PLC, it is likely that ERK1/2 can, therefore, be
activated by By-subunit. On the other hand, the Gaq —coupled receptor prefers using
DAG/PKC- or IP3/Ca?* in order to activate ERK1/2 (Blaukat et al., 2000). Also, it
should be noted that ERK1/2 is activated by the Py-disassociated from Gog Vvia
transactivation of RTK as in Gag-coupled oxytocin receptors (Zhong et al., 2003)
(Figure 1.12). PKC isotypes are central signalling molecules coupling the Ga,g11 family
of G proteins to ERKSs. Direct activation of PKC by tumor promotors such as PDBu
leads to potent ERK activation (Burgering et al., 1995). PKC is involved in the
activation of ERK signalling because it is the major cellular effector for the tumor
promotors. The involvement of PKC in Gog-coupled GPCR activation of ERK is a little
unclear. Fully PKC-dependent (Hawes et al., 1995), PKC-independent (Crespo et al.,
1994b; Berts et al., 1999), and partially PKC-dependent signalling to ERK via Goy-

coupled receptors (Crespo et al., 1994a) has been reported.

1.7.1.5 Gaiz/13 inhibition of ERK

In some cells, ERK1/2 can be weakly stimulated in a Ras-dependent manner, whereas in
some cells, ERK1/2 activation is attenuated by these cells at the levels of MEKSs. Thus,
the activation of ERK1/2 via Gai, and Gaggz is attenuated in a cell-type-dependent
manner (Voyno-Yasenetskaya et al.,, 1996). For instance, Ras-mediated weaker
stimulation of ERK1/2 is required for Gay2-induced G1-S phase cell cycle progression
of NIH3T3 cells (Mitsui et al., 1997). Although it remains to be demonstrated, it is
possible that Gaj213-mediated activation of protein phosphatase 5 (PP5) is involved in
the attenuation of ERK1/2 by dephosphorylating Raf-1 at Ser-338 (von Kriegsheim et
al., 2006).
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MEK-1/2

Figure 1.12 ERK1/2 regulation by Gaq ERK1/2 can be stimulated by Gog via PKC
and Ca*" -dependent pathways. Similar pathway can also be stimulated by By-subunits
through their ability to stimulate PI3K and/or PLCp (adapted from (Goldsmith et al.,
2007).
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1.7.1.6 Receptor tyrosine Kkinases in G-protein-mediated activation of

ERK1/2

It has been demonstrated that ERK1/2 can be regulated by GPCRs through the
transactivation of (RTKSs). EGFR/ErbB (an event referred to as transactivation) has been
demonstrated to be activated by several (GPCRs) including thrombin, Ang I,
endothelin-1 (ET-1), carbachol, and (LPA) (Gschwind et al., 2001). Several critical
downstream signals and functions appear to be mediated by the EGFR transactivation
by GPCRs, such as ERK activation (Eguchi et al., 2003). This was observed in Ratla
cells stimulated with GPCR agonists including thrombin and endothelin resulting in the
phosphorylation of (EGFR) and Her2 as well as ERK2 (Daub et al., 1996). Treatment of
these cells with the EGFR inhibitor tyrphostin (AG1478) indicated a role for EGFR in
the activation ERK1/2 by GPCRs (Daub et al., 1996). In addition, GPCR-mediated
activation of ERK1/2 in different cell types that is dependent on EGFR transactivation
has further been identified (Daub et al., 1996; Eguchi et al., 1998). EGFR is trans-
activated by Go; and Gogq through a mechanism involving “ectodomain shedding” (an
initial step for the activation of specific receptors) and generation of EGF-like growth
factors that can activate the EGFR (Prenzel et al., 1999). GPCRs transactivate EGFR by
intracellular and extracellular mechanisms involving increases in Ca®* (Zwick et al.,
1997; Soltoff, 1998; Iwasaki et al., 1999), and activation of PKC, Src, and Pyk2
(Gschwind et al., 2001). This results in the activation of matrix metalloprotease (MMP)
proteins and/or a family of a disintegrin and metalloprotease (ADAM) through protein-
protein interactions and phosphorylation (Higashiyama et al., 2005; Ohtsu et al., 2006).
The ectodomain of membrane-bound EGFR ligands including heparin-binding EGF-
like growth factor (HB-EGF) is cleaved by the activated transmembrane ADAMs, in
particular, ADAM-10, -12, -15 and -17, leading to generation of EGF ligands that
stimulate the EGFR (Schafer et al., 2004; Higashiyama et al., 2005; Ohtsu et al., 2006).
Also, B-arrestin may be involved in signalling by RTKs to ERK by G-proteins. For
instance, G-protein-dependent and G-protein-independent pathways are involved in
ERK activation by RTK ligands (Conway et al., 1999). Ga;- and B-arrestins-mediated
endocytosis is involved in the G-protein-dependent pathway. In contrast, a G-protein-

independent pathway involves the recruitment of adaptor protein, activation of p42/p44,
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and PDGF-activated platelet-derived growth factor receptors (PDGFR) by
autophosphorylation on tyrosine residues. In the former pathway, B-arrestin and
dynamin facilitate internalization of Ga;-activated GPCRs together with Ga;-activated
cSrc, PDGFR, ERK1/2 and Grb2. It has been suggested that ERK activation in
endosomes is promoted by the activation of Raf-1 by Src (Waters et al., 2005).

An example of (RTKSs) that undergo auto-phosphorylation is the EGFR. EGFR was the
first discovered example of RTKSs. Receptor-linked tyrosine kinases such as the (EGFR)
are activated by extracellular ligands. Binding of epidermal growth factor (EGF) to the
EGFR activates the tyrosine kinase activity of the cytoplasmic domain of the receptor
(Figure 1.13). The EGFR becomes phosphorylated on tyrosine residues. Docking
proteins such as growth factor receptor-bound protein 2 (GRB2) contain an SH2 domain
that binds to the phosphor tyrosine residues of the activated receptor. GRB2 binds to the
guanine nucleotide exchange factor Son of Sevenless (SOS) by way of the two SH3
domains of GRB2. When the GRB2-SOS complex docks to the phosphorylated EGFR,
SOS becomes activated. Activated SOS then promotes the removal of GDP from a
member of the Ras subfamily (most notably H-Ras or K-Ras). Ras then binds GTP and
becomes active. Activated Ras activates the protein kinase activity of RAF kinase. RAF
kinase phosphorylates and activates MEK (MEK1 and MEK2). MEK phosphorylates
and activates a (MAPK) (Figure 1.13).

In addition to the EGFR, other cell surface receptors can activate this pathway via
GRB2 including Trk A/B, fibroblast growth factor receptor (FGFR) and platelet-derived
growth factor receptors (PDGFR).
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Figure 1.13 Proposed signalling mechanism leading to ADAM-dependent
transactivation by GPCRs

GPCR-dependent signal transduction, ADAM kinases and interacting protein together
with specific membrane localization such as in lipid rafts might be involved in ADAM
activation by GPCRs leading to EGFR ligand shedding and subsequent EGFR
transactivation. (EGF) binds to (EGFR) in the cell membrane, starting the cascade of
signals. Further, phosphorylation (P) activates (MAPK), also known as (ERK). The
signal then enters the cell nucleus and thus causes transcription of DNA leading to
alterations in protein production. PACSIN3 associates with ADAM12 through its SH3
domain and is required for HB-EGF shedding induced by PMA and in part by ANG I
in HT1080 cells. Eve-1 can be associated with ADAMY, 10, 15, and 17 through its SH3
domain and is required for HB-EGF shedding induced by PMA or ANG II.
Abbreviations; Protein kinase C and casein kinase substrate in neurons protein 3
(PACSINS3), Reactive oxygen species (ROS) (adapted from (Ohtsu et al., 2006)).
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1.7.2 G-protein-independent, p-arrestin-dependent pathways of ERK activation

In addition to their classic roles in desensitisation and internalisation, [-arrestins can
also act as signalling scaffolds for many pathways, including (MAPKSs). The MAPKs
are a family of serine/threonine kinases including ERK1/2, p38 kinases, and the c-Jun
N-terminal kinases (JNK1, JNK2, JNK3). ERK1/2 activation exemplifies the
prototypical MAPK signalling module: ERK1/2, a MAPK, is phosphorylated by MEK,
a MAPK kinase (MAPKK). MEKs are phosphorylated by a variety of Raf isoforms,
(that are therefore, MAPKKKSs). A MAPKKK activates a MAPK, which in turn
activates a MAPK. It has been demonstrated that -arrestin-1 can recruit c-Src to the 2-
AR resulting in ERK activation (Luttrell et al., 1999a; DeFea et al., 2000). Moreover, it
has been shown that agonist stimulation leads to the formation of a complex containing
the activated receptor, B-arrestinl, Raf-1 and phosphorylated ERK (DeFea et al., 2000).

[B-arrestins can directly bind to Src family kinase recruiting them to an agonist-occupied
GPCR. The complex of the receptor with endogenous B-arrestin and Src kinases has
been observed in (CCPs) in HEK293 cells following stimulation of B2-ARs (Luttrell et
al., 1999a). Src has also been observed to be recruited to the NK;R by B-arrestins in
KNRK cells (DeFea et al., 2000). The interaction between Src homology (SH) 3
domain of the kinase and proline-rich PXXP motifs in the p-arrestin-1 N domain
contributes in the binding of Src to p-arrestin-1. The N terminal catalytic (SH1) domain
of Src and additional epitopes in the N terminal of B-arrestin-1 are also involved in the
binding of Src to B-arrestin-1(Miller et al., 2000). This binding does not prevent -
arrestin binding to the receptor (Luttrell et al., 1999a; DeFea et al., 2000). The
recruitment of Src to B-arrestin is involved in many GPCR-mediated events including
ERKZ1/2 activation (Luttrell et al., 1999b; DeFea et al., 2000) (Figure 1.14). Src kinase
activity is required for ERK to be activated via a Ras-dependent pathway (Luttrell et al.,
1996), since inhibiting Src binding to (CCPs) blocks B,-AR-mediated activation of
ERK1/2 in HEK293 cells highlighting the importance of the interaction between -
arrestin-1 and Src (Luttrell et al., 1999b).
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Figure 1.14 Proposed role of p-arrestins-dependent recruitment of Src Kinases in
GPCR-dependent, G-protein-independent ERK activation

The binding of p-arrestins to agonist-occupied GPCRs coincides with the recruitment of
Src family tyrosine kinases, including c-Src to the receptor—f-arrestin complex (1).
Several events have been reported to follow p-arrestin-dependent Src recruitment
including Ras-dependent activation of ERK1/2 (2). Abbreviations; c-Src, proto-
oncogene. TK, tyrosine kinase. GRK, G protein-coupled receptor kinase. parr, -

arrestin. P, phosphate. GTP, guanosine triphosphate. GDP, guanosine diphosphate.
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1.8 Aims and objectives

Although previous studies in our laboratory have demonstrated signalling by NMU1
and NMU2, including the mechanisms of receptor desensitisation and re-sensitisation,
much remains to be investigated including the fate of the peptide after internalisation
and driven into endosome where it could be degraded. The possibility of neuropeptides
degradation by rhECE-1 was examined. Furthermore, the principle aim of the work
described in this thesis was to further study the signalling pathways regulated by HEK-
NMU2, in particular NMU2-ERK-mediated activation including the role of Gaq in
ERK-mediated activation. Also, the sub-cellular localization of pERK following agonist
activation of NMU2 using hNmU-25 and hNmS-33 will be examined. Moreover, the
role of PKC in NMU2 re-sensitisation and ERK activation will be investigated.

Further, the roles of B-arrestin-1 and -2 in both re-sensitization of Ca®* signalling and
ERK activation by NmU and NmS at NMU2 will be explored. Further, the possibility of
NmU degradation extracellularly will be examined. Moreover, given that NmU
analogues are considered as valuable alternative strategies for the treatment of obesity,
NMU2 re-sensitisation and its regulation by endosomal acidification and ECE-1 activity

will be studied using some analogues to allow comparison to NmuU.
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Chapter 2

Materials & Methods

2.1 Materials

2.1.1 Materials (cell culture, and peptides)

Human embryonic kidney cells (HEK 293) stably expressing NMU1 and NMU2 (HEK-
NMU1 and HEK-NMUZ2, respectively) have been previously characterised in a variety
of signalling assays (Brighton et al., 2004b; Brighton, 2005; Alhosaini, 2011).Water
used was double-distilled (ddH,0) and obtained through an ELGA System (ELGA,
Marlow, UK). All the general chemicals, reagents and consumables were supplied by
either Fisher Scientific (Loughborough, U.K.) or Sigma-Aldrich (Gillingham, U.K.)
unless mentioned specifically. Tissue culture plastic ware and the cover-slips were from
Nunc (VWR International, Lutterworth, U.K.). All mammalian cell culture reagents
including, minimum essential medium (MEM), Dulbecco’s phosphate-buffered saline
(D-PBS) without calcium and magnesium, fetal calf serum (FCS), streptomycin and
penicillin  (100x, composition of stock solution: penicillin, 10,000 unit/mL and
streptomycin 10,000 ug/mL) were supplied by Invitrogen (Paisley, U.K.). Peptides
including hNmU-25, hNmS-33 and pNmU-8 were purchased from Bachem (Weil am
Rhein, Germany). NmU analogues were provided by Dr. Piotr Ruchala; Department of
Psychiatry and Biobehavioral Sciences, University of California at Los Angeles, USA.

Acrylamide/bis-acrylamide stock solution (30%, w:v) was supplied by National
Diagnostics (U.K.) Ltd (Hessle, U.K.). Polyvinylidene fluoride (PVDF) transfer
membrane was purchased from Millipore (U.K.) Ltd (Watford, U.K.). ECL" reagents
were from Amersham Biosciences (GE Healthcare U.K. Ltd, Chalfont, U.K.).

Fluo-4-acetoxymethyl ester (fluo-4-AM) and Lipofectamine RNAmaxi for siRNA
transfection were purchased from Invitrogen (Paisley, U.K.). Pre-stained protein

molecular size marker was from New England Biolabs (Hitchin, U.K.).
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ON-TARGET plus SMART pool consisted of four distinct sSiRNA duplexes of siRNA
targeted to knockdown of human ECE-1 mRNA and the Scrambled siRNA were from
ThermoFisher Scientific (New Jersey, U.S.A.) and Invitrogen (Paisley, U.K.),
respectively. Flexi tube siRNA ARRB1, ARRB2 and All-stars Neg. siRNA Alex Fluor
488 were obtained from QIAGEN (Crawley, U.K.).
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2.1.2 Concentrations of inhibitors, chemicals and antibodies used

Inhibitor/compound Concentration Supplier
(final concentration)

AG1478, EGFR inhibitor 1uM Sigma
Carbamylchlorine chloride, carbachol 0.3-300 uM Sigma
Cychlohexamide 5ug/mL; 17.5 uM Sigma
DL-thiorphan 10 uM Sigma
Dynasore 80 uM Tocris
Fostriecin sodium salt 300 nM Tocris
GF109203X 1uM Tocris

Recombinant human ECE-1 0.1 pg/mL R&D system
lonomycin 2 uM Sigma
Monensin, 50 uM Sigma
Okadic acid 10 nM Sigma
Pertussis toxin 100 ng Tocris
Phorbol 12, 13-dibutyrate 1uM Sigma
Ro 31-8220 mesylate 5uM Tocris
SM-19712 hydrate 10 uM Sigma

UBO-GIB 1 uM to 100 nM Provided by Dr.
Andrew Tobin
Anti-rabbit 1gG HRP-linked antibody 1:2000 (pERK), Cell signalling
1:4000 (arrestins)
Beta-arrestin 1&?2 (D24H9) Rabbit 1:2000 Cell signalling
P-p44/42 MAPK 1:1000 Cell signalling
(T202/Y204)(197G2) rabbit mAb
Dithiothreitol 15.4 mg/mL Sigma
S6 ribosomal Protein (5G10)rabbit 1:20000 Cell signalling
Rabbit IgG polyclonal anti-ECE-1, 1:1000 GeneTex
GTX113676
Hoechst staining solution 1:10,000 Sigma
siRNA B-arrestins 1 and/or 2 0.8uL/100 uL ~ (60 Qiagen
nM)
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2.1.3 Buffer used to study NmU-mediated signalling

Unless otherwise stated for NmU-mediated signalling experiments Krebs-HEPES buffer
was used (KHB, composition: NaCl, 118 mM; KCI, 4.7 mM; HEPES, 10 mM; glucose,
11.7 mM; MgSQy, 1.2 mM; NaHCO3 4.2 mM; KH,PO, 1.2 mM and; CaCl, 1.3 mM,
pH 7.4). BSA (0.1% w/v) was added to KHB in all NmU signalling experiments and the

solution referred to simply as (KHB).
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2.2 Methods

2.2.1 Cell culture

Cells were visually examined for quality and absence of contamination. Growth media
was removed from the flask and the cells were gently washed twice using 5 ml of
Dulbecco’s-PBS to remove remaining FCS. Trypsin-EDTA (0.05% w/v trypsin, 0.04%
w/v EDTA) (3 ml) was then added for approximately 3 min at 37° C to detach the cells
from the flask’s surface. Growth media (7 ml) was added after the cells had detached.
The cells suspension was centrifuged at 140 xg for 4 min. The supernatant was then
removed and the pellet suspended in growth medium to the desired confluence of cells.

Flasks were sub-cultured every 5-7 days.

HEK-NMU1 and HEK-NMU2 were cultured in MEM supplemented with Earle’s salts,
FBS (10% v/v), non-essential amino acids, penicillin and streptomycin (100 pg/mL
streptomycin and 100 units/mL penicillin sulphate) and glutamine 2 mM. All of the above
cells were cultured in 75cm? flasks, maintained in 95% humidified air: 5% CO

environment at 37 'C and passaged every 4-5 days.

96 and 24 well/plates for cell growth were coated with 0.1% (w:v) poly-p-lysine
hydrobromide. Before plating the cells, the 96 and 24 well/plates were incubated with
50 or 200 L, respectively of poly-p-lysine for at least 20 min at RT and then washed
with 200 pL of PBS. After removing PBS, the plates were ready for use.

2.2.2 Preparing frozen cell stocks

The cells (during the log phase of growth; 60-80%) were harvested as above and
washed once with fresh medium. Cells were then suspended in a fresh medium and cell
number determined. The cells collected by centrifugation (140 xg, 4 min) and re-
suspended in freezing medium containing 90% FCS and 10% DMSO (v/v). Aliguots (1
ml) were transferred to a sterile cryotube and cooled to 4°C for at least 30 minutes and

then transferred to either -80 °C or a liquid nitrogen store.
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2.2.3 Recovery of frozen cells

Cells were removed from frozen storage and thawed quickly in a 37°C water bath with
gentle agitation. Cells were transferred into a universal 30 ml tube containing suitable
fresh medium (10 ml). The tube was then centrifuged (140 xg, 4 min) and the
supernatant discarded. The cell pellet was then re-suspended in 10 ml of media and
harvested again in order to remove any remaining DMSO. Cells were then cultured as

described above.

2.2.4 Ca*" signalling measurement using a NOVOstar plate-reader producing

concentration response curve

Increase in free intracellular Ca** is typically measured as an increase in fluorescence
caused by the binding of Ca®* to a calcium chelator (dye) becoming fluorescent when
binding calcium (Heding et al., 2002). A NOVOstar plate-reader (BMG LABTECH,
Offenburg, Germany) was used to measure the changes in [Ca’*];. The standard
protocol is that the cells were pre-incubated with loading buffer (KHB) containing BSA
(0.1% w/v) and fluo-4-AM (2 pM) as the fluorescent Ca** indicator and pluronic acid
F-127 (0.036%, w/v) to facilitate the solubility of fluo-4 in the buffer (Heding et al.,
2002; Coopman et al., 2010). Once the binding of Ca*" associated with fluorescence,
the increase in the fluorescence is monitored using an excitation wavelength of 488 nm
with detection > 500 nm. The raw data are presented for the families of curves in terms

of fluorescence, however, all subsequent data are presented as the calibrated [Ca®'];.

Cells were seeded into 96-well/plates at 10,000 cells/well and cultured for 24 h. Cell
counts were achieved using a haemocytometer (Neubauer improved; Sigma-Aldrich,
Poole, UK). In order to count the cells, they were suspended in 10 mL growth medium
and mixed gently. 1 uL of cell suspension was then added between the haemocytometer
and the cover glass. Cells inside the large square were counted and the average of 3-4
counts multiplied by 10* to give approximate cell number in 1 mL of cell suspension.
Cells were washed once with 1 ml of (KHB).
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100 pL of cell suspension was plated in poly-5-lysine coated 96-well plates for 24 h
(Poly-p-lysine (0.1 mg/mL) was prepared by adding 9 mL KHB to 1 mL of a stock
solution. 50 uL or 200 pL, (for 96 and 24 well/plate, respectively) of poly-5-lysine was
added to each well and left for at least 20 minutes either at room temperature or at 4° C.
Growth medium was removed gently and the cells were washed once with KHB and the
cells were loaded with fluo-4-AM for 45 min (The concentration of fluo-4-AM was 2
uM and the loading buffer was KHB-BSA (0.1%), pluronic acid F-127 (0.036%, w/v)
(Granados et al., 1997) and fluo-4-AM at 37°C and 5% CO,). The cells were then
washed twice with KHB and 100 uL of KHB was added at 37°C. The change in
fluorescence upon addition of buffer or ligand (20 pL at speed of 230 uL/s from reagent
plate to measurement plate containing 100 uL/well) was measured using a NOVOstar
plate-reader. NOVOstar was adjusted to the required settings. The ligand had been
prepared to the desired concentrations. A similar volume used to stimulate cells in the

NOVOstar plate-reader was manually used in desensitisation experiments.

The [Ca*];i =Kd*(F-Fmin)/(Fmax-F) was used in order to calculate the intracellular
calcium, where Kd of fluo-4-AM was 350 nM (Yamasaki-Mann et al., 2009) and the
calibration of the fluo-4 signal was taken by adding ionomycin, to equilibrate the
concentration of intracellular and extracellular Ca*, to a final concentration of 2 pM.
Fmax was taken by manually adding 150 pl of KHB-BSA buffer with a high
concentration of Ca** (4 mM). This was measured for at least 10 min and the Fmin was
then obtained by replacing the buffer with 150 pl of Ca**-free KHB-BSA buffer with 2

mM EGTA and this was measured for at least 10 min.

2.2.5 Data Analysis

Concentration-response curves were fitted using Prism (GraphPad Prism 6 Software
Inc., San Diego, CA). All data shown are expressed as the mean of three experiments +

S.E.M unless stated otherwise. For representative data, experiments were also

performed to an n of three or more.
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2.2.6 NMU re-sensitization protocol

The protocol used in this study was as follows: HEK-NMU cells were cultured for 24 h.
Cells were then washed with KHB (unless otherwise stated) followed, by stimulation by
ligand (30 nM, 5 min) (unless otherwise stated) and allowed to recover as required
using normal media with no antibiotics (for the 6 h recovery period) or KHB (for
periods less than 6 h recovery). The cells were then washed and loaded with fluo-4-AM
in KHB for 45 min during the last 45 min of the recovery period. The inhibitors were
added (30 min prior to stimulation) and present during the recovery time when required.
The cells were washed with KHB and stimulated using a NOVOstar plate reader as

shown below:

Protocol

] R 5

Recovery period

Three washes with KHB
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2.3 Western blotting

2.3.1 Cell stimulation and sample preparation

Cell monolayers on poly-p-lysine coated 24-well plates were serum starved overnight.
On the day of the experiments, growth medium was removed, and the cells were then
washed twice with KHB (1 mL). To construct concentration-response curves for
agonist-stimulated increases in extracellular signal-regulated kinase phosphorylation
(pERK), cells were incubated with KHB (500 pL) and challenged with KHB (100 pL)
alone or containing different concentrations of hNmuU-25 (0.1-100 nM) for 5 min. For
investigation of the time-course activation of pERK generation, cells were incubated
with KHB (500 uL). Cells were then challenged with KHB (100 puL) or hNmU-25 (30
nM). Stimulation begun at the longest time-point first, allowing the reactions to be
terminated at the same time. At the end of the reaction, cells were washed twice with
ice-cold PBS and lysed by addition of ice-cold 2x sample buffer (Tris-HCL, 125 mM,
SDS, 10% (w/v); glycerol, 20% v/v; bromophenol blue, 0.01% w/v; dithiothreitol, 250
mM (added on the day of the experiment, 200 uL, pH 6.8). Following incubation on ice
for 5 min, cell lysates were collected using a cell scraper and transferred to a new 1.5
mL microfuge tube. The supernatants were then centrifuged for 1 min at high speed at

4°C, then heated for 5 min at 100 °C, and then centrifuged in preparation for use.

2.3.2 Preparation of SDS-polyacrylamide gel and electrophoresis of proteins

A 10 % resolving gel (10 mL, composition: acrylamide, 30% v/v; Tris-HCL, 1.5 M, pH
8.8, sodium dodecyl sulphate (SDS), 10% w/v; ammonium persulfate (APS), 10% w/v;
N, N, N', N',-tetramethylethylenediamine (TEMED), 0.06% v/v and water to 10 mL)
was mixed gently and poured in-between two glass plates separated by two vertical 1.5
mm spacers of a Mini-BioRad electrophoresis system (Bio-Rad, Hemel Hempstead,
UK). The top-layer of the gel was covered with water to ensure a flat edge. After 20
min, the gel was solidified and the top layer of water discarded carefully. A stacking gel
(4 mL, composition: acrylamide, 30% v/v; Tris-HCL, 1 M, pH 6.8; SDS, 10% w/v; APS,
10% w/v; TEMED, 0.065 v/v and water to 4 mL) was poured onto the top of the

resolving gel and a 10-well comb inserted to form loading wells. The gels were left to

69



solidify at RT for a further 20 min. The comb was then gently removed and washed by
distilled water and then mounted into a Mini-BioRad gel electrophoresis tank. The gel
tank and the upper loading tank were filled with running buffer (Tris-HCL, 25 mM, pH
8.6; glycine, 192 mM and SDS 0.1% w/v). 20 uL of each sample was loaded into each
well (or 5 pL of samples in terms of B-arrestin experiments). The first well of each gel
was loaded with a pre-stained protein ladder (2 upL, Leon-Rot, Germany.
Electrophoresis was performed using a POWER PAC 300 (Bio-Rad, Hemel Hempstead,
UK) at 90 V for 100 min (until the bromophenol blue dye reached the bottom of the gel.

2.3.3 Transfer of proteins using the semi-dry electrophoresis technique

PVDF membrane and filter papers were cut to the size of the resolving gel. The
membrane was then immersed in methanol (100%) for 10 s and then in H,O for 2 min.
Membrane and filter papers were then incubated for 10 min in transfer buffer (glycine,
40 mM; Tris, 48 mM; SDS, 0.0375% w/v and methanol, 20% v/v). The resolving gel
was soaked in transfer buffer after removing the stacking gel. A blotting sandwich was
made by placing three sheets of filter-paper cut to the size of the resolving gel on the
negative plate followed by the PVDF membrane on top. The resolving gel was then
placed on the top of the membrane and covered by a further three filter papers. The
positive charged cover of the semi-dry transfer device was placed on the top of the
sandwich. Using a POWER PAC 300 (Bio-Rad, Hemel Hempstead, UK), transfer was
done at 15 V for 30 min.

2.3.4 Immunoblotting

Following transfer, the membrane was incubated in TBST (fat free milk, 5% w/v, 5
mL), composition : Tris-base, 50 mM, NaCl, 150 mM; Tween-20, 0.05% v/v, pH 7.5, at
RT for 1 h with gentle rocking. The membrane was then washed three times using
TBST 1 min each. The membrane was then incubated in a 50 mL Falcon tube overnight
with TBST (BSA, 5%, 5 mL) containing either mouse monoclonal phosphor-p44/42
MAPK (ERK1/2) antibody (1:2000) or rabbit polyclonal p42 MAPK (ERK2) antibody
(1:1000) with continuous rolling at 4 °C. the membrane was then washed three times 8
min each and followed by incubating the membrane in TBST (fat free milk, 5%, 5 mL)
containing either goat anti mouse or rabbit 1gG, HRP-linked secondary antibody
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(1:3000) for 1 h at RT on shaking platform. The membrane was then washed three times
8 min each using TBST. Detection was carried out using UptiLight™ chemiluminescent
reagent (1:1 v/v, 2 mL/membrane, 1 min) and exposure of membrane to X-ray film for
5-10 s, depending on the strength of the signal. Proteins of interest were detected by
comparison of their size to the protein markers. The pERK signal was quantified as a

relative to total ERK or ribosomal protein S6 (rpS6).

2.4 Live/Dead viability/cytotoxicity kit for mammalian cells
(Fluorescence Microscopy Protocol)

The protocol used in this method is as suggested by manufacturer (Invitrogen). Briefly,
the cells were cultured in 24 well/plates for 24 h as normal. On the day of the
experiment, the cells were treated with the inhibitor for 30 min. The cells were then
washed prior to the assay to remove serum esterase activity generally present in serum-
supplemented growth media. 20 pL of the supplied 2 mM ethidium homodimer-1
(EthD-1) stock solution was added to 10 mL of sterile, tissue culture-grade D-PBS,
vortexing to ensure thorough mixing. The reagents were then combined by transferring
5 uL of the supplied 4 mM calcein AM (component A) stock solution to the 10 mL
EthD-1(component B) solution. 400 pL of the combined reagents was then added
directly to the cells (after removal of the culture medium). The cells were then
incubated for 30-45 minutes at room temperature. The polyyanionic dye calein is well
retained within live cells, producing an intense uniform green fluorescence in live cells
(excitation= ~495 nm, emission= ~515 nm). EthD-1 enters cells with damaged
membranes and undergoes a 40-fold enhancement of fluorescence upon binding to
nucleic acids, producing a bright red fluorescence in dead cells (excitation= ~495 nm,
emission= ~635 nm). Finally, the labelled cells were viewed under the fluorescence
microscope. The fluorescence intensity is related to the total number of cells present in

the sample, which can be expressed in terms of percentages.
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2.5 Protein digestion, analysis by mass spectrometry and data
processing.

Products of rhECE-1 degradation of peptides were analyzed by LC-MS/MS using an
RSLCnano HPLC system (Dionex, UK) and an LTQ-Orbitrap-Velos mass spectrometer
(Thermo Scientific). Samples were loaded at high flow rate onto a reverse-phase trap
column (0.3mm id. x Imm), containing Sum C18 300 A Acclaim PepMap media
(Dionex) maintained at a temperature of 37 °C. The loading buffer was 0.1% formic

acid / 0.05% trifluoroacetic acid / 2% acetonitrile.

Peptides were eluted from the trap column at a flow rate of 0.3 pl/min and through a
reverse-phase PicoFrit capillary column (75pum i.d. x 400mm) containing Symmetry
C18 100 A media (Waters, UK) that was packed in-house using a high-pressure device
(Proxeon Biosystems, Denmark). Peptides were eluted over a period of one hour using a
gradient of 2%-45% acetonitrile and the output of the column was sprayed directly into

the nanospray ion source of the LTQ-Orbitrap-Velos mass spectrometer.

To determine the identity of the degradation products, the LTQ-Orbitrap-Velos mass
spectrometer was set to acquire a 1 microscan FTMS scan event at 60000 resolution
over the m/z range 300-2000 Da in positive ion mode. The maximum injection time for
MS was 500ms and the AGC target setting was 1e°. Accurate calibration of the FTMS
scan was achieved using a background ion lock mass for C¢H10014S3 (401.922718 Da).
Subsequently up to 10 data dependent HCD MS/MS were triggered from the FTMS
scan. The isolation width was 2.0 Da, normalized collision energy 42.0. Dynamic
exclusion was enabled. The maximum injection time for MS/MS was 250 ms and the

AGC target setting was 5e*.

The raw data file obtained from each LC-MS/MS acquisition was processed using
Proteome Discoverer (version 1.4.0.288, Thermo Scientific) and searched using Mascot
(version 2.2.04, Matrix Science Ltd.) against a custom database containing the sequence
of rhECE-1. The enzyme was selected as ‘none’, the peptide tolerance was set to 10
ppm and the MS/MS tolerance was set to 0.02 Da. Fixed modifications were set as
carbamidomethyl (C) and variable modifications set as oxidation (M). A decoy database

search was performed.
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For quantification of the identified degradation products, mass spectrometry was
performed as above but without triggering MS/MS. Extracted ion chromatograms were
produced for each peptide and aligned using their m/z and retention time and the peak

areas integrated for comparison.

2.6 B-arrestins and ECE-1 knockdown and transfection

HEK-NMU?2 cells were maintained as described in the methods. Forty to 50% confluent
cells in 24 well-plates, split 24 h before transfection, were transfected with siRNA using
the Lipofectamine RNAIMAX reagent (Invitrogen, Life technologies, UK). The siRNA
sequences targeting B-arrestin-1 and B-arrestin-2 are 5-
CTCGACGTTCTGCAAGGTCTA-3* and 5’-CTCGAACAAGATGACCAGGTA-3’,
respectively. 250 puL of RNase-free water was added to 5 nmol scale as suggested by the
company to obtain 20 uM solution as stock. Briefly, 0.8 ul of siRNA (Stock, 20 uM)
was added to 100 ul of Opti-MEM media for each well and 1 pl of the reagent was
added to the solution and allowed to stand 10 min incubation at room temperature and
mixed by gentle inversion. In the meanwhile, the normal media was replaced with Opti-
MEM 500 pl. After 10 min incubation at room temperature, the entire transfection
mixture was added to cells in 24 well-plates containing 500 ul of Opti-MEM. After cells
were incubated for 4-5 h at 37°C in a humidified 5% CO; incubator, the mixture was
replaced with 500 pl of MEM containing 20% FBS and 2% penicillin/streptomycin and
2 mM glutamine. After 24 h incubation, the cells were starved, serum-free MEM
including only the antibiotic and incubated for further 24 h. For ECE-1 knockdown;
cells were plated into poly-D-lysine coated 24-well plates and left to attach for 5-6 h (50-
60% confluence). The media was replaced with Opti-MEM (without serum; 500 pL /well).
The Lipofectamine RNAmaxi reagent was diluted in Opti-MEM (3:50 v:v) and another
equal volume of Opti-MEM containing an appropriate amount of siRNA (10 pmol/well)
was prepared. The diluted sSiRNA was then added into the diluted reagent (1:1 v:v). After 20
min incubation at RT, the siRNA complex was added into each well (100 uL for 24-well
plates). After approximately 16 h incubation, the media was replaced to fresh complete

medium. The cells were used for treatment after 48 h.
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2.7 Immunostaining

2.7.1 Sample preparation

Cells were grown in 96-well black/clear plates (Becton Dickinson Labware, UK) (50-

80% confluence) for 24 h. Cells were then starved (serum-free media for 24 h).

In the day of the experiment, cells were treated as required after removing the media
and adding the KHB. To stop the reaction, the buffer was aspirated off, and the cells
were fixed by adding 50 uL of 4% PFA (paraformaldehyde) in PBS (phosphate buffer
saline) and incubated for 5 min at RT. Cells were then washed X1 with PBS. Cells were
then permeabilised by adding 50 uL/well of methanol for 2 min and kept in freezer. The
cells were then washed X2 with PBS. 50 uL/well of 5% BSA in PBS was added and
incubated at RT on a platform shaker for 2 h. 30 pL/well of 1:400 dilution of anti-
pPERK mouse IgG polyclonal primary antibody (Santa Cruz) in PBS (2% BSA) was
added and incubated overnight on a platform shaker at 4°C with shaking. Cells were
then washed X3 with PBS. 30 pL/well of 1:500 dilution of secondary Alexa 488 anti-
mouse (Invitrogen) in PBS (2% BSA) was added and incubated and covered with foil
for 90 min on a platform shaker at RT with shaking. The cells were then washed X2
with PBS. 50 uL/well of 1:10000 dilution of Hoechst stain in PBS was added for 10 min
at RT. Cells were then washed X1 PBS and kept in 100 uL/well of PBS for scanning.
The cells remained in 100 pL. PBS and plates were kept in the fridge with foil covered
until scanned by an Olympus cell®R microscope with an Olympus LUCPLFLN 40 x
objective lens and an excitation wavelength of either 488 nm or 350 nm for Alexa fluor
488 and Hoechst respectively. Emitted light was collected above 510 nm for the
fluorescent emission of Alexa fluor 488 or above 461 nm for Hoechst. 16 images/well
(equal to a total area of 217x165 um) were taken using a CCD camera. The images
were exposed for 4 s/image or 1 s/image for the Alexa fluor 488 and Hoechst,

respectively.
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2.7.2 ERK activation and distribution using immunocytochemistry approach,

detection and analysis

The area of nucleus was determined, using Olympus scan”R analysis software, by the
intensity detection for the Hoechst signal and an area of 20 pixels around the nucleus
was classified as cytoplasm. All of the signals were background-corrected by the
intensity-conserving algorithm included in the software and only the signals reaching
threshold were determined to minimize the inclusion of background signal. Abnormal
signals, including multi-nucleated cells and any abnormal cell edge were excluded by
the gates for the parameters of total intensity, area and circularity. For each cell, the
background-corrected mean fluorescent intensity of the whole cell, the cytoplasm or the
nucleus and the ratio of background-corrected mean fluorescent intensity of the
cytoplasm to nucleus were generated and the mean data for the population of cells in

each well were determined.

2.8 Confocal imaging and binding of Cy3B-pNmU-8 to NMU2-eGFP

and visualisation of receptor internalization

HEK-NMU2-eGFP were grown on 25 mm coverslips for at least 25 h. Cells were then
washed with KHB+BSA at 37 °C and mounted in a perfusion chamber containing
KHB+BSA heated to 37 °C using a Peltier unit. The chamber volume was 500 uL. The
addition of Cy3B-pNmU-8 (10 nM) was performed manually and images taken using an
Olympus inverted microscope with a 60x oil immersion objective lens and an excitation
wavelength of 568 nm using a Kr/Ar laser line. Emission was collected at
approximately 570 nm using a red-green-blue (RGB) filter. Addition of ligand either
hNmU-25 or hNmS-33 (30 nM) was performed manually directly to the bath containing
the coverslip. Cells were imaged using a PerkinElmer UltraVIEW confocal imaging
system (PerkinElmer LAS (UK) Ltd, Beaconsfield, UK) with a 40x oil-immersion
objective lens and an excitation wavelength of 488 nm using Kr/Ar laser line. Emitted
light was collected above 510 nm for the fluorescent emission of eGFP. Images were

captured at 0 min and 5, 10, 20, 30, 40 and 60 min following ligand addition.

75



2.9 PathHunter express f3-Arrestin Human and Ortholog GPCR
Kits:

2.9.1 Technology principle:

The association between receptors and B-arrestin has been extensively investigated
using many techniques including fluorescence or bioluminescence resonance energy
transfer (FRET/BRET) (Ouedraogo et al., 2008), and bimolecular fluorescence
complementation (BiFC) (Rose et al., 2010). The latter was used in order to investigate
the association between neuropeptide Y receptors (NPY) and B-arrestin-2 in which
directly report underlying protein-protein interactions (Kilpatrick et al., 2010).
However, another method includes the restoration of B-galactosidase enzyme activity
when association between receptor and B-arrestin occurs has been developed by
DiscoveRx (Carter et al., 2005). This was a kit assay, gifted from the manufacturer,
DiscoveRy. The methods followed as the manufacturer’s instructions. PathHunter -
arrestin products monitor GPCR activity by detecting the interaction of B-arrestins with
the activated GPCR using B-galactosidase (B-gal) enzyme fragment complementation
(EFC, Figure 2.1). In this protocol, the GPCR of interest (in our case NMUL1) is fused
in frame with small, 42 amino acid fragment of -gal called ProLink and co-expressed
in cells stably expressing a fusion protein of B-arrestins and the larger, N-terminal
deletion mutant of B-gal (called enzyme acceptor or EA). Activation of the GPCR
stimulates binding of f-arrestins to the ProLink-tagged GPCR and forces
complementation of the two enzyme fragments, resulting in the formation of an active
B-gal enzyme. This action leads to an increase in enzyme activity that can be measured
using chemiluminescent PathHunter Detection Reagents. Because -arrestin recruitment
occurs independently of G-protein coupling, these assays provide a direct, universal

platform for measuring receptor activation.
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Figure 2.1 PathHunter B-arrestins recruitment assay principle

The G-protein coupled receptor (GPCR) is labelled with a mutationally altered peptide
fragment of B-galactosidase (ProLink™ or enzyme donor). B-arrestins are labelled with
a corresponding deletion mutant of f-galactosidase (enzyme acceptor). Recruitment of
[B-arrestins by the ligand-activated GPCR results in -galactosidase complementation.
The reconstituted holoenzyme catalyses the hydrolysis of a substrate, which yields a
chemiluminescent signal that can be detected by a NOVOstar plate reader.
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2.9.2 Thawing and plating frozen cells

Cell plating reagent was pre-warmed to 37°C. Cell vial (PathHunter eXpress cells) was
removed from -80 °C and placed immediately on dry ice prior to thawing. The vial was
then briefly placed (10s) in a 37°C water bath until the cell pellet was almost thawed.
Pre-warmed cell plating reagent (0.5 mL) was added to the cell vial and the all re-
suspended. The cells were then immediately transferred to 11.5 mL of pre-warmed cell
plating reagent and poured into a disposable reagent reservoir. A 100 pL liquate of cells
was plated into each well of the 96-well tissue culture plate which was then incubated
for 48 h at 37°C, 5% CO..

2.9.3 Agonist compound preparation and addition

The concentration of each dilution was prepared at 11X of the final screening
concentration to allow 10 pL of compound addition to 100 uL of buffer in each well of

cells)

2.9.4 Preparation of 12-point concentration response curve

A range of concentrations were prepared. After 48 h incubation, PathHunter eXpress
cells were removed from the incubator and 10 pL from tubes 1-12 was transferred to
each well from the high to the low concentration (12 — 1). The plate was then

incubated for 90 minutes at 37°C.

2.9.5 Substrate preparation and addition

PathHunter detection reagents were prepared according to manufacturer’s instructions
by mixing 19 parts Cell Assay Buffer, 5 parts Substrate Reagent 1 and 1 part
Substrate Reagent 2. Detection reagent (55 pL) was then added to each well and

incubated for 60 min. Samples were read using NOVOstar plate reader.
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2.10 hNmU-25 degradation by ECE-1 using recombinant human
ECE-1

In order to investigate whether ECE-1 degrades hNmU-25, the following experiment
was conducted. Ligands (25uM) were incubated with 0.1 pg rhECE-1 in 50 mM
Mes/KOH (MES is the common name for the compound 2-(N-morpholino)
ethanesulfonic acid) (pH 5.5) or 50 mM Tris-HCL (pH 7.4) for the required time at 37
°C. Reactions were stopped by centrifuging for 2 min using vivacon 500 concentrators
that are disposable ultrafiltration devices optimally suited for protein separation, and for
optimal performance with protein samples, they were equipped with the patented
regenerated cellulose membrane hydrosart, and products were separated by high-
performance liquid chromatography (HPLC) and identified using a 4000Q-Trap mass
spectrometer. Mass spectrometry data were provided by the Protein Nucleic Acid
Chemistry Laboratory (PNACL) facility at the University of Leicester, UK.

2.11 Bioassay approach

HEK-NMU2 or HEK-wt Cells were plated in either 24 or 96 well/plates for 24 h. In the
day of the experiment, the HEK-NMU2 or HEK-wt cells in 24 well/plate were
incubated with either inhibitor and challenged with hNmU-25, 10 nM and the ligand
were left for 1, 2 and 3h. The solution containing the ligand from the wells were
collected and used to stimulate the cells in 96 well/plate using the NOVOstar machine
as described in (Methods; 2.2.5).
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Chapter 3

NMU regulation: desensitisation, internalisation and re-sensitisation

3.1 Introduction

Both NmU and NmS can activate two family A GPCRs, NMU1 and NMU?2 (Alexander
et al., 2008; Sharman et al., 2011). The NMU1 and NMU2 isolated from human share
73 % and 75 % homology with those isolated from rat, respectively (Howard et al.,
2000). Also, NMU1 and NMUZ2 have 73-79% and 81% homology respectively to those
isolated from the mouse (Tan et al., 1998; Funes et al., 2002). The receptors have 51%
identity (Howard et al., 2000a). The homology occurs within the transmembrane
domains, whereas differences are located at the extracellular N-terminus and within the
13 loop (Figure 1.2). The C-terminus of NMU2 is longer than NMU1, whereas NMU?2
has a shorter i3 region than NMU1. Both receptors are differently distributed. For
instance, NMU?2 is highly expressed in the central nervous system. In contrast, NMU1

is expressed mainly in peripheral tissues (Section 1.3).

Activation of either NMU receptor by NmU results in increases in [Ca®]; (Fujii et al.,
2000; Hedrick et al., 2000; Howard et al., 2000; Kojima et al., 2000; Funes et al., 2002;
Aiyar et al., 2004; Brighton et al., 2004a; Johnson et al., 2004; Brighton et al., 2008),
PLC activity (Aiyar et al., 2004; Brighton et al., 2004a), InsPy generation (Raddatz et
al., 2000; Szekeres et al., 2000; Aiyar et al., 2004; Brighton et al., 2004a). In addition,
an increase in arachidonic acid release (Fujii et al., 2000; Hosoya et al., 2000; Aiyar et
al., 2004; Brighton et al., 2004a) and inhibition of forskolin-mediated cCAMP generation
(Hosoya et al., 2000; Aiyar et al., 2004; Brighton et al., 2004a) have also been reported.
Pre-treatment of NMU-expressing cells with pertussis toxin does not affect either
phosphoinositide turnover or [Ca*']; responses to NmU, whereas the inhibition of the
adenylyl cyclase activity is abolished, indicating respective likely dependency on Gog1
and Gai, coupling (Aiyar et al., 2004; Brighton et al., 2004a). In this chapter changes
in [Ca*]; have been investigated by exposing the HEK293 cells expressing NMU1 and
NMU2 to either NmU, NmS or pNmU-8 and in order to generate a pharmacological
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ligand profile. Next, the desensitisation, internalisation and the recovery (re-

sensitisation) of NMU?2 is assessed.

In particular, using different conditions including using an internalisation inhibitor,
using different times desensitisation and different times stimulation either with
concentrations higher than the maximum concentration (30 nM) or lower than that in
order to study the consequences from that on the receptors processing were examined in
the current study (DeFea et al., 2000; Pierce et al., 2002).

For example, it has been suggested that high concentration (10 nM) could affect the re-
sensitisation and the recovery for some receptors, including (Neurokinin 1 receptor)
NKR (Roosterman et al., 2004). Therefore, this possibility was assessed using different

concentrations in this study.

In addition to the importance of GPCR phosphorylation by G protein- coupled receptor
kinases (GKR), dephosphorylation is also a critical mechanism of some GPCR re-
sensitisation including NK;R (Murphy et al., 2011). It has been reported that the
phosphorylated B,AR appears in an endosomal vesicle enriched with protein
phosphatase 2A (PP2A) (Pitcher et al., 1995) and this enzyme is present in the cytosolic
and it is a member of a diverse family of phospho-S- and T-specific enzymes.
Therefore, the effect of this enzyme was investigated using different inhibitors that had

been widely used in researches.

As the dephosphorylation is important for the receptor to be recycled and re-sensitised,
the role of PP2A in re-sensitisation was explored using different types of protein

phosphatase inhibitors.

For some GPCRs, re-sensitisation is reduced if endosomal acidification is inhibited, or
ECE-1 activity is genetically or pharmacologically inhibited. In contrast, over-
expression of ECE-1 has been shown to enhance the trafficking and re-sensitisation of
some GPCRs (Padilla et al., 2007; Roosterman et al., 2007). It is interesting to note that
HEK-293 cells are reported to express mRNA for ECE-1 (Padilla et al., 2007
Roosterman et al., 2007).

In order to understand whether hNmU-25 could be degraded extracellular and whether
any related enzyme other than the ECE-1 could be involved in receptor processing, two
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different approaches were used in this study including NEB inhibitor and bioassay as
described in the Methods section (2.12). The CD10/neutral endopeptidase 24.11 ([NEB]
EC 3.4.24.11, neprilysin) is a plasma membrane-bound zinc metalloprotease enzyme
(Park et al., 2003). It is a member of a gene family including the ECE-1. This enzyme
regulates some biological activity of peptide substrates including endothelin-1 (ET-1)
(Abassi et al., 1992), atrial natriuretic factor (Gros et al., 1989), bradykinin (Erdos et
al., 1989) and substance P (Skidgel et al., 1984). The small peptides could be cleaved
by this enzyme on the N-terminal side of hydrophobic amino acids (Ishimaru et al.,
1997). It has been reported that this enzyme could be inhibited by different agents
including thiorphan (Schwartz et al., 1990).
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3.2 Results

3.2.1 NMU receptor-mediated Ca**: a comparison of natural ligands

Exposing either HEK-NMU1 or HEK-NMU2 to hNmU-25, hNmS-33 or pNmU-8
evoked concentration-dependent increases in fluorescence as an index of changes in
[Ca®*]; in populations of adherents fluo-4-loaded cells. High concentrations evoked
greater and more rapid increases in [Ca®*];. For instance, using a high concentration (30
nM) of any of the ligands led to a faster rate of increase in [Ca?*]; (maximal change at
4+0.6 s) e.g. hNmU-25, while using a lower concentration resulted in a slower rate of
increase (for example at 3 nM maximal change at 12.33+2.19 s) e.g. hNmU-25. The
peak levels were attained after around (13+0.58 s) at lower concentrations (Figures 3.1,
3.2, 3.3). The maximum increases in fluorescence were determined and used to generate
concentration-response curves. Changes in fluorescence were also calibrated as
described in Methods and increases in [Ca’*]; determined (Figure 3.1; B & C).
Following the initial peak, there was a slowly declining phase at all ligand
concentrations used (0.1-100 nM). This decline lasted until the end of reading (50 s).
From the concentration response curves, the pECsy values for hNmU-25 and hNmS-33
in HEK-NMU1 were 8.53+0.05, 8.97+0.12, respectively, and in HEK-NMUZ2 8.62+0.03
and 9.10+0.07, respectively (Figures 3.1 & 3.2). Furthermore, the pNmU-8 caused
concentration-dependent increases in [Ca®"]; in HEK-NMU1 and HEK-NMU2 with
PECs values of 8.90+0.12 and 8.88+0.14, respectively (Figure 3.3; A & B).
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Figure 3.1 Concentration-responses curves for hNmU-25-mediated Ca®* elevation
in HEK-NMU1 and HEK-NMU?2

HEK-NMU1 and HEK-NMU?2 cells were plated in 96-well plates for 24 h. Cells were
loaded with fluo-4 then challenged with different concentrations of hNmU-25 in HEK-
NMUL (A, uncalibrated) or HEK-NMU1 and HEK-NMU2 (B & C, calibrated, to show
[Ca®*] changes). Changes in cytosolic fluorescence were then monitored as an index of
[Ca?*]i using a NOVOstar plate reader. Traces are representative of 3 experiments
showing Ca®* responses at different concentrations of hNmU-25. Data were calibrated
as described in Methods and maximal changes used to construct concentration-
responses curves. The pECso values for hNmU-25 in HEK-NMU1 and HEK-NMU2
were either 8.76+ 0.06, un-calibrated or 8.53 + 0.05 and 8.62 + 0.03, calibrated,
respectively. Data are presented as means + s.e.m.; n=3 or are representative of n=3

separate experiments.
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Figure 3.2 Concentration-response curves for hNmS-33-mediated Ca’* elevation in
HEK-NMU1 and HEK-NMU?2

HEK-NMU1 and HEK-NMU?2 cells were plated in 96-well plates for 24 h. Cells were
loaded with fluo-4 then challenged with different concentrations of hNmS-33 in HEK-
NMUL1 (A) or HEK-NMU?2 (B). Changes in cytosolic fluorescence were then monitored
as an index of [Ca*']; using a NOVOstar plate reader. Traces are representative of 3
experiments showing Ca** responses at different concentrations of hNmS-33. Data were
calibrated as described in Methods and maximal changes used to construct
concentration-responses curves. The pECsy values for hNmS-33 in HEK-NMUL1 and
HEK-NMU2 were 9.10 + 0.07 and 8.97 + 0.12, respectively. Data are presented as

means + s.e.m.; n=3 or are representative of n=3 separate experiments.
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Figure 3.3 Concentration-response curves for pNmU-8-mediated Ca** elevation in

HEK-NMU1 and HEK-NMU?2

HEK-NMU1 and HEK-NMU?2 cells were plated in 96-well plates for 24 h. Cells were
loaded with fluo-4 then challenged with different concentrations of pNmU-8 in HEK-
NMUL1 (A) or HEK-NMU?2 (B). Changes in cytosolic fluorescence were then monitored
as an index of [Ca?']; using a NOVOstar plate reader. Traces show Ca’* responses at
different concentrations of pPNmU-8. Data were calibrated as described in Methods and
maximal changes used to construct concentration-responses curves. The pECso values
for pNmU-8 in HEK-NMU1 and HEK-NMU2 were 8.90 + 0.12 and 8.88 + 0.14,
respectively. Data are shown as means + s.e.m.; n=3 or are representative of n=3

separate experiments.
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3.2.2 NMU receptor desensitization, internalization & re-sensitization

This series of experiments will now primarily focus on NMU2 subtype. It has
previously been demonstrated in our laboratory that following stimulation of HEK-
NMU2 cells with hNmU-25 (30 nM, 5 min) and a short (5 min) washout/recovery
period essentially no Ca** response is observed upon NmuU re-addition (Brighton et al.,
2004b; Alhosaini, 2011). This did not show whether the receptor desensitised or not. In
contrast, re-addition of the muscarinic acetylcholine receptor agonist, carbachol,
following a similar pre-treatment protocol (carbachol (300 uM; 5 min) addition
followed by 5 min washout/recovery) resulted in a smaller, but still significant
Ca”" response (approx. 60 % attenuation of the initial Ca®* response; (Alhosaini, 2011).
However, when the cells were stimulated (30 nM hNmU-25 for 5 min) and then very
briefly washed with acidified (pH 2) buffer, a Ca** response was observed upon re-
challenge. These data suggest that the NMU2-ligand complex does not readily
dissociate under normal physiological conditions (Brighton et al., 2004b) and exposure
to a low pH is necessary to dissociate the high-affinity neuropeptide-receptor complex
(Haigler et al., 1980; Koenig et al., 1997). In the absence of a brief acid-wash, recovery
of the Ca?* response to hNmU-25 re-addition was observed only after a 2-3 h recovery
period (Alhosaini, 2011). The kinetics of ligand association and dissociation from the
receptor has been mapped using Cy3B-pNmU-8. Using this ligand it has been clearly
shown that a pH 2.0 wash for 30 s is necessary to bring about a compete dissociation

from the receptor (Alhosaini, 2011).

Because exposure to acidified buffer could have serious effects on the integrity of the
cell and its ability to respond to agonists re-challenge, the effect of brief pH 2 exposure
on Ca”* responses was investigated. HEK-NMU2 cells were washed briefly (20 s) with
KHB at either pH 2 or 7.4 (normal buffer) followed by washing and 5 min recovery in
standard buffer (pH 7.4) and then stimulated using different concentrations of hNmU-25
(0.1-100 nM; Figure 3.4). The acid-wash did not significantly alter agonist potency
(PECso (-log M) values for hNmU-25-mediated Ca®* responses: 8.74+0.08 and

8.58+0.09, respectively following acidified or standard buffer washes).
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The Ca** response observed following an initial exposure to agonist and washout period
was used as an index of NMU2 receptor desensitisation. HEK-NMUZ2 cells were
incubated with hNmU-25 or hNmS-33 (each at 30 nM) for varying times (1-10 min)
followed by a brief acid wash, a 5 min recovery period and subsequent re-challenge
with a maximally effective concentration of the same ligand (Figure 3.5). Pre-
incubation with hNmU-25 or hNmS-33 resulted in a time-dependent reduction in the
Ca®* response seen upon hNmU-25 or hNmS-33 re-challenge (Figure 3.5 A, B).
Apparently, maximal decreases in the re-challenge Ca** response were observed for
both ligands following either 5 or 10 min pre-incubation periods.

The ability of HEK-NMUZ2 cells to recover either hNmU-25- or hNmS-33-mediated
Ca®* responses was next assessed to determine the time-course over which re-
sensitisation occurs. Cells were pre-incubated with a maximal concentration of either
ligand to cause desensitisation (30 nM; 5 min) followed by three washes with KHB (pH
7.4). Cells were then allowed to recover for 1, 3, or 6 h and then re-challenged using the
maximally effective concentration of ligand (Figure 3.5, C). The time-courses of
recovery from desensitisation were found to depend on the ligand, with recovery
occurring more slowly when hNmS-33 was studied. Whereas, essentially full recovery
was achieved after 6 h when the cells were desensitised with hNmU-25, < 50% recovery
was observed at this time following desensitisation of NMU2 by hNmS-33 (Figure 3.5,
C).

Previous work has demonstrated internalisation of eGFP-tagged NMU?2 receptor within
10 min of ligand addition (Brighton, 2005). Before using the HEK-NMU2-eGFP cell-
line in my own work, | wished to confirm that C-terminal tagging of the receptor did not
significantly alter signalling responses. hNmU-25 stimulated concentration-dependent
Ca®* responses in fluo-4-AM-loaded HEK-NMU2-eGFP cells. Although the maximal
Ca®* response to hNmU-25 was reduced (Figure 3.6), pECs, values (8.64+0.06 and
8.56+0.08, for NMU2 and NMUZ2-eGFP, respectively) were unaffected by eGFP-
tagging (Figure 3.6).

The HEK-NMU2-eGFP cell-line was then used to assess whether receptor
internalisation occurs following addition of either hNmU-25 or hNmS-33 (Figures 3.7
and 3.8). Real-time monitoring of NMU2-eGFP internalisation in HEK-NMU2 was
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performed using microscopy and following challenge with hNmU-25 and hNmS-33
indicated gradual movement of NMU2-eGFP fluorescence from plasma membrane to
the cytosol. The maximum internalisation in HEK-NMU2-eGFP was achieved after
approximately 30-40 min, stimulated with either hNmU-25 or hNmS-33. In addition, to
determine if the ligand and receptor internalise together, fluorescently tagged pNmU-8
(Cy3B-pNmU-8) was also used (Figure 3.9). Addition of Cy3B-pNmU-8 (10 nM) to
HEK-NMU2-eGFP revealed that NMUZ2-eGFP are able to bind to its cognate ligand.

Having established that hnNmU-25 and hNmS-33 cause the receptor to internalise, and a
tagged analogues of pPNmU-8 internalises with NMUZ2, | next examined the effect of the
dynamin-dependent internalisation inhibitor, dynasore (Macia et al., 2006), on the
recovery of hNmU-25- and hNmS-33-mediated Ca?* signalling. Pre-treatment of HEK-
NMU2 cells with dynasore (80 uM) for 6 h did not significantly affect ANmU-25- and
hNmS-33-mediated Ca** responses in agonist-naive cells (Figure 3.10 A, B). Following
an initial 5 min desensitising exposure to hNmU-250r hNmS-33 (30 nM), washout and
a recovery period of 6 h, re-challenging vehicle-treated cells with hNmU-25 (Figure
3.10, A) or hNmS-33 (Figure 3.10, B) evoked >90% and ~60% of the respective
control Ca* responses. In the presence of dynasore a markedly reduced recovery was
observed with respect to both agonists. These data suggest that recovery of NMU2-
mediated response is dependent on dynamin-dependent internalisation, most likely of

the NMU2-agonist complex.

To assess the role of endosomal acidification in the re-sensitisation of NMU2, two
mechanistically-distinct inhibitors of endosomal acidification, monensin (50 uM; a
monovalent cation ionophore) and bafilomycin A1 (200 nM; a vacuolar H*-ATPase
inhibitor) were used. HEK-NMUZ2 cells were pre-treated with either inhibitor for 30 min
and then stimulate with a agonist for 5 min and allowed to recover for either 3 or 6 h.
both inhibitors significantly reduced the recovery of the NMU2-mediated Ca®* response
when the cells were stimulated using a maximally-effective concentration of hNmU-25
or hNmS-33 (Figure 3.11). it should be noted that while there was a trend for both
monensin and bafilomycin to increase the naive Ca** response to each ligand this
possible effect did not achieve statistical significance in any individual dataset (Figure
3.11).
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The requirement for de novo protein synthesis in the recovery of NMU2 from
desensitisation was also investigated. Cycloheximide has been used by other groups in
HEK?293 cells to inhibit protein synthesis (Yu et al., 1997). Indeed, previous work in
our laboratory has demonstrated that a carefully titrated concentration of cycloheximide
(17.5 uM) inhibits protein synthesis in these cells (Alhosaini, 2011). Cells were pre-
treated with either KHB or inhibitor for 30 min then pre-exposed to buffer, ANmU-25 or
hNmS-33 (30 nM, 5 min). Cycloheximide (17.5 uM) did not affect the respective
recoveries of hNmU-25- or hNmS-33-mediated Ca®* responses seen at 6 h (Figure
3.12A, B). Furthermore, the Ca?* responses to either hNmU-25 or hNmS-33 seen in
ligand-naive cells incubated in the absence or presence of cycloheximide were not

significantly different.
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Figure 3.4 Effect of a brief acid wash (2.0) on hNmU-25-stimulated Ca** responses
in HEK-NMU?2

HEK-NMU?2 cells were cultured in 96-well plates for 24 h. The cells were then loaded
with fluo-4-AM for 45 min. Cells were exposed to a brief wash with either KHB pH
(7.4) or KHB pH (2.0) for no longer than 25 s as followed by three washes with KHB
pH (7.4) and allowed to recover for 5 min at 37 °C. Cells were then challenged with
different concentrations of hNmU-25 (0.1-100 nM) and changes in fluorescence (as an
index of [Ca®'];) measured using a NOVOstar plate reader. The data were calibrated and
the maximal changes were used to construct concentration-response curves. The pECsg
(-log M) values after washing with KHB (pH 7.4) or KHB (pH 2.0) were 8.58 +0.09

and 8.74 +0.08, respectively. Data are presented as means +s.e.m.; n=3.
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Figure 3.5 NMU?2 desensitisation and re-sensitisation of Ca** signalling

For desensitisation, fluo-4-AM loaded cells were untreated or pre-treated with hNmU-
25 (A) or hNmS-33 (B) (30 nM, 1-10 min), then washed using acidified buffer before a
5 min recovery period in normal KHB. For resensitsation, the cells were pre-treated
with either hNmU-25 or hNmS-33 (30 nM, 5 min), and then washed using KHB and
allowed to recover (C). During the last 45 min of the recovery period (1-6 h recovery)
(resensitisation), cells were loaded with fluo-4-AM and then re-challenged with the
same ligand. Changes in cytosolic fluorescence were recorded as an index of changes in
[Ca®*]; using a NOVOstar plate reader. In panel C, data are expressed as a percentage of
the maximum response in HEK-NMU2 pre-challenged with KHB only. Data are
presented as means + s.e.m.; n=3., **P<0.01, ***P<0.001; by Bonferroni’s multiple
comparison test following one (panels A and B), or two-way (panel C) ANOVA.
Significant differences between unchallenged cells and either 5 or 10 min recovery after

stimulation were considered.
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Figure 3.6 Concentration-response curves for hNmU25-mediated changes in
[Ca?*]i in HEK-NMU2 and HEK-NMU2-eGFP-expressing cells-lines

HEK-NMU2 and HEK-NMU2-eGFP cells were cultured in 96-well plates, for 24 h.
The cells were then loaded with fluo-4-AM for 45 min at 37 °C. The cells were then
challenged with different concentrations of hNmU-25 using a NOVOstar plate reader.
Changes in fluorescence were monitored as an index of [Ca®']; and the data were
calibrated as described in Methods. The maximal changes in fluorescence were used to
construct concentration-response curves for both types of cells. The pECs, values for
hNmU-25 in HEK-NMU2 and HEK-NMUZ2-eGFP were 8.64+0.06 and 8.56+0.08,

respectively. Data are presented as means + s.e.m.; n=3.
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Figure 3.7 Confocal imaging of hNmU-25-mediated receptor internalisation in
HEK-NMU2-eGFP

HEK-NMU2-eGFP cells were cultured on 25 mm glass coverslips for 24 h. Cells were
then challenged with hNmU-25 (30 nM) and internalisation was visualised and captured
using confocal microscopy at a laser excitation wavelength of 488 nm at the times
shown. The location of HEK-NMU2-eGFP at the plasma membrane or in the cytosol is
indicated by arrows. Images are representative of multiple images from 3 independent

experiments. Scale bar is (10 um).
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Figure 3.8 Confocal imaging of hNmS-33-mediated receptor internalisation in
HEK-NMU2-eGFP

HEK-NMU2-eGFP cells were cultured on 25 mm glass coverslips for 24 h. Cells were
then challenged with hNmS-33 (30 nM) and internalisation was visualised and captured
using confocal microscopy at a laser excitation wavelength of 488 nm at the times
shown. The location of HEK-NMU2-eGFP at the plasma membrane or in the cytosol is
indicated by arrows. Images are representative of multiple images from 3 independent

experiments. Scale bar is (10 um).
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Figure 3.9 Bound fluorescently-tagged pNmuU-8 (Cy3B-pNmuU-8) is co-internalised
with the NMU2 receptor in HEK-NMU2-eGFP

HEK-NMU2-eGFP cells were cultured on 25 mm glass coverslips for 24 h. Cells were
exposed to Cy3B-pNmU-8 (10 nM) and then visualised following 5 (A) or 20 (B) min
of the addition by confocal microscopy using laser excitation wavelengths of 488 and
568 nm for green fluorescent protein and Cy3B-pNmU-8, respectively. The presence of
HEK-NMU2-eGFP or Cy3pNmU-8 at the plasma membrane or in the cytosol is indicated
by arrowheads and arrows, respectively. Images are representative of multiple images

from 3 independent experiments. Scale bar is 10 um indicated by a red line.
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Figure 3.10 NMU2 re-sensitisation is reduced by inhibition of internalisation

HEK-NMU?2 cells were pre-incubated + inhibitors of internalisation (dynasore, 80 uM)
for 30 min before challenge with buffer or ligands (hNmU-25 (A) or hNmS-33 (B) (30
nM, 5 min). Cells were washed and allowed to recover for 6 h (+ inhibitor), cells were
then re-challenged with the same ligand and Ca** responses determined using a
NOVOstar plate reader and changes in cytosolic fluorescence were recorded as an index
of changes in [Ca’'];. Data are mean + s.e.m, n=3., ***P<0.001; by Bonferroni’s

multiple comparison following one-way ANOVA.

98



I = I
300 L * kK 1 Sk %
I 1 300 1 kK 1
I I —_— 1
E 200 Z 2o0-
= £
£ =
o~ +
© ~
©
gloo S 1004
0 r 04 :
hNmU-25 hNmS-33
pretreatment + _ + pretreatment _ + _ +
Monensin - - + + Monensin - - + +
* kK ko
500+ 600
L L33 (] * K
I 1
400 I I
s - !
S 400 1
£ 3004 =
+': +,:
~
‘s 200 N
[§) O 2004
100
0= I I 0+  ammmnnnn |
L) L) L] L] )
hNmU-25 - + - + hNmS-33 - + - +
Pretreatment Pretreatment
Bafilomycin R R + + Bafilomycin - - + +

Figure 3.11 NMU2 re-sensitisation is markedly reduced by two different

endosomal acidification inhibitors

HEK-NMU2 cells were pre-incubated + inhibitors of endosomal acidification,
monensin (50 uM; A, B) or bafilomycin (200 nM; C, D) for 30 min before challenge
with buffer or ligands, hNmU-25 (A, C) or hNmS-33 (B, D) (each 30 nM, 5 min). Cells
were washed and allowed to recover for either 3 (C & D) or 6 h (A & B) (+ inhibitor)
and then re-challenged with the same ligand. Ca** responses were determined using a
NOVOstar plate reader and changes in cytosolic fluorescence were recorded as an index
of changes in [Ca?*];. Data are presented as means + s.e.m.; n=3. Statistical analysis was
performed using Bonferroni’s multiple comparison following one-way ANOVA.
*P<0.05, ***P<0.001.
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Figure 3.12 NMU?2 re-sensitisation is unaffected by inhibition of protein synthesis

HEK-NMU?2 cells were pre-incubated in the absence and presence of an inhibitor of
protein synthesis (cycloheximide, 17.5 uM) for 30 min before challenge with buffer or
ligands (hNmU-25 (A) or hNmS-33 (B) (30 nM, 5 min). Cells were washed and
allowed to recover for 6 h (+ inhibitor) before determination of Ca®* responses to the
same ligand (30 nM). Changes in cytosolic fluorescence were then monitored as an
index of [Ca?']; using a NOVOstar plate reader. Data are presented as means + s.e.m.;

n=3; ***P<0.001; by Bonferroni’s multiple comparison following one-way ANOVA.
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3.2.3 Do protein phosphatase or protein kinase C activities play a role in re-

sensitization of NMU2?

It has been suggested that after stimulation of the type 1 neurokinin receptor (NK1R) by
substance P, protein phosphatase type 2A (PP2A) associates with the receptor at the cell
surface, where it brings about dephosphorylation and re-sensitisation (Murphy et al.,
2011b). Therefore, the impact of PP2A inhibition on re-sensitisation of NMU2
signalling was determined. Okadaic acid and fostriecin have been used previously to
inhibit PP2A (Garcia et al., 2002; Roosterman et al., 2004; Beaulieu et al., 2005;
Murphy et al., 2011a); okadaic acid, is a potent phosphatase inhibitor acting on both
PP1 and PP2A (Cohen et al., 1989; Walsh et al., 1997; McCluskey et al., 2001; Murphy
et al., 2011), and fostriecin is reported to exhibit selectivity towards PP2A (Lewy et al.,
2002). HEK-NMU2 cells were incubated with each PP2A inhibitor for 30 min and then
stimulated with hNmU-25 or hNmS-33 (each at 30 nM for 5 min), washed and allowed
to recover for 3 h. Neither of the inhibitors affected NMU?2 re-sensitisation as assessed
by challenge/re-challenge with either hNmU-25 or hNmS-33 after the 3 h recovery
period (Figures 3.13, A-D).

PKC activity has been shown to affect the re-sensitisation of some receptors, including
NK;R (Toullec et al., 1991). Therefore, the impact of PKC inhibition on the re-
sensitisation of NMU2 has assessed, in this case only with respect to hNmU-25 as the
agonist (Figure 3.14). HEK-NMU?2 cells were pre-incubated with the PKC inhibitor
GF109203X (1 uM), for 30 min and then stimulated with hNmU-25 (30 nM, 5 min) or
vehicle, washed with KHB, and incubated in KHB for 3 h. The magnitude of the Ca*
response to challenge/re-challenge with hNmU-25 (30 nM) was determined as an index
of re-sensitisation. A complicating aspect for the interpretation of these data was that
Ca®* response of agonist naive cells to challenge with hNmU-25 (30 nM) was greater in
cells pre-treated with the PKC inhibitor (Figure 3.14, B), indicating that PKC-
dependent phosphorylation attenuates the Ca?* response to a single challenge with
hNmU-25. Nevertheless, the extent of re-sensitisation in the presence of GF109203X
(92%) was clearly greater than under control conditions (64% recovery at 3 h; Figure
3.14, A) suggesting that protein kinase C activity negatively impacts on NMU2 re-

sensitisation.
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Figure 3.13 Effect of the PP2A inhibitors, okadaic acid and fostriecin on re-

sensitisation of NMU2-meidated Ca®* responses

HEK-NMU?2 cells were cultured in 96-well plates for 24 h. Cells were pre-treated with
either okadaic acid (A, B; 10 nM) or fostriecin (C, D; 300 nM) to inhibit PP2A or
vehicle (buffer) for 30 min and then challenged with ligands (hNmU-25 (A, C) or
hNmS-33 (B, D); each at 30 nM, 5 min) or buffer. Cells were then washed. When
added, the inhibitor was present throughout all experimental steps. Cells were allowed
to recover for 3 h following the initial agonist challenge and were then loaded with fluo-
4-AM during the last 45 min of the recovery period and then re-challenged with ligands
(30 nM) using a NOVOstar plate reader. Changes in cytosolic fluorescence were
recorded as an index of change in [Ca®*"];. Data are presented as means + s.e.m., n=3.
Data were analysed by Bonferroni’s multiple comparison test following one-way

ANOVA; **P<0.01, ***P<0.001 were considered significant.
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Figure 3.14 Role of PKC activity in NMU?2 re-sensitisation

HEK-NMU?2 cells were cultured in 96-well plates for 24 h. The cells were then pre-
incubated with the PKC inhibitor GF 109203X (GFX; 1 uM) or vehicle (KHB) for 30
min before stimulation with hNmU-25 (30 nM, 5 min) washing and a recovery period of
3 h. When added, the inhibitor was present throughout all experimental steps. During
the last 45 min of the recovery period, cells were loaded with fluo-4-AM before
challenge with ligand (30 nM) using a NOVOstar plate-reader and changes in cytosolic
fluorescence were recorded as an index of change in [Ca?*];. GF 109203X (GFX) is auto
fluorescent at 488 nM (its colour is orange). Data in panel A are representative of means
+ s.e.m., n=4. Panel B shows example Ca2+ traces for agonist-naive cells incubated in
the absence or presence of GFX and stimulated with hNmU-25 (30 nM). Data were
analysed by Bonferroni’s multiple comparison test following one-way ANOVA;
**pP<0.01, ***P<0.001. Significant differences between unchallenged and recovery in

the presence and absence of inhibitor were considered.
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3.2.4 Effects of the ECE-1 inhibitor, SM-19712, on the recovery of NMU2-

mediated Ca** signalling

In addition to endosomal acidification causing dissociation of the ligand-receptor
complex, it has been suggested that ECE-1 activity may be required for the degradation
of certain peptide ligands to allow receptor recycling and re-sensitization of signalling
(Roosterman et al., 2007b). The effect of ECE-1 activity on the recovery of hNmU-25-
and hNmS-33-mediated Ca** signalling in HEK-NMU2 was therefore examined. Cells
were pre-treated with either buffer or the ECE-1 inhibitor, SM-19712 (10 uM)
(Umekawa et al., 2000) for 30 min and challenged with buffer, ANmU-25 or hNmS-33
(30 nM, 5 min). The inhibitor concentration used here has been used previously
(Murphy et al., 2011). Cells were then washed with KHB and allowed to recover for
either 3 or 6 h. SM-19712 inhibited recovery at all times studied following
desensitisation with hNmU-25 (Figure 3.15; A, B) but not when cells had been
desensitised with hNmS-33 (Figure 3.15; C, D).

The impact of knocking-down expression of ECE-1 using an anti-ECE-1 siRNA was
also determined. Cells were transfected with either a scrambled siRNA (control) or anti-
ECE-1 siRNA. ECE-1 expression was reduced (by 69 + 3%) 48 h after transfection with
ECE-1 siRNA, but not following transfection with scrambled siRNA (Figure 3.16; A).
The reduced expression did not affect the Ca** response of naive cells to 30 nM hNmU-
25 or hNmS-33 (Figure 3.16; A & B). However, knockdown of ECE-1 reduced the
response to agonist re-challenge after 6 h recovery in cells pre-stimulated with hNmU-
25 (30 nM, 5 min) (Figure 3.16; B) but not hANmS-33 (Figure 3.16; C).

The potential role of other peptidases in receptor re-sensitisation was investigated using
DL-thiorphan (10 puM), as a potent and specific inhibitor of membrane metallo-
endopeptidase, neprilysin (NEP) (Tan et al., 1992). This enzyme was selected, since it
has been extensively studied and can be regarded as the prototypical neuropeptides
degrading enzyme (Bohm et al., 1997). Cells were pre-treated with or without the
inhibitor for 30 min and then challenged with either hNmU-25 (Figure 3.17; A) or
hNmS-33 (Figure 3.17; B) (each at 30 nM, 5 min) and following a wash, allowed to

recover for 3 h. The cells were then re-challenged with the same ligand at the same
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concentration and Ca®* responses recorded using a NOVOstar plate reader. This
inhibitor did not affect the Ca®* response of naive cells to 30 nM of hNmU-25 or hNmS-
33 and did not affect the re-sensitisation (Figure 3.17; A, B).
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Figure 3.15 Inhibition of ECE-1 reduces receptor re-sensitisation following

desensitisation with hNmU-25 but not hNmS-33

HEK-NMU?2 cells were pre-incubated + the ECE-1 inhibitor, SM19712 (10 uM), for 30
min and then challenged with buffer or the ligands hNmU-25 (A & B) or hNmS-33 (C
& D) (30 nM, 5 min). Cells were washed and allowed to recover for 3 (A & C) or 6 h
(B & D) (+ inhibitor) before determination of Ca*" responses to the same ligand (30
nM). Changes in cytosolic fluorescence were then monitored as an index of [Ca®'];
using a NOVOstar plate-reader. Data are mean + s.e.m., n=4. Data were analysed by

Bonferroni’s multiple comparison test following one-way ANOVA; ***P<(.001.
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Figure 3.16 Knockdown of ECE-1 inhibits re-sensitisation of NMU2-mediated Ca?*

signalling

A. HEK-NMU2 cells were transfected with ECE-1 siRNA or scrabbled as described in
Methods. Scrambled siRNA was used as control (CTL). The expression of ECE-1 was
determined by immunoblotting. Blotting of total ERK was used as a loading control
(A). Transfected cells were pre-treated with either buffer (control), hNmU-25 (B) or
hNmS-33 (C) (30 nM, 5 min) washed with KHB followed by 6 h recovery. Cells were
then either challenged or re-challenged with the same concentration using a NOVOstar
plate reader and changes in cytosolic fluorescence were recorded as an index of changes
in [Ca?*]i. The data were analysed by Student’s paired t test (A) or Bonferroni’s
multiple comparison test following one-way ANOVA (B); *P<0.05, **P<0.01. Data

are representative or mean + s.e.m., n=3.
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Figure 3.17 Effect of NEP inhibitor on re-sensitisation of NMU2-mediated

Ca’*signalling

HEK-NMU?2 cells were cultured in 96-well plates for 24 h. Cells were then pre-treated
with vehicle or DL-thiorphan (10 uM) for 30 min and then challenged with buffer or
ligand hNmU-25 (A) or hNmS-33 (B) (30 nM, 5 min) followed by three buffer washes.
This was followed by a recovery period of 3 h. NEP inhibitor was present or absent
throughout all experimental steps. During the last 45 min of the recovery period, cells
were loaded with fluo-4-AM before challenge with ligand (30 nM) using a NOVOstar
plate-reader. Changes in cytosolic fluorescence were recorded as an index of changes in
[Ca?*]i. Data are mean + s.e.m., n=3. Data were analysed by Bonferroni’s multiple
comparison test following one-way ANOVA; **P<0.01, ***P<0.001.
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3.2.5 Further characterization of effects of the ECE-1 inhibitor, SM-19712, on

NMU2 re-sensitization

In order to assess the extent of the Ca®* signal recovery following pre-treatment with
different agonist concentrations, HEK-NMU?2 cells were challenged with a range of
concentrations of hNmU25 (30 nM, 300 nM and 1 pM; 5 min) and then washed and
allowed to recover for 6 h. The cells then were re-challenged with a maximally-effective
hNmU-25 concentration (30 nM) and the Ca** responses recorded using the NOVOstar
plate-reader. After 6 h it could be seen that recovery varied with concentration of the
initial agonist pre-treatment. Whereas the Ca®* response had recovered to 92% of the
response observed in untreated HEK-NMU?2 cells, this was reduced to 63 and 38% in
cells pre-treated with 0.3 and 1 pM hNmU-25, respectively (Figure 3.18; A). At the
highest agonist concentration tested (hNmU-25, 1 uM), the ECE-1 inhibitor
significantly reduced NMU2 re-sensitisation (Figure 3.18; B).

The ability of ECE-1 to regulate re-sensitisation of cells following challenge with a
concentration that was sub-maximal for the Ca®* response was also investigated. HEK-
NMU2 cells were pre-incubated with ECE-1 inhibitor for 30 min and the cells were
then stimulated with hNmU-25 (3 nM, 5 min) and the cells then washed and allowed to
recover for 1 h (Figure 3.19). Under these conditions, hNmU-25-induced Ca®* signals
were almost completely re-sensitised after 1 h recovery either in the presence or in
absence of the ECE-1 inhibitor SM-19712 (Figure 3.19).

Having already established that Ca* response recovery was faster following 5 min pre-
treatment with hNmU-25 compared to hNmS-33, we investigated the effect of reducing
the agonist pre-treatment period on response recovery. Pre-treatment with hNmU-25 (30
nM, 1 min) resulted in a more rapid re-sensitisation with 68% recovery of the Ca®*
response to re-challenge after 1 h and almost full recovery after 3 h (Figure 3.20; A).
the rate of recovery was significantly reduced in the presence of the ECE-1 inhibitor at
both the 1 and 3 h time-points (Figure 3.20; A & B). In contrast, Ca** response
recovery after pre-treatment with hNmS-33 (30 nM, 1 min) was unaffected by ECE-1
inhibition (Figure 3.20; C).
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The effects of brief acid washing (to facilitate ligand-receptor dissociation) on the
recovery of NMU2 from desensitisation were assessed in absence and presence of ECE-
1 inhibitor. In this experiment, the cells were pre-incubated (+ inhibitor) for 30 min and
following challenge with hNmU-25 (30 nM, 5 min) cells were briefly washed with
acidified buffer and allowed to recover for 6 h (Figure 3.21). In these experiments, an
almost complete recovery of the Ca®* response was observed irrespective of whether the
brief acid wash applied. However, in the presence of SM-19712 recovery was markedly
inhibited irrespective of whether the acid wash was applied (Figure 3.21). The duration
of the agonist pre-treatment and the timing of ECE-1 inhibitor addition were also
investigated. It has been demonstrated that ECE-1 is present both at the plasma membrane
and in the endosomes (Roosterman et al., 2007), and therefore it is likely that inhibition of
ECE-1 at the cell surface could prevent extracellular peptide from breakdown, which might
enhance desensitisation or prevent recovery. Thus, the inhibitor was added after pre-
treatment and subsequent removal of NmU. Prolonging the pre-treatment period with
hNmU-25 (30 nM, 5, 15 or 30 min) had a relatively modest effect on re-sensitisation
with respect to the Ca?* response, however, in all cases SM-19712 applied either before
or subsequent to the agonist pre-treatment reduced the extent to which re-sensitisation

occurred in the 6 h recovery period (Figure 3.22).
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Figure 3.18 Effect of ECE-1 inhibition on the re-sensitisation of NMU2 following
desensitisation with hNmU-25 using (1 pM)

HEK-NMU?2 cells were cultured in 96-well plates for 24 h. Cells were then challenged
with different concentrations of hNmU-25 (30, 300 nM or 1 uM, 5 min) followed by
washing with buffer and a 6 h recovery (A). Alternatively, cells were pre-incubated with
or without the ECE-1 inhibitor, SM-19712 for 30 min and then challenged with hNmU-
25 (1 uM, 5 min) followed by a buffer washing and a 6 h recovery (B). During the last
45 min of the recovery period, cells were loaded with fluo-4-AM before challenge with
hNmU-25 (30 nM) using a NOVOstar plate reader and changes in cytosolic
fluorescence were recorded as an index of change in [Ca®"];. Data are means + s.e.m,
n=3; data were compared by Bonferroni’s multiple comparison test following one-way
ANOVA: *P<0.05, **P<0.01, ***P<0.001.
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Figure 3.19 The effect of sub-maximal concentration of ligand on the recovery of

NMU2-mediated Ca’* signalling

HEK-NMU?2 cells were cultured in 96-well plates for 24 h. Cells were pre-incubated
with or without the ECE-1 inhibitor, SM19712 (10 uM) for 30 min and then challenged
with buffer or ligands hNmU-25, (3 nM, 5 min). Cells were washed and allowed to
recover for 1 h in the presence and absence of the inhibitor. During the last 45 min of
the recovery period, cells were loaded with fluo-4-AM before challenge with ligand
using the same concentration using a NOVOstar plate-reader. Changes in cytosolic
fluorescence were recorded as an index of changes in [Ca?']i. The data were analysed
by Bonferroni’s multiple comparison test following one-way ANOVA. Data are means

+s.e.m.; n=3.
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Figure 3.20 Effect of reducing the time of pre-treatment with NmU/NmS ligands

on NMU re-sensitisation in the absence and presence of ECE-1 inhibitor

HEK-NMU?2 cells were cultured in 96-well plates for 24 h. Cells were pre-incubated
with or without the ECE-1 inhibitor, SM19712 (10 uM) for 30 min and then challenged
with buffer, hNmU-25 or hNmS-33 (in all cases 30 nM for 1 min). Cell monolayers
were washed and allowed to recover for 1 h (A, C) or 3 h (B). During the last 45 min of
the recovery period, cells were loaded with fluo-4-AM before challenge with ligand (30
nM) using a NOVOstar plate-reader and changes in cytosolic fluorescence were
recorded as an index of change in [Ca?'];. Data are mean + s.e.m.; n=3. Data were
analysed by Bonferroni’s multiple comparison test following one-way ANOVA;
*P<0.05 **P<0.01, ***P<0.001.
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Figure 3.21 Effect of brief acid-washing and ECE-1 inhibition on NMU2 re-

sensitisation

HEK-NMU?2 cells were cultured in 96-well plates for 24 h. Cells were pre-incubated
with or without the ECE-1 inhibitor, SM-19712 (10 uM) for 30 min and then challenged
with hNmU-25 (30 nM, 5 min) followed by a brief acid wash and by a 6 h recovery
period. During the last 45 min of the recovery period, cells were loaded with fluo-4-AM
before challenge with ligand (30 nM) using a NOVOstar plate-reader and changes in
cytosolic fluorescence were recorded as an index of change in [Ca®*];. Data are mean +
s.e.m.; n=3. Data were analysed by Bonferroni’s multiple comparison test one-way
ANOVA,; ***P<(0.001.
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Figure 3.22 Effect of the duration of the desensitising challenge on the recovery of
NMU?2 in the presence of ECE-1 inhibitor added either before or after the

challenge

HEK-NMU?2 cells were cultured in 96-well plates for 24 h. Cells were pre-incubated
with KHB or SM-19712 either before the stimulation (10 uM, 30 min) or during the re-
sensitisation period after agonist stimulation. Treatment was included in all subsequent
experimental steps. The cells then either challenged with hNmU-25 for different times
(30 nM, 5, 15 or 30 min) or unchallenged. The ligand was then removed by washing
with KHB and allowed to recover for 6 h. During the last 45 min of the recovery period,
cells were loaded with fluo-4-AM and then re-challenged with hNmU-25 (30 nM) using
a NOVOstar plate-reader and changes in cytosolic fluorescence were recorded as an
index of changes in [Ca**]; The data were then calibrated as described in Methods and
are presented as means + s.e.m., n=4. Data were analysed by Bonferroni’s multiple
comparison test following two-way ANOVA,; *P<0.05, **P<0.01, ***P<0.001.
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3.2.6 Is hNmU-25 degraded extracellularly by ECE-17?

Peptides are removed from the extracellular fluid principally by enzymatic degradation
by cell surface enzymes, exemplified by neutral endopeptidases, such as ECE-1(Grady
et al., 1997). In order to examine the possibility that the effects of ECE-1 inhibition
were a consequence of reducing peptide degradation at the cell surface, different
approaches were used.

The extracellular degradation of hNmU-25 was assessed using a bioassay. Agonist-
naive HEK-NMU?2 cells were used to assess Ca’* response stimulated by hNmU-25 that
had first been incubated with either HEK-NMU?2 cells or wild-type HEK293 cells (i.e.
cell devoid of NmU-sensitive receptors) for different periods of time (1-3 h; at 37°C).
To assess the effects of the ECE-1 inhibitor (SM-19712; 10 uM) and/or dynamin
inhibitor, dynasore (80 uM) these agents were added to HEK-NMU2 cells (Figures
3.23; A-C) in 24 well plates for 30 min before addition of hNmU-25 (10 nM) for 1, 2 or
3 h. After the appropriate time-period incubation, medium was transferred on to
monolayers of fluo-4-loaded HEK-NMU?2 cells and Ca?* responses assessed. Incubation
with HEK-NMU2 cells for increasing period of time diminished the Ca*" responses
observed on transfer to fresh, fluo-4-loaded HEK-NMU?2 cells (Figure 3.23; A-C)
indicating that the medium hNmU-25 concentration is decreasing. In the presence of
SM-19712 and/or dynasore there was a trend towards greater Ca** responses being
maintained, suggesting that ECE-1 inhibition and or dynamin inhibition diminish the
extent of hANmU-25 degradation. In the HEK-293 cell background there was again some

evidence for SM-19712/dynasore protecting the agonist from degradation.
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Figure 3.23 Assessment of hNmU-25 degradation using a bioassay

HKE-NMU?2 or wild-type HEK293 cells were cultured in both 96 and 24-wells-palte for
24 h. Cells were pre-incubated with buffer or inhibitors: SM-19712 (10 uM) and/or
dynasore (80 uM) for 30 min prior to stimulation. The cells, HEK-NMU2 (A, B, C) in
24 wells-plates were challenged with hNmU-25 (10 nM) for the indicated time (1 (A), 2
(B), or 3 (C) h). The cells in 96-wells plate were loaded with fluo-4-AM for 45 min.
The extracellular medium taken from the 24-well plates was then used to stimulate the
cells in 96-wells plate after the required pre-incubation times. Changes in cytosolic
fluorescence were then monitored as an index of [Ca®*]; using a NOVOstar plate-reader
in order to estimate how much hNmU-25 remained. Data are means + s.e.m., n=3. Data
were analysed by Bonferroni’s multiple comparison test following two-way ANOVA;
*P<0.05, **P<0.01, ***P<0.001.

117

EA No cells
Ed celis



3.2.7 Endothelin-converting enzyme-1 degrades neuromedin U

Having established that ECE-1 plays a role in the re-sensitisation of NMU2 and peptide
degradation, the degradation of peptide ligands by recombinant (rhECE-1) was studied
in vitro. ECE-1 is a neprilysin-related metallo-peptidase present in both endosomes and
at the plasma membrane. The ECE-1 could degrade neuropeptides either at the cell
surface or within the acidic endosomal environment (Fahnoe et al., 2000a). The rate at
which rhECE-1 degrades selected peptides was therefore examined under both
conditions. The experiments performed in this project were done according to the
current publication (Roosterman et al., 2007). Thus, the first experiment was done by
diluting hNmU-25 (25 uM) using pH 5.5 and pH 7.4 without incubation to ensure the
peptide is present in the absence of rhECE-1. The reaction was stopped by centrifuging
the mixutre (peptide + rhECE-1) in vivacon 500 tubes to separate the peptide from the
enzyme at 14.0 x g for 2 minutes and the peptide was then collected in microfuge tube
and the products were separated by HPLC prior to analysis by LC-MS/MS using an
LTQ-Orbitrap-Velos mass spectrometer (Thermo Scientific, UK) as described in
Methods. Briefly, samples were loaded at high flow rate onto a reverse-phase trap
column (0.3mm id. x Imm), containing Sum C18 300 A Acclaim PepMap media
(Dionex) maintained at 37 °C. The loading buffer was 0.1% formic acid / 0.05%
trifluoro acetic acid / 2% acetonitrile as described in Method (Methods 2.5). Products
were collected and analyzed by time-of-flight mass spectrometry. Mass spectrometry
data were provided by the Protein and Nucleic Acid Chemistry Laboratory (PNACL) at
the University of Leicester, UK. The data revealed that the intact peptide was present in
both conditions (Figure 3.24). In order to optimise the best conditions for the
experiments, some approaches were used. Firstly, the time course incubation was
investigated. ANmU-25 (25 uM) was incubated using (Mes/KOH, pH 5.5) buffer in the
presence and absence of rhECE-1 (0.1 pg) for different time (0, 2, 5, and 30 min) at
37°C. The reaction was stopped by spinning at 14.0 x g using Vivacon 500 tube to
separate the enzyme from the peptide (Figure 3.25). The peptide was fully degraded in
the presence of pH 5.5 at all-time points. At time 0, the majority of the fragments were
absent. In contrast, also, most of the fragments were not detectable in the absence of the

enzyme.
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Based on the above results and after we determined the suitable conditions, the main
experiments were conducted. Briefly, three peptides were investigated: hNmU-25,
hNmS-33 and pNmU-8. The experiments were done in parallel. Peptides (25 uM) were
added in the presence and absence of rhECE-1 (0.1 pg) and incubated in 37°C, at either
pH (5.5) or pH (7.4) for 2 min and then centrifuged 14.0 x g for 2 minutes to stop the
reaction by separating the enzyme from the peptide using Vivacon 500 tube containing
filter. The products were separated and analyzed as described. The final products of all
ligands are shown (Figures 3.26, 3.27, 3.28). Some peptides were degraded in both pH
7.4 and 5.5. On the other hand, the fragments were more in pH 5.5 than pH 7.4. The
bioactivity of NmU is mediated mainly through its C-terminal conserved region; F, L,
F, R, P, R and N. Therefore, from the fragments at pH 5.5, it can be seen that some of
them could be active. The active fragments produced from hNmU-25 include
EEFQSPFASQSRGYELFRPRN, FQSPFASQSRGYELFRPRN,
SPFASQSRGYFLFRPRN, PFASQSRGYELFRPRN, FASQSRGYFLFRPRN,
ASQSRGYFLFRPRN, SQSRGYELFRPRN, SRGYELFRPRN, YFELFRPRN,
and FLFRPRN. In addition, the possible active fragments obtained from hNmS-33
include FTKKDHTATWGRPFELFRPRN, WGRPFELFRPRN, GRPFELFRPRN, and
FFLFRPRN. Finally, only two fragments were identified form pNmU-8 including

YELFRPR, FLFRPRN. For clarification, these conserved regions were underlined.

In addition, based on the final products of peptide degradation, our second aim was to
determine the expected cleavage sites for all ligands. The fragments were compared to
the intact peptides and then the cleavages sites were identified (Figure 3.29) in both
conditions at either pH 5.5, so we can compare the cleavages site between each other. It
is clear from identifying these predicted cleavage sites that the last five amino acids
including F, R, P R, and N and protected and conserved in both hNmU-25 and hNmS-
33, but not pPNmU-8 that L, F, R, P, and R were protected and conserved.
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Figure 3.24 The effect of incubation on the peptides in the absence of rhECE-1

hNmU-25 (25 uM) was added in the absence of rhECE-1 at either pH (5.5, MES/KOH)
sample 1 or (7.4, Tris-HCL) sample 2, (Sample 1 = Upper Trace, Sample 2 = Lower

Trace), without incubation and the reaction was stopped by spinning at 14.0 x g for 2

min using Vivacon 500 filter as described in Methods. Both samples showed the intact

peptide very clearly.
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Figure 3.25 The in vitro assessment of hNmU-25 degradation by rhECE-1

Time course of degradation of hNmU-25 by rhECE-1. hNmU-25 (25 uM) was added in
the presence and absence of rhECE-1 (0.1 pg) and incubated at 37°C, pH (5.5) for the

time periods as shown. Fragments, as a result of degradation, are indicated in black with

the parent sequence shown above in red. The y axis is considered to be a number of

count (See Methods for more details). - represents in the absence of rhECE-1. +

represents in the presence of rhECE-1.
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G1.-

G2 .

G3 -

hNmU-25 hNmuU-25
pH5.5 pH7.4
- Enzyme + Enzyme - Enzyme +Enzyme
Peptide Sequence XIC m/z RT Area RT Area RT Area RT Area
FRVDEEFQSPFASQSRGYFLFRPRN 770.6395 (4+) 23.97 |80603674729| 23.96 [49873490616| 25.45 |73584594478| 25.15 |[78929109563
FRVDEEFQSPFASQSRGYFL 1205.5784 (2+) not detected 27.01 117330985 not detected 28.4 313856411
FRVDEEFQSPFASQSRGYF 1149.0392 (2+) not detected 25.39 228751499 27.19 7098809 26.59 86158877
FRVDEEFQSPFASQSRGY 717.6714 (3+) not detected 23.17 327813550 24.96 6386403 24.21 10061871
FRVDEEFQSPFASQSR 965.4471 (2+) not detected 19.48 40599391 24.01 1345739529 | 23.46 | 953114111
FRVDEEFQSP 627.2876 (2+) not detected 20.85 63240289 not detected not detected
FRVDEEF 471.2163 (2+) not detected 21.37 63240289 not detected not detected
FRVDEE 397.6874 (2+) not detected 15.33 579269075 not detected 16.1 | 1201245
FRVDE 333.1639 (2+) not detected 15.03 986994 not detected not detected
[ EEFQSPFASQSRGYFLFRPRN 854.7499 (3+) 22.66 8917493 23.26 11426061 25.35 17840047 24.59 I 21070821
FQSPFASQSRGYFLFRPRN 768.7224 (3+) not detected 22.8 530190692 not detected not detected
SPFASQSRGYFLFRPRN 677.0137 (3+) 23.97 220837502 23.98 120092554 25.71 203253987 2494 | 222512646
PFASQSRGYFLFRPRN 648.0045 (3+) 24.01 266836772 23.96 163161624 25.7 286940903 24.95 | 305445275
FASQSRGYFLFRPRN 615.6532 (3+) not detected 19.77 156088301 not detected 21.19 392875
ASQSRGYFLFRPRN 566.6315 (3+) not detected 19.77 14238890 20.91 4292002 19.85 2976313
SQSRGYFLFRPRN 542.9528 (3+) 18.42 23598968 18.39 22923264 20.94 21163527 19.88 25078477
SRGYFLFRPRN 471.2568 (3+) 18.46 18027611 18.58 13432805 21.14 50833883 20.01 13248078
YFLFRPRN 556.3056 (2+) not detected 19.72 | 2539114636 22.28 12312644 21.23 40048957
FLFRPRN 474.7759 (2+) 16.56 12797961 17.08 77914023 19.46 15499445 18.56 12750093
LFRPRN 401.2426 (2+) not detected 11.51 2144109138 13.61 17417260 12.72 113362126
L FRPRN 344.7032 (2+) not detected 11.52 226831941 13.59 1278537 12.73 11004873
B FQSPFASQSRGYF 761.3525 (2+) not detected 23.88 56797102 not detected not detected
FQSPFASQSRGY 687.8183 (2+) not detected 20.8 10018409 not detected not detected
FQSPFASQSRG 606.2875 (2+) not detected 19.06 82216825 not detected not detected
FASQSRGYF 531.7485 (2+) not detected 18.84 5964825 not detected not detected
L FASQSRGY 458.2165 (2+) not detected 13.06 1054693 not detected not detected
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Figure 3.26 Peptide fragments identified following incubation with rhECE-1

hNmU-25 (25 uM) was added in the presence or absence of rhECE-1 (0.1 pg) and
incubated in 37°C, at either pH 5.5, MES/KOH, or 7.4, Tris-HCL for 10 min and then
centrifuged 14.0 xg for 2 min using Vivacon 500 filter as described in Methods to stop
the reaction. Extracted ion chromatograms were produced for each peptide and aligned
using their m/z and retention time (RT) and the peak areas (Area) integrated for
comparison as described in Methods. The table shows the peptide sequence after
degradation in the presence and absence of rhECE-1 at either pH 5.5 or pH 7.4. It also
indicates whether the fragment was detected or not. Fragments were identified
compared to the intact peptide and classified into three groups based on conserved
terminals (G1, G2, and G3).G; group.
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G1 -

G2 -

hNmS-33 hNmS-33
pH5.5 pH7.4
- Enzyme +Enzyme - Enzyme +Enzyme
Peptide Sequence XICm/z RT Area RT Area RT Area RT Area
ILQRGSGTAAVDFTKKDHTATWGRPFFLFRPRN 758.8046 (5+) 2241 | 3569204921 22.38 |17906988490) 22.71 21906483776 22.59 |20838591168
ILQRGSGTAAVDFTKKDHTATWGRPF 477.5842 (6+) not detected 194 1378138 not detected 2.1 1616979
ILQRGSGTAAVDFTKKDHTATWGRP 453.0736 (6+) not detected 17.48 | 5968509 not detected not detected
ILQRGSGTAAVDFTKKDHTATWGR 654.8439 (4+) 17.15 | 3100376 | 17.05 | 3043557 17.85 8022724 | 1757 | 5974159
ILQRGSGTAAVDFTKKDHTATWG 615.8183 (4+4) 1809 | 2822715 | 1803 | 2810755 18.88 7842047 | 18.68 | 5626993
ILQRGSGTAAVDFTKKDHTAT 739.7237(34) not detected 1532 | 19100175 16.05 2038095 159 1953147
ILQRGSGTAAVDFTKKDHTA 706.0408 (3+4) not detected 15.14 | 3400379 16.07 1081391 15.9 869024
ILQRGSGTAAVDFTKKDHT 682.3621(3+4) not detected 15.23 | 35458452 16.01 146483 15.84 171132
ILQRGSGTAAVDFTKKDH 648.6791 (3+) not detected 15.06 | 8597800 1591 706077 1571 541427
ILQRGSGTAAVDFTKKD 602.9924 (3+4) 1586 | 1213403 | 1583 | 6193851 16.54 2566253 16.4 2205888
ILQRGSGTAAVDFTKK 564.6503 (3+4) 1567 | 3302567 | 1564 | 2985299 16.41 10440295 | 1623 | 6563525
ILQRGSGTAAVDFTK 521.9517(3+4) 1700 | 1537420 | 169 | 1324885 17.8 9791818 | 17.57 | 5947013
FTKKDHTATWGRPFFLFRPRN 874.4669 (3+4) not detected 2005 | 6572160 21.34 2602203 | 2104 | 2171271
WGRPFFLFRPRN 531.2941(34) 22.59 | 109863009 | 22.51 | 143935860 | 23.85 44323071 | 23.53 | 40872072
GRPFFLFRPRN 469.2677 (3+) 19.83 | 24840345 | 19.79 | 26272673 20.96 34283043 | 20.65 | 30503565
FFLFRPRN 365.8769 (3+4) 20.49 149280 205 | 29455142 2175 259316 21.51 790844
FLFRPRN 474.7776 (24) 16.8 2129886 | 16.74 | 8226707 17.88 9686353 175 6122399
LFRPRN 401.2448 (24) not detected 1126 | 304237401 | 12.23 2796840 | 11.85 | 25104778
FRPRN 344.7030(2+4) not detected 11.25 | 23708175 nn 289977 11.85 | 3026235
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Figure 3.27 Peptide fragments identified following incubation with rhECE-1

hNmS-33 (25 uM) was added in the presence or absence of rhECE-1 (0.1 pg) and
incubated in 37°C, at either pH 5.5, MES/KOH, or 7.4, Tris-HCL for 10 min and then
centrifuged 14.0 xg for 2 min using Vivacon 500 filter as described in Methods to stop
the reaction. Extracted ion chromatograms were produced for each peptide and aligned
using their m/z and retention time (RT) and the peak areas (Area) integrated for
comparison as described in Methods. The table shows the peptide sequence after
degradation in the presence and absence of rhECE-1 at either pH 5.5 or pH 7.4. It also
indicates whether the fragment was detected or not. Fragments were identified
compared to the intact peptide and classified into two groups based on conserved

terminals (G1 and G2).G; group.
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phim-8 pNimU-§

pH5.3 P74
-Enzyme +Enzyme -Enzyme +Enzyme
Peptide Sequence NCm)z RT | Aea | RT | Aea | RT | Aea | AT | Ared
YFLERPRN 0608 | 1984 (3BBHLTI0| 1938 (TS 1978 (12M974HTe 1991 (2195563367
YFLERPR 078 | D70 | TRDMG3 | 07 | 101%6R%3 | 23 | 237683 | 2000 | 629083080
FLERPRN QLTS | 1981 | S2090500| 1965 |29920974| 1976 | 2007696081 | 1987 | 4108460072
LERPRN 003 | 1981 | 195904604 | 1965 (1022237686 | 1976 | T | 1979 | 13043308

Figure 3.28 Peptide fragments identified following incubation with rhECE-1

pNmMU-8 (25 uM) was added in the presence or absence of rhECE-1 (0.1 pg) and
incubated in 37°C, at either pH 5.5, MES/KOH, or 7.4, Tris-HCL for 10 min and then
centrifuged 14.0 xg for 2 min using Vivacon 500 filter as described in Methods to stop
the reaction. Extracted ion chromatograms were produced for each peptide and aligned
using their m/z and retention time (RT) and the peak areas (Area) integrated for
comparison as described in Methods. The table shows the peptide sequence after
degradation in the presence and absence of rhECE-1 at either pH 5.5 or pH 7.4. It also
indicates whether the fragment was detected or not. Fragments were identified

according to the intact peptide.
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hNmU-25, cleavage sites

FRVDEEFQSHAFASQSR FRPRN

hNmS-33, cleavage sites

ILQRGSGTAAVDFT HH&HV\\ R FRPRN

P-NmU-8, cleavage sites

FLFRPRN

Figure 3.29 Potential cleavage sites for all peptides

This figure shows the possible cleavage sites for hNmU-25, hNmS-33, pNmuU-8. It
represents cleavage sites at pH 5.5 at incubation for 10 min as described in Methods.
The fragments were compared to the intact peptide and then the cleavages sites were
identified. The final products shown in previous figures are as a result of the activity of
rhECE-1 at those sites indicated by red lines.
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3.3 Discussion

Stimulation of HEK-NMU1 and HEK-NMU2 with either hNmU-25, hNmS-33 or
pNmU-8 led to an increase in [Ca*']i. There was a slowly decrease phase at all agonist
concentrations studied, following the initial peak response.

An increase in [Ca*']; on both receptors (NMU1 and NMU2) by NmU and NmS has
been investigated in both recombinant systems and in endogenous NMU-expressing
cell-types (Shan et al., 2000; Szekeres et al., 2000; Aiyar et al., 2004; Brighton et al.,
2004a; Johnson et al., 2004; Mori et al., 2005; Moriyama et al., 2006). The peak Ca**
response is likely to be caused by activation of PLCB and generation of IP3 and this in
turn leads to IP5 receptor-dependent Ca®* mobilization (Zhu et al., 1998; Tong et al.,
1999). However, the plateau phase depends on Ca®* influx across the cell membrane,
since removal of Ca** from the extracellular environment prevents the plateau phase
(Brighton et al., 2004a). This was demonstrated previously by pre-treatment of the cells
with thapsigargin (an irreversible inhibitor of the sarcoplasmic/endoplasmic reticulum
Ca’*-ATPase (SERCA), which abolished NmU-mediated increases in [Ca**] (Cahalan,
2009). The mechanism that has been suggested and accepted for the entry of Ca?* from
the extracellular space in order to refill intracellular stores is termed store-operated Ca**
entry (SOCE), or capacitative Ca?* entry (CCE). Mammalian endoplasmic reticulum
(ER) membranes have stromal interaction molecule (STIM1 and STIM2) that are found
as a dimer. STIM contains an EF-hand motif serving as a Ca** sensor localized at the N-
terminus of STIM in the lumen of the ER. When intracellular Ca** stores are full with
Ca®* (~400 pM), Ca** binds to the STIM-EF-hand motif. Depletion of ER Ca*" stores
leads to dissociation of bound Ca®* from the low affinity EF-hand motif and this in turn
causes STIM to form oligomeric clusters, which then translocate to the ER-plasma
membrane junction. Interaction of STIM clusters with plasma membrane Orai dimers
results in formation of a Ca?* release-activating Ca’* (CRAC) channel and Ca’* influx.
Rebinding of Ca?* to the STIM-EF-hand motif results in disassembly of STIM clusters
and CRAC channel closure (Cahalan, 2009). STIM1 can also stimulate Ca** entry by
means of channels such as transient receptor potential cation channels (TRPC)
(Cahalan, 2009).
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In terms of the desensitisation, exposure of receptors in intact cells or tissues to agonists
often leads to a rapid loss of receptor responsiveness. This agonist-induced process is
called desensitisation. It can be subdivided into a homologous desensitisation referring
to phenomena that are agonist-specific; i.e. changes affect only the receptors of interest.
In contrast, heterologous desensitisation is a process whereby activation of one receptor
causes desensitisation of other types of receptor as well (Lohse et al., 1990). The
desensitisation can be explained by two different observations. It has been observed that
after a agonist exposure, the receptors are internalised away from the cell surface into a
membrane associated compartment (Hadjiivanova et al., 1984). Also, it has been found
that these receptors become functionally uncoupled from their effector system occurring
faster than sequestration (Sibley et al., 1985), likely caused by phosphorylation of the
receptors (Benovic et al.,, 1988). It has been indicated previously that NmU binds
pseudo-irreversibly to either NMU1 or NMU2 in recombinant expression system
(Brighton et al., 2008; Alhosaini, 2011) and demonstrated that a brief acid wash (pH 2;
20 s) could be applied to dissociate receptor-bound NmU. Thus, this protocol was used
to investigate the desensitisation without affecting cell viability. It was found that 5 min
pre-exposure (without acid wash) to either hNmU-25 or hNmS-33 (30 nM) resulted in a
significant desensitisation of Ca* signalling to application of the same ligand following
5 min recovery. This time (5 min) was therefore used to investigate the time-course of
any subsequent re-sensitisation. In these experiments, cells were pre-exposed to ligands
(30 nM, 5 min) followed by three washes with KHB, and a 1 to 6 h recovery period
after which the cells were re-stimulated with maximally-effective concentration of
ligands (30 nM). Pre-exposure to hNmU-25 (30 nM, 5 min) followed by 1 h to 6 h
recovery resulted in gradually recovered over time and full re-sensitisation was evident
after 6 h recovery. In order to assess the re-sensitisation profile of hNmS-33-mediated
Ca®* signalling in HEK-NMU?2, the same protocol used with hNmU-25 was used. The
recovery rate of hNmS-33-mediated Ca®* responses was significantly slower than that
of hNmU-25. Regulation of GPCR signalling is crucial in physiological systems in
order to regulate cellular responses according to needs. The time required for receptors
to fully recover (re-sensitise) differs among GPCRs and it can be between minutes to
hours. A 90 % re-sensitisation was observed for hNmU-25-treated cells in contrast to
only 65% recovery in hNmS-33-treated cells after 6 h recovery. These results are

similar to that in vivo, as (ICV) injection of NmS resulted in a more prolonged
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anorexigenic effect than rNmU-23 in rats (lda et al., 2006). In HEK-NMU2 stimulated
by hNmS-33, SM-19712 had no effect on the recovery despite that the experiments
were conducted in parallel. The reason for this lack of effect is not understood.
Functionally, two classes of GPCRs, denoted class A and class B, can be defined, based
on the stability of GPCR/B-arrestin interaction. The slow rates of re-sensitisation and
recycling are consistent with that of a class B GPCR that forms sustained, high affinity
interactions with B-arrestin-1 and -2. Thus, the current study suggests that NMUs
belong to a class B receptor, as they take a long time to be recycled. Also, it has been
suggested that the stability of the receptor-p-arrestin complex could affect the period
time of re-sensitisation. For instance, B-arrestin dissociates from some GPCRs, such as
(B2AR) at or near the plasma membrane, therefore excluded from receptor-containing
vesicles, resulting in rabid receptor de-phosphorylation and recycling. In contrast, some
receptors including vasopressin V2 receptor (V2R), are more stable with -arrestin and
therefore are internalised into endosome where they prevent the association of receptor
with phosphatase and therefore V2R is not dephosphorylated resulting in slow recycle
back to the plasma membrane (Oakley et al., 1999; Oakley et al., 2001). This was
because of the conserved motif in V2R, including serine and threonine residues, since
the absence of this motif resulted in less stable complex, while the presence of this

motif led to making stable complex.

It has been suggested that removing bound ligand by an acid wash increased the rate of
NMU?2 re-sensitisation (Alhosaini, 2011), suggesting that the presence of ligand affects
NMU?2 re-sensitisation, likely by influencing receptor recycling. An acid wash has been
used in many studies in order to remove bound ligand (Widmann et al., 1997; Li et al.,
2008). However, it is not clear that if the receptor on the cell membrane, after removing
the ligand, is internalised. Data suggest that desensitised receptor remains
phosphorylated even after the dissociation of ligand and in this case therefore the
receptors still undergo internalisation after removing the ligand (Chang et al., 2002).
Thus, some receptors internalisation could have already occurred after pre-treatment (5
min), but the amount of internalised receptors without ligand bound compared to those

with ligand bound is not obvious.
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In order to study whether the recovery and the re-sensitization depend on the recycling
of the receptors rather than anything else including for example protein synthesis, the
confocal microscope was used. The functional characterization of HEK-NMU2-eGFP
was investigated. Ca?* responses to hNmU-25 in fluo-4-AM-loaded HEK-NMU2-eGFP
showed concentration-dependent increases in [Ca’*]; and this was followed by a slow
reduction that was similar to that of responses in HEK-NMU2. In contrast, the maximal
responses in NMU2-eGFP were reduced by 2-3 fold compared to HEK-NMU2. The
ECso values for hNmU-25 in HEK-NMU2 and HEK-NMU2-eGFP were 8.64+0.06 and
8.56+0.08, respectively. The reduction in hNmU-25-mediated Ca”* responses observed
in fluo-4-AM loaded NMU-eGFP cell lines compared to the untagged NMU-expressing
cell lines could be due to overlap of spectral range of eGFP and fluo-4-AM and it is not
as a result of altering coupling efficiency. Indeed, several ideas have been suggested and
it has been confirmed in our laboratory by a previous study that tagging NMUs with
e¢GFP has no effect on NMU activation of the Ga/q-PLC signalling pathway and the
differences in the fluorescence of the [Ca®']; responses could be due to the interference
between eGFP and the dye fluo-4-AM (Alhosaini, 2011).

Therefore, in order to study this issue, firstly, binding of fluorescently-tagged pNmU-8
(Cy3B-pNmuU-8) to HEK-NMU2-eGFP was investigated. The results clearly show
binding. In addition to that, the internalisation was studied for both ligand hNmU-25
and hNmS-33 using HEK-NMU2-eGFP. The internalisation occurred after 15 min from
ligand addition for hNmU-25 and hNmS-33.

As many of GPCRs, once the ligand binds to the receptor, the complex is internalised
inside the cells through the cell membrane following the desensitisation. Thus, this
possibility was also investigated. It has been shown in our laboratory that different
inhibitors of receptor internalisation including concanavalin A (250 pg/mL, 60 min),
sucrose (0.45 M), monodansylcadaverine MDC (400 uM), and phenylarsine oxide PAO
(5 uM) had an effect on the initial hNmU-25-mediated Ca®* responses in naive HEK-
NMU?2. Also, it has been confirmed that dynasore (80 uM), a selective inhibitor of
dynamin GTPase (Macia et al., 2006) in order to determine the role of dynamin in
NmU-induced endocytosis of NMU in HEK cells, delays the recovery of NMU2-
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mediated responses (Alhosaini, 2011) and this inhibitor, therefore, was used to study the
effect of internalisation on the receptor re-sensitization. Our data revealed that this
inhibitor reduced the re-sensitization of NMU2 exposed to either ANmU-25 or hNmS-
33.

It has been shown that the decision between fast and slow recycling pathways may
depend on the affinity of the GPCR for B-arrestin. In order to know the pathways
followed by the ligand-receptor complex in the physiologically re-sensitisation process,

time-courses of re-sensitisation were investigated.

It is thought that endosomal acidification could play a role in inducing conformational
changes that induce ligand-receptor dissociation. Endosomal pH is regulated by the
vacuolar H*-ATPase-pump (Huotari et al., 2011). Endosomal acidification (pH 5.5) will
change the charges and their distribution on amino acids leading to conformational changes
of the peptide ligand and/or the receptor thereby promoting the separation of ligand-
receptor complex providing accessibility for the degradation by ECE-1 located at
endosomes, despite that the possibility of degradation of bound ligand cannot be ignored
(Mellman et al., 1986).

Both inhibitors monensin, that is a monovalent ionophore and bafilomycin A, that is a
vacuolar H*-ATPase inhibitor have been used to study endosomal-mediated re-
sensitisation of GPCRs. Both have similar effects but using different mechanisms.
NMU2-re-sensitisation was markedly reduced by these two endosomal acidifcation
inhibitors (Figure 3.11; A-D). It is clear that endosomal acidification disrupts
endosomal function and this in turn may disrupt receptor-ligand dissociation (Bennett et
al., 2002; Padilla et al., 2007; Mundell et al., 2008). One possible mechanism
explaining the inhibition of NMU2 re-sensitisation by endosomal inhibition is that
acidification reduction could interfere with the rate of both hNmU-25 and hNmS-33-
NMU2 dissociation since acidification is crucial in determining ligand receptor
dissociation (Mellman et al., 1986). Moreover, reduced acidification may lead to a
reduction in NMU2 dephosphorylation (Krueger et al., 1997). In addition, it is also
possible that endosomal trafficking may be impaired by monensin (Mollenhauer et al.,
1990; Krueger et al., 1997). In addition, it has been demonstrated the importance of a

pH much lower than endosomal acidity in order to dissociate the ligand-receptor
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complex (Alhosaini, 2011). Monensin, a Na*-selective ionophore, is believed to raise
intracellular sodium [Na']; which in turn elevates intracellular calcium [Ca?*]; (Mulkey
et al.,, 1992). This, thus, could explain the increase fluorescence in the naive cells.
Moreover, it has been suggested that the raise of cytoplasmic sodium concentration was
responsible for the stimulation of active sodium-potassium transport occurring in
bafilomycin Al-treated cells as judged by a 50% increase of ouabain sensitive
potassium uptake (Hou et al., 2000). Increased [Na']; stimulates the production of (IP3)
and the intracellular Ca?* deposits is equipped with IP3-sensitive Ca** release channels.
Therefore, Na* accumulation might elevate [Ca?*]; through Na‘/Ca?* exchange gradient
(Nassar-Gentina et al., 1994).

It is not evident if NMU?2 is re-sensitised via recycling or the need for protein synthesis
is important. In order to investigate the effect of protein synthesis on the recovery of
Ca®*, cycloheximide (protein synthesis inhibitor used by other groups) was used (Yu et
al., 1997) by interfering with the translocation step in protein synthesis. This inhibitor
has been used according to its ability to block protein synthesis including in HEK293
cells (Gray et al., 2001; Lalo et al., 2010). Cycloheximide had no significant effect on
NMU2 re-sensitisation stimulated by hNmU-25 and hNmS-33 (Figure 3.12). The
current results are consistent with previous study done in our laboratory indicating that

NMU?2 is likely to be internalised and re-sensitised/recycled (Alhosaini, 2011).

Dephosphorylation is an important mechanism of GPCR re-sensitisation. The
phosphorylated [,AR appears in an endosomal fraction enriched with protein
phosphatase type 2A (PP2A) activity. This is a cytosolic enzyme and a member of a
diverse family of phospho-S- and phospho-T-specific enzymes expressed in eukaryotic
cells (Zolnierowicz, 2000). The role of PP2A in the re-sensitisation was investigated
using different types of PP2A inhibitors (okadaic acid and fostriecin) (Figures; 3.13; A-
D). It was discovered that OA could cause inhibition of certain protein phosphatases
(PP), particularly PP of type 1 (PP1) and 2A (PP2A) with a significantly higher affinity
for PP2A (Bialojan et al., 1988; Takai et al., 1992). The reason why OA is an
invaluable pharmacological tool in the study of cellular signalling, comes from the
observation that PP inhibition leads to a dramatic increase of phosphorylation of a

number of proteins resulting in important cell alterations (Cruz et al., 2013). Previous
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studies have demonstrated that PP2A can dephosphorylate endocytosed GPCRs
including B2AR in order to promote their rapid re-sensitization (Yang et al., 1988;
Pitcher et al., 1995; Krueger et al., 1997), in contrast to the current study indicating that
SP caused PP2A trafficking to the plasma membrane (Murphy et al., 2011). In this
study, it has been demonstrated that the interaction of NK;R with PP2A is dependent on

[B-arrestin-1, since the interaction was inhibited by [-arrestin-1 depletion.

Our results indicated that neither inhibitor has an effect on the re-sensitisation. The
possible explanation for this is that either these inhibitors are not potent for this enzyme
or there is another mechanism involved in this dephosphorylation. Because we
investigated the effect of okadaic acid (OA) on NMU2 re-sensitisation after 6 h
recovery, it has been suggested that critical time period during which PP2A might be
acting to dephosphorylate the receptor is crucial. For example, when the SB1 cells were
treated with 5-HT and okadaic acid was added at different times, PP2A blocked 5-HT ;4
recycling up to 60 minutes after addition of 5-HT. However, okadaic acid had no effect
on recycling after addition of ligand at 90 minutes (Raote et al., 2013). Thus, it is highly
recommended to try such conditions. In addition, in the same experiment, it was
suggested that PP2A is required for receptor recycling in the case of ligands that bring
about PKC-dependent receptor internalisation (Raote et al., 2013). Thus, PKC-
dependent receptor internalisation needs to be investigated to see whether NMU
internalisation requires the activity of PKC and then study this possibility. Therefore,
the reason no effect of the inhibitor of PP2A could be this. This area needs more
studies. Phosphorylation allows receptors to interact with cellular machinery enabling
for trafficking, re-sensitization, and the formation of a scaffold involved in signalling. It
is strongly believed that kinases involved in GPCR phosphorylation are GRKs (Benovic
et al., 1989; Lorenz et al., 1991; Blaukat et al., 2001). On the other hand, other kinases,
such as protein kinase C (PKC), have been shown to play a significant role in this issue
(Blaukat et al., 2001; Pollok-Kopp et al., 2003). A current study has shown that PKC
phosphorylation attenuated Ca?* responses to a single challenge with SP and inhibition
of PKC inhibited re-sensitisation of SP-induced Ca”* signalling, suggesting that re-
sensitisation of the NK;R is prompted by PKC phosphorylation (Murphy et al., 2011).
The author suggested that NKjiR is phosphorylated by PKC, and [B-arrestins are
recruited to non-internalised receptors by PKC phosphorylation sites (Murphy et al.,
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2011). Therefore, this possibility was examined using GF 109203X, PKC inhibitor.
Despite the inhibitor had an effect on naive cells, it had no effect on the re-sensitisation.
The effect of the inhibitor on naive cells by increasing the signal could result from the
interference from the colour of this inhibitor (orange) with the dye (fluo-4-AM) when
measuring Ca®*. Thus, in addition to GFX 109203X as a PKC inhibitor, many inhibitors
are available such as sphingosine and it is recommended to use colourless inhibitor
(Raote et al., 2013). However, since the PKC consists of over 10 isozymes grouped into
three subfamilies based on their second messenger requirements. Classical PKCs (a, f,
y) are activated by Ca** and DAG. Novel PKCs (3, €, 1, 0) are activated by only DAG.
Atypical PKCs (&, 1) are not activated by either. Different concentrations of
GFX109203X can be exploited to discriminate among PKCs. For example, the classical
and novel PKCs can be inhibited using 2 uM, whereas classical PKCs can be inhibited
using 0.2 pM. Finally, at high concentration (25 pM), GFX109203X can be used to
inhibit all PKCs (Carriba et al., 2012).

The re-sensitisation of NMU2-mediated Ca®* mobilisation was markedly reduced by
inhibition of either endosomal acidification or ECE-1, suggesting that NMU2 re-
sensitisation could be regulated by endosomal ECE-1 by regulating receptor recycling.
The ECE-1 isoforms are present at the plasma membrane and within intracellular
compartments such as endosomes (Azarani et al., 1998; Valdenaire et al., 1999; Muller
et al., 2003), suggesting two possible mechanisms explaining the inhibition of NMU2
re-sensitisation by the ECE-1 inhibitor. The NmU could be degraded by cell-surface
ECE-1 resulting in reduction of ligand concentration in extracellular environment. This
could lead to a greater desensitisation in the presence of the ECE-1 inhibitor in contrast
to a reduction in re-sensitisation. In such circumstances, addition of SM-19712 after the
initial stimulation and ligand removal would be predicted to have no effect. The results
indicate that reduction in NMU2 re-sensitisation was equal to that observed when
applying the SM-19712 either before or after pre-treatment, suggesting that NMU?2 re-
sensitisation could be regulated by intracellular ECE-dependent processing.

The ligand-receptor re-association could be prevented by ligand degradation by ECE-1
activity, resulting in conformational change of the receptor and preventing coupling of

B-arrestin to allow NMU2 recycling back to the cell membrane.
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The impact of knocking-down expression of ECE-1 using siRNA was also determined.
HEK-NMU?2 cells were transfected with either scrambled siRNA (control) or ECE-1
siRNA. ECE-1 expression was reduced after 48 h transfection with ECE-1 siRNA but
not following transfection with scrambled siRNA. This reduced expression did not
affect the Ca®" response of naive cells to 30 nM hNmU-25 or hNmS-33. However,
knockdown of ECE-1 reduced the response to a re-challenge with hNmU-25 after 6 h
recovery in cells pre-stimulated with hNmU-25 (30 nM, 5 min) but not hNmS-33.

Furthermore, experiments were designed to address the issue of whether there are other
enzymes that could degrade the NmU and therefore, influence re-sensitisation as was
observed with ECE-1. The potential role of other peptidases in receptor re-sensitisation
was investigated using DL-thiorphan (10 uM), as a potent and specific inhibitor of
membrane metallo-endopeptidase, neprilysin (NEP) (Tan et al., 1992). This enzyme
NEP is an integral plasma membrane ectopeptidase of the M13 family of zinc
peptidases. It plays an important role in turning off peptide signalling events at the cell
surface (Turner et al., 2001). It is expressed at the cell surface and functions as an
ectoenzyme (i.e. an enzyme that is secreted by a cell and functions outside of that cell)
that catalyse peptide hydrolysis at the extracellular side of the membrane (Turner et al.,
2001). It has been indicated that SP is degraded by NEB and the signalling is attenuated
and this happens only when it is expressed in the same cells as the NK;R (Okamoto et
al., 1994). In contrast, this enzyme has no degradation effect on our ligand, hNmU-25
under our conditions. The reason is not clear. On the other hand, this could be because
NEB is present on the cell membrane and the ligand-receptor complex is internalised
and the enzyme does not have time to exert its function on the complex. Another
possibility is that hNmU-25 is not substrate for this enzyme.

However, it should be taken into account that this observed protein synthesis-
independent recovery is due to 5 min desensitisation and that desensitisation for longer
than this period could redirect receptor to lysosomal degradation rather than endosomal
recycling. As NMU2 belongs to GPCRs, it may include dynamin/CCP-endocytosis,
translocation to endosomes either recycled to the cell-surface or degraded by lysosomes,
GRK-phosphorylation and [-arrestin binding. The extent of desensitisation was

different between 5, 15, and 30 min. Therefore, the mechanism of re-sensitization was
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different. The plausible explanation of this is that prolonged exposure directs receptors
such as f,-adrenoceptors to lysosomal degradation and down-regulation (Roosterman et
al., 2004; Cottrell et al., 2006; Cottrell et al., 2007). Our observation that the nature of
agonist alters trafficking of NMU2 supports observation of other GPCRs. NK31R rapid
recycled and re-sensitised when it was briefly stimulated with low concentration of
substance P (Roosterman et al., 2004). On the other hand, sustained stimulation with
high concentration of substance P caused degradation of this receptor (Cottrell et al.,
2006). In addition, the nature of ligand exposure affects trafficking of calcitonin
receptor-like receptor (CLR) and receptor activity-modifying protein (RAMP1)
(Cottrell et al., 2007). When the cells were pre-exposed to 15 and 30 min and then
allowed recover, it was noticed the slow recycling after 6 h recovery. This is supported
by the fact that prolonged exposure to agonist can redirect the receptor to lysosomes for
degradation (Cottrell et al., 2007). In this case, it is important for the receptors to be

available on the cell surface via protein synthesis at least under these conditions.

In further experiments, the effect of ligand concentration on receptor recycling and thus
the re-sensitisation was examined. A number of different concentrations (30, 300 nM
and 1 uM) were used. Our results show that the recovery after 6 h was significantly
different. This means that the concentration of hNmU-25 has a dramatic effect on the
pathway of NMU2 trafficking. The plausible explanation for this is that high
concentration (300 nM and 1 uM) drives the receptors to lysosomes for degradation
(Long pathway). On the other hand, exposure to a low concentration of hNmU-25 (30
nM) triggers a different pathway of NMU2 recycling. Here, the receptor could locate
beneath the plasma membrane and thus rabidly returned to the plasma membrane. These
results are consistent with previous study (Roosterman et al., 2004). More studies are
required to investigate this issue. Exposure to a low concentration (3 nM) of hNmU-25
triggers a different pathway of NMU2 recycling (Figure 3.19). It has been hypothesised
that the extent of agonist-induced phosphorylation of the NK;R determines association
with p-arrestins and regulates the pathway and kinetics of NK;3R trafficking
(Roosterman et al., 2004). In contrast to 10 nM of SP that causes extensive
phosphorylation, 1 nM induces minimal phosphorylation of the NK;R (Vigna, 1999).
The extent of phosphorylation could affect interaction with B-arrestin-1 and-2 and

thereby controls the pathway of receptor trafficking. Therefore, stimulation with high
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concentration (300 nM and 1 uM) of hNmU-25, the NMU?2 and B-arrestins are likely to
remain colocalised for prolonged period in sorting endosomes, whereas stimulation with
low concentration (3 nM) induces minimal phosphorylation of NMU?2 that colocalises
with B-arrestins transiently and re-sensitisation is rapid and depends on phosphatase
activity. Also, it has been suggested that in cells stimulated with low concentration (1
nM) of SP, the recycled NK;R did not re-internalize but remains at the cell surface.
This was confirmed by the observation indicating the recovery of cell-surface binding
sites was almost complete (Murphy et al., 2011). Therefore, it seems that stimulation
with 3 nM, the NMUZ2 re-sensitises rapidly in an ECE-1-independent manner and this is
consistent with a previous study (Murphy et al., 2011). However, more studies are

required to confirm this hypothesis.

Having established that the recovery of hNmU-25 was faster than hNmS-33 at all times
points when the cells were stimulated with ligand for 5 min, we investigated the effect
of reducing desensitisation time on the recovery. Thus, the stimulation with (nNNmU-25,
1 min) led to rapid re-sensitisation after recovery of 1 h and almost full recovery after 3
h and the recovery was dependent on ECE-1 activity. The effect of 1 min stimulation of
hNmS-33 (30 nM, 1 min) and allowed to recover for 1 h therefore was studied. The
recovery also was rapid and it was not affected by ECE-1 activity. This could be
explained by the fact that the time required for full desensitisation as it has been
confirmed previously is 5 min and when this time was reduced, some of the receptors
could remain (un-internalised) on the cell surface ready for second wave of stimulation.
In other words, this response after re-stimulation with 1 min could be resulting from un-
internalised receptors. However, this possibility needs further study using for example
binding assay to study the effect of different concentrations on receptors numbers.

Having shown above that intracellular ECE-1 may be relevant, measurements the
amount of peptide left for periods of times outside the cells could answer whether
peptide could be degraded extracelluarly. Cellular responses to agonists of the GPCRs
are rapidly removed and the signals are attenuated by mechanisms operating at different
levels including the agonist, the receptor and the G proteins. Several mechanisms

contribute to the removal of neurotransmitters from the extracellular fluid including
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dilution in the extracellular fluid, uptake by high-affinity transporters such as
glutamate/aspartate transporters and the major mechanism of removing acetylcholine,
for example, from the extracellular fluid, extracellular degradation. Thus, a bioassay

was also used to determine the possible extracellular degradation of NmuU.

Our receptors are recombinant expressed in HEK-293 and the possibility of
internalisation of bound receptor was expected. Dynasore was used to prevent receptor
internalization and therefore internalization of any bound ligand and this would enable
assessment of left peptide. The hNmU-25 (10 nM) was then added to the wells
stimulated for the required time (1, 2, and 3 h). When HEK-NMU2 were present during
the incubation with hNmU-25 in the 24 well plates, addition of the aqueous phase to
HEK-NMU2 in 96-well plates resulted in Ca*" response that decreased with an
increasing period of exposure of the hNmU-25 to the cells in the 24 well plate. Thus, it
seems that the loss of response was dependent on the presence of NMU2. When no cells
were present in the initial incubation, addition of the aqueous phase to HEK-NMU2 in
96-well plates resulted in a sustained Ca®* response with increasing duration of
incubation. The Ca* responses in HEK-NMU2 in the presence of inhibitors were higher
than that with only KHB with an increasing period of exposure of the hNmU-25 to the
cells in the 24 well plates. However, the Ca** responses were sustained in the presence
of the inhibitors. These data are consistent with the previous data in this thesis using the
NEB inhibitor in that the hNmU-25 is intracellularly processed. The reduction ovet the
incubation time could be due to more bound ligand is internailsed rather than left on the
cell memebrane. The high amount left in the presence of dynasore compared to SM-
19712 could support this idea.

In order to identify the concentration of peptide left after the exposure periods above,
the data were then interpolated using GraphPad Prism in order to get the maximum

concentration that is around 3 nM.

Our data reveals that ECE-1 has the ability to modulate hNmU-25-NMU2 and hNmS-
33-NMU2 in a different manner despite that both ligands are trafficked in a dynamin-
dependent manner. The reason for this different effect could be the specificity of ECE-
1. Our results indicated that ECE-1 could degrade hNmU-25, hNmS-33 and pNmuU-8.
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The degradation experiments were performed using rhECE-1 (in vitro) as described in
Methods. The experiments used two different conditions either pH 7.4 or 5.5 to mimic
the cytoplasm and endosome environment, respectively. The ECE-1 degraded all
ligands despite that SM-19712 had only effect on the NMU2 re-sensitisation depending
on the using Ca?* as an indicator. The reason for that is not clear. However, the
specificity of the enzyme is one issue. In addition, it should bear in mind that both Ca**
assay and rhECE-1 assay are different. The calcium assay is (in vivo) and depends on
the sensitivity of Ca?* to dye whereas the rhECE-1 is (in vitro) and depends on peptide
itself whether it is substrate or not. Another possibility is the SM-19712 inhibits the
complex dissociation but it does not show any details about the degradation. Therefore,
both assays are completely different. (Figure 5.23) shows the time course of rhECE-1
mediated degradation of hNmU-25 in an acidic and neutral environ ment. At pH 5.5,
rhECE-1 rapidly degraded hNmU-25. After 5 min incubation, the hNmU-25 was fully
degraded producing new fragments. Interestingly, prolonged incubation with rhECE-1

did not result in increasing the amount of the fragments.

In addition, it has been noticed that ECE-1 degraded all ligands at both pH 5.5 and 7.4
but the fragments observed in pH 5.5 were more than those in pH 7.4. This is likely to
be because of presence of cleavage sites in all ligands. On the other hand, the results
from identifying the cleavage sites indicated that the last five amino acids F, R, P, R, N
in both hNmU-25 and hNmS-33, but not pPNmU-8 are protected from cleaving and
conserved. In terms of pNmU-8, L, F, R, P, R, and N were identified as a protected

region.

The amide structure at the C-terminal of pNmU-8 (X-Asn-NH2, X=H-Tyr- Phe-Leu-
Phe-Arg-Pro-Arg) was reported to have an important role on its biological activity
(Minamino et al., 1985). In addition, it has been indicated that the deamidation at the C-
terminal of NmU peptides brought about a great loss in the biological and
immunochemical binding activities (Kawai et al., 2006). Clear roles for F* L? F* R* P°
R® N’-amide have been demonstrated by structure-activity relationship studies (SAR)
(Minamino et al., 1985; Brighton et al., 2004a). In addition, R® and N’-amide are
necessary for binding and activation respectively of the avian peripheral receptor and

substitution of F> ~ Y results in improved bioactivity. N-terminal modifications with
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pyrogluatmic acid, succinic acid and glutaric acid are optional and it can be used,
showing improved amino peptidase resistance and increased agonistic activity in

contractility assays (Sakura et al., 1995).

The active fragments produced from hNmU-25 include
EEFQSPFASQSRGYFELFRPRN, FQSPFASQSRGYELFRPRN,
SPFASQSRGYFLFRPRN, PFASQSRGYELFRPRN, FASQSRGYFLFRPRN,
ASQSRGYFELFRPRN, SQSRGYELFRPRN, SRGYFELFRPRN, YELFRPRN,
and FLFRPRN. In addition, the possible active fragments obtained from hNmS-33
include FTKKDHTATWGRPFELFRPRN, WGRPFELFRPRN, GRPFELFRPRN,
FELFRPRN. Finally, only 2 fragments were identified form pNmuU-8 including
YFELFRPR, FLFRPRN. For clarification, the amidated C-terminal heptapeptide

structures were underlined. Since the last seven amino acids are conserved in both

hNmU-25 and hNmS-33, two major biodegradation sites have been identified and were

identical in both ligands. These are Phe'-Leu? and Leu?-Phe®.

From these fragments, it can be seen that hNmU-25 could be grouped into three
subgroups. Firstly, truncated fragments that N-terminal is conserved. Secondly,
fragments that C-terminal is protected. Finally, fragments that do not have either N- or
C-terminal. Interestingly, hNmS-33 fragments could be classified into only two groups;
both of them have either N- or C-terminal. The factor that determines the difference in
ECE-1 degradation between hNmU-25 and hNmS-33 is likely to be their N-terminal
structure. A recent study has found that the structure of the N-terminal influenced
thrombin degradation of hexapepridic agonists (Takayama et al., 2015).

Whether peptide cleavage by ECE-1 could generate fragments that still retain biological
activity needs to be investigated. In related to this issue, a recent study indicated that the
C-terminal in addition to N-terminal could affect activity of the peptide, since any
change in either terminal failed or reduced the responses using C** assay (Micewicz et
al., 2015). For instance, the effects of N-terminal lipidation of the amidated
cholecystokinin tetrapeptide, CCK4-NH,, with a focus on enhancing membrane
permeability have been investigated. It has been shown that both acetylation and/or
caproylation of CCK4-NH, resulted in increased peptide stability, permeability and
intestinal absorption (Fujita et al., 1998).
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Therefore, ECE-1 degrades some but not all vasoactive peptides. Also, the pH optimum
favors degradation in acidified endosomes and prevents degradation at the cell surface.
This is consistent with the previous study indicating that bradykinin (BK) is also
degraded by ECE-1. On the other hand, there are conflicting reports about the pH
optimum (Hoang et al., 1997; Fahnoe et al., 2000). For example, rhECE-1 degraded BK
at pH 5.5 and 7.4, and SM-19712 prevented this degradation, but degradation was faster
at pH 5.5. In the case of bradykinin, ECE-1 degrades it at endosomal pH but ECE-1 and
endosomal acidification have no effect on bradykinin receptors (B,R) re-sensitisation.
This indicates that B,R recycles without trafficking to ECE-1-containing endosomes.

Some studies in HEK293 cells that possess endogenous ECE-1 activity have indicated
that ECE-1 plays a role in peptide degradation (Padilla et al., 2007; Roosterman et al.,
2007). However, it has been shown that SM-19712 had no effect on re-sensitisation of
Ca®* responses to other peptides such as angiotensin Il and the AT;a receptor and
bradykinin. This indicates that the function of ECE-1 in receptor recycling is not

common among all GPCRs (Padilla et al., 2007).

ECE-1 also degrades substrates such as substance P, somatostatin and CGRP at acidic
pH (Padilla et al., 2007; Roosterman et al., 2007). The lack of degradation at pH 7.4
suggests that ECE-1 present at the plasma membrane is unlikely to degrade hNmuU-25
in the extracellular fluid to regulate activation of NMUs. This is consistent with the
ability of ECE-1 to degrade CGRP at pH 5.5 but not at pH 7.4. The inability of ECE-1
to degrade CGRP and SP in the extracellular fluid contrasts with NEP, which degrades
SP at the cell surface to limit activation of the NK;R (Okamoto et al., 1994).
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Chapter 4

NMU2-regulated ERK activation

4.1 Background

4.1.1 Activation of ERK by NMU?2

It has recently become clear that multiple signal transduction pathways are employed
upon GPCR activation. One of the major cellular effectors activated by GPCRs is
extracellular signal-regulated kinase (ERK) (Eishingdrelo et al., 2013). Both G-protein
and PB-arrestin mediated signalling pathways can lead to ERK activation. Many types of
GPCR have been reported to activate ERK using a variety of signalling pathways (see
Introduction). Both NMU receptors have been reported to activate ERK in a pertussis
toxin-independent manner (Brighton et al., 2004b) but the mechanisms and potential
differences between ligands of these receptors are unclear. Here ERK signalling by
NMU2 using both NmU and NmS has been explored.

4.1.2 The role of endosomal acidification and ECE-1 activity in the regulation of
NMU2-mediated ERK activity

It has been hypothesised that the mechanisms that regulate GPCRs at the plasma
membrane also have the ability to control receptor signalling and trafficking at the
endosomal membrane. HEK 293 cells express all ECE-1 isoforms (Padilla et al., 2007;
Roosterman et al., 2007) and it has been reported that ECE-1 at the endosomal
membrane degrades neuropeptides including SP and somatostatin that are internalised
with their cognate receptors. This requires endosomal acidification as the substrate
specificity of ECE-1 is pH-dependent (Padilla et al., 2007; Roosterman et al., 2007,
Roosterman et al., 2008). Thus, by degrading neuropeptides, ECE-1 may regulate the
stability and activity of ligand-receptor-p-arrestin-MAPK signalosomes (signalosomes

are complexes involved in the regulation of signalling; MAPK/ERK) to control the
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duration of ERK activation. In the previous chapter, it was shown that the re-
sensitisation of NMUZ2 signalling was reduced by inhibition of either endosomal
acidification or ECE-1 activity. The impact of endosomal acidification and ECE-1
activity on the activity of ERK (as determined by the levels of active phospho-ERK
(PERK)) was assessed in this chapter.

147



4.1.3 The potential role of B-arrestins in NMU2 re-sensitization

The accepted model of GPCR re-sensitisation is that ligand binding promotes GRK-
mediated phosphorylation of the cytoplasmic surface of the GPCR and subsequent f3-
arrestin translocation and binding to the receptor. B-arrestin binding, in turn, facilitates
the subsequent recruitment of AP-2 and clathrin and GPCR inclusion in CCPs before
endocytosis via CCVs. Following endocytosis, GPCRs may be either dephosphorylated
and then recycled to the plasma membrane or sorted for lysosomal degradation (see
Introduction 5.1). There is much evidence to support the hypothesis that many GPCRs
are internalised and that this is crucial for re-sensitisation (Sibley et al., 1986; Ferguson,
2001). Using inhibitors of endocytosis such as dynasore or concanavalin has
demonstrated that sequestration is required for re-sensitisation of some receptors.
Overexpression of B-arrestins, in COS-7 cells, for example, enhances the rate of .-
adrenoceptors re-sensitisation showing the importance of B-arrestins in this process
(Zhang et al., 1997). Moreover, phosphorylated p,-adrenoceptors appear in an
endosomal vesicle fraction that is enriched in GPCR-specific protein phosphatase PP2A
activity (Pitcher et al., 1995). Dephosphorylation of the receptor occurs in either an
acidified vesicle compartment where internalisation is required for re-sensitisation
(Krueger et al., 1997) or at the plasma membrane where internalisation is not required
for re-sensitisation (Rozengurt, 2011). GPCRs have been grouped into two different
classes based on the interaction between the receptor and B-arrestins (Oakley et al.,
2000). Class A receptors transiently bind to B-arrestin-2 with higher affinity than f-
arrestin-1 and the B-arrestin is recruited to the receptor at the plasma membrane and
translocated with it to (CCPs). However, the receptor—B-arrestin complex dissociates
rapidly at the plasma membrane or directly after internalization of the receptor leading
to fast re-sensitisation (Moore et al., 2007). The B-arrestin then recycles to the plasma
membrane (Zhang et al., 1999).

Class B receptors bind equally with high affinity to B-arrestin-1 and B-arrestin-2 and
stable complexes may be formed with B-arrestin allowing, the receptor—p-arrestin
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complex to internalize as a unit that is targeted to endosomes and dissociates at low rate,

delaying re-sensitisation (Moore et al., 2007).

The aims of this chapter were to examine the effect of inhibiting the endosomal
acidification on ERK activation following hNmU-25, hNmS-33 and pNmU-8. This was
followed by studying the effect of ECE-1 activity. In addition to that, SIRNA technique
was used to reduce [-arrestin activity and then study the effect of that on ERK

activation by knocking down either p-arrestin-1 or -2 or combination of both of them.
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4.2 Results

4.2.1 NMU2-mediated activation of ERK

Concentration-response curves and the time-course of NMU2-mediated ERK activation
in response to hNmU-25 and hNmS-33 were generated. For concentration response
curves, HEK-NMU?2 cells were plated for 24 h in 24-well plates and starved for a
further 24 h. Cells were then stimulated with buffer or different concentrations of either
hNmU-25 or hNmS-33 (0.1-100 nM). For the time-course, HEK-NMU2 cells were
cultured for 24 h and starved for a further 24 h. Cells were then stimulated with
maximum a concentration of either ANmU-25 or hNmS-33 without removing the ligand
for up to 3 h. Alternatively, cells were stimulated with a maximum concentration of
either hNmU-25 or hNmS-33 (30 nM for 5 min). Only after which time the ligand was

washed off and the cells allowed to recover for the required time.

Stimulation of HEK-NMU2 with either hNmU-25 or hNmS-33 resulted in an increase
of pERK (as an index of ERK activation) in a concentration-dependent manner with
pPECs values of 8.54+0.07 and 8.83+0.08, respectively (Figure 4.1; A & D). The peak
of ERK activation upon stimulation with a maximum concentration of either ligand (30
nM) was achieved within 5 min. When the ligand was not removed, ERK activation
following a maximal concentration of either hNmU-25 or hNmS-33 was relatively
sustained over the 3 h period of stimulation (Figure 4.1; B & E). In contrast, when the
ligand was removed after a 5 min period of stimulation, ERK activity declined slowly
following hNmU-25 and returned to the basal level after about 60 min (Figure 4.1; C).
In contrast, ERK activation following a 5 min period of stimulation with hNmS-33 was
relatively sustained over the 3 h recovery period (Figure 4.1; F).
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Figure 4.1 Concentration-response curves and time-course of hNmuU-25 and
hNmS-33-mediated ERK activation by NMU2

HEK-NMU2 cells were cultured on 24-well plates for 24 h and serum-starved
overnight. To construct concentration-response curves (A & D) for agonist-stimulated
increases in pERK, cells were washed with KHB, and challenged with KHB alone or
different concentrations of either hNmU-25 (A) or hNmS-33 (D) (0.1-100 nM, 5 min).
In order to study the time-course of changes in pERK (B, C, E and F), cells were
challenged with KHB alone or a maximum concentration (30 nM) of either ligand that
was then left in place for the duration of the experiment (B & E). Alternatively, cells
were challenged with KHB alone or a maximum concentration of either ligand (30 nM)
for 5 min) and then washed twice with KHB. Incubation was then continued in the
absence of ligand for the required time (5-180 min) (C & F). The pERK and rpS6 were
determined by Western blotting and the signal density of each quantified using Image J

software. Data are represntative blots or means + s.e.m., n=3.
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4.2.2 pERK perhaps depends on ongoing activation of NMU2 in the presence of
NmS but not NmU

The previous results indicated that cells stimulated by hNmU-25 (30 nM) for 5 min)
after which the ligand was removed, resulted in a reduction of pERK to basal levels
after 3 h recovery (Figure 4.1; C). On the other hand, levels of pERK were relatively
sustained at 3 h when the cells were stimulated with hNmS-33 in the same way (i.e. 30
nM for 5 min followed by ligand removal) (Figure 4.1; F). In order to investigate
whether this reduction was a result of dissociation of ligand, receptor and B-arrestins,
the following experiment was conducted. The HEK-NMU2 cells were challenged with
either KHB or hNmU-25 and hNmS-33 (30 nM, 5 min). The cells were then allowed to
recover for 3 h. The cells were then re-stimulated by either ligand for 5 min and allowed
to recover for 5 min. Under these conditions, the pERK was peaked as it was with 5 min
for ANmU-25 (Figure 4.2; A) and hNmS-33 (Figure 4.2; B).
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Figure 4.2 pERK perhaps depends on ongoing activation of NMU2 in the presence
of NmS but not NmU

HEK-NMU?2 cells were serum-starved overnight, washed and KHB was added prior to
challenge with either hNmU-25 (A) or hNmS-33 (B) (30 nM, 5 min). Cells were then
washed to remove free ligand and allowed to recover for 3 h. The cells were then re-
stimulated with 30 nM of the appropriate ligand for 5 min before solubilisation and
assessment of pERK by immunoblotting and densitometry. The pERK and rpS6 were
determined by Western blotting and the signal density of each quantified using Image J
software. Data are representative or means + s.e.m., n=3. Data were analysed by
Bonferroni’s multiple comparison test following one-way ANOVA; *P<0.05,
***p<(.001.
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4.2.3 Inhibition of endosomal acidification enhances ERK activity following
hNmU-25, hNmS-33 and pNmuU-8

Endosomal acidification is thought to be a key driver in inducing conformational
changes promoting ligand-receptor dissociation. It has been indicated that the complex
of the ligand, receptor and B-arrestins are delivered into the endosomes where both the
endosomal acidification and ECE-1 could play a role in both signalling and receptor
processing, particularly by regulating the life-time of the ligand-receptor complex.
Therefore, the endosomal acidification inhibitor, monensin, was used in the current
study in order to investigate the importance of endosomal acidification on ERK
activation. HEK-NMU?2 cells were pre-treated with or without monensin (50 uM) for 30
min and then stimulated with, hNmU-25, hNmS-33 or pNmU-8 (Figure 4.3; A, B and
C, respectively) (30 nM, 5 min) followed by ligand removal and washing of the cell
monolayer. In the absence of monensin, challenge with hNmU-25 or pNmU-8 produced
responses that were maximal at 5 min but then decreased following ligand removal,
returning to basal levels at 180 min (Figure 4.3; A & C). In contrast, challenge with
hNmS-33 resulted in a peak at 5 min that was sustained throughout the experiment
despite removal of ligand (Figure 4.3; B). Under these circumstances (i.e. ligand
removal after a 5 min stimulation period), monensin, prolonged ERK activation
following hNmU-25, hNmS-33 or pNmU-8 (Figure 4.3; A, B and C, respectively).
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Figure 4.3 Time-course of NMU2-mediated ERK activation in the presence and

absence of an inhibitor of endosomal acidification

Impact following ligand removal. HEK-NMU2 cells were serum-starved overnight,
washed with KHB and then incubated with or without monensin (50 uM) for 30 min
prior to challenge with ligand (hNmU-25 (A), hNmS-33 (B) or pNmU-8 (C) (30 nM, 5
min). Cells were then washed to remove free ligand and left for the required time before
solubilisation and assessment of pERK by immunoblotting and densitometry. The levels
of pERK and rpS6 were determined by Western blotting and the signal density of each
quantified using Image J software. Data are representative or mean + s.e.m., n=3. Data
were analysed by Bonferroni’s multiple comparison test following two-way ANOVA;
*P<0.05, **P<0.01, ***P<0.001. The stimulated cells were all greater than controls

and only differences between + monensin were considered.
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4.2.4 Inhibition of ECE-1 activity enhances ERK activity following hNmU-25 but
neither ANmS-33 nor pNmu-8

Challenge of HEK-NMUZ2 with 30 nM hNmU-25 or hNmS-33 evoked a rapid activation
of ERK as determined by immunoblotting of pERK1/2. The response was maximal at 5
min and then sustained in the continued presence of agonist for the duration of the
experiment (3 h) for all ligands. HEK-NMU?2 cells were pre-incubated with the ECE-1
inhibitor, SM-19712 for 30 min and then stimulated with hNmU-25 (30 nM), in the
continued presence of hNmU-25, ERK activation remained elevated for the duration of
the experiment (3 h) and this was unaffected by SM-19712 (Figure 4.4; A & B). In an
alternative protocol, cells were stimulated for 5 min and free extracellular ligand was
removed by washing with KHB. Under these conditions, when the cells were
challenged with hNmU-25 (30 nM), the response was again maximal at 5 min but then
decreased following ligand removal, returning to basal levels at 180 min (Figure 4.5;
A). In contrast, using the same protocol but challenging the cells with hNmS-33 (30
nM) resulted in a peak at 5 min that was sustained throughout the experiment (Figure
4.5; B). Under these circumstances (i.e. Ligand removal), The ECE-1 inhibitor,
SM19712, prolonged ERK activation following hNmU-25 (Figure 4.5; A) but did not
affect the already sustained response to hNmS-33 (Figure 4.5; B).

Despite the shorter bioactive version of hNmU-25, pNmU-8, mimicking hNmU-25 in
terms of potency and the time-course, ECE-1 activity did not modulate pERK levels
following the ligand removal (Figure 4.6). Thus, cells were pre-incubated with either or
without ECE-1 inhibitor; SM-19712, for 30 min and the cells were then stimulated with
pNmU-8 (30 nM for 5 min) followed by ligand removal and cell washing. Under these
conditions, when the cells were challenged with pNmU-8 (30 nM), the response was
maximal at 5 min but then decreased following ligand removal, returning to basal levels
at 180 min. However, SM-19712 did not affect ERK activation over the time-course of

the experiment (Figure 4.6).
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In order to investigate the effect of SM-19712 on pERK responses to a lower
concentration of agonist as with Ca®" signalling experiments (see Chapter 3, Figure
3.16; A), cells were stimulated using a sub-maximal concentration of either hNmU-25
or hNmS-33 (3 nM) (Figure 4.7; A & B). Stimulation with this sub-maximal
concentration resulted in a lower activation of ERK than when the cells were stimulated
with a maximum concentration (30 nM) (It is difficult to make the comparison as the
blots are not on the same film) (Figures 4.5; A & B). When the cells were challenged
with hNmU-25 (3 nM), the response was again maximal at 5 min but as with the
maximal concentration, then decreased following ligand removal, returning to basal
level at 90 min. In contrast, using the same protocol but challenging the cells with
hNmS-33 (3 nM) resulted in a peak at 5 min that was sustained throughout the
experiment (Figure 4.7; B). Under these conditions (i.e. ligand removal), the ECE-1
inhibitor, SM19712, prolonged ERK activation following hNmU-25 (Figure 4.7; A) but
did not affect the already sustained response to hNmS-33 (Figure 4.7; B).
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Figure 4.4 Time-course of NMU2-mediated ERK activation in the presence and

absence of ECE-1 inhibitor: impact in the continued presence of ligand

HEK-NMU?2 cells were serum-starved overnight, washed with KHB and then incubated
with or without SM19712 (10 uM) for 30 min prior to challenge with ligand (30 nM).
Cells were left for the required time before solubilisation and assessment of pERK by
immunoblotting and densitometry following stimulation with hNmU-25 (A) and hNmS-
33 (B). The levels of pERK and rpS6 were determined by Western blotting and the
signal density of each quantified using Image J software. Data are representative or
mean + s.e.m., n=3; statistical comparisons were by Bonferroni’s multiple comparison
test following two-way ANOVA. The stimulated cells were all greater than controls

(P<0.01) and only differences between + SM-19712 were considered.
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Figure 4.5 Time-course of NMU2-mediated ERK activation in the presence and

absence of ECE-1 inhibitor: impact following ligand removal

HEK-NMU?2 cells were serum-starved overnight, washed with KHB and then incubated
with or without SM-19712 (10 uM) for 30 min prior to challenge with ligand (hnNmU-
25 (A) or hNmS-33 (B), 30 nM) for 5 min. Cells were then washed to remove free
ligand and left for the required time before solubilisation and assessment of pERK by
immunoblotting and densitometry. The levels of pERK and (rpS6) were determined by
Western blotting and the signal density of each were quantified using Image J software.
Data are representative or mean + s.e.m., n=3, **P<0.01, ***P<0.001; statistical
comparisons by Bonferroni’s multiple comparison test following two-way ANOVA.
The stimulated cells were all greater than controls (P<0.01) and only differences

between + SM-19712 were considered.
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Figure 4.6 Time-course of NMU2-mediated ERK activation in the absence and
presence of inhibitor of ECE-1 followed by stimulating with pNmU-8: Impact

following ligand removal

HEK-NMU?2 cells were serum-starved overnight, washed with KHB and then incubated
with or without SM-19712 (10 uM) for 30 min prior to challenge with ligand (pNmU-8,
30 nM) for 5 min. Cells were then washed to remove free ligand and left for the
required time before solubilisation and assessment of pERK by immunoblotting and
densitometry. The levels of pERK and (rpS6) were determined by Western blotting and
the signal density of each were quantified using Image J software. Data are
representative or mean + s.e.m., n=3. Data were analysed by Bonferroni’s multiple
comparison test following two-way ANOVA. The stimulated cells were all greater than

controls and only differences between + SM-19712 were considered.
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Figure 4.7 Time-course of NMU2-mediated ERK activation in the presence and
absence of ECE-1 inhibitor using a sub-maximal concentration of ligand: Impact

following ligand removal

HEK-NMU?2 cells were serum-starved overnight, washed with KHB and then incubated
with or without SM19712 (10 uM) for 30 min prior to challenge with ligand (hnNmU-25
(A) or hNmS-33 (B), 3 nM) for 5 min. Cells were then washed to remove free ligand
and left for the required time before solubilisation and assessment of pERK by
immunoblotting and densitometry. The levels of pERK and (rpS6) were determined by
Western blotting and the signal density of each quantified using Image J software. Data
are representative or mean + s.e.m., n=3. Data were analysed by Bonferroni’s multiple
comparison test following two-way ANOVA; ***P<0.001. The stimulated cells were
all greater than controls (P<0.001) and only differences between + SM-19712 were

considered.
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4.2.5 The role of arrestin in NMU receptor-mediated ERK responses

HEK-NMUL1 or HEK-NMU?2 cells were cultured and maintained as described in the
methods before transfecting the cells. Transfection was carried out using Lipofectamine
RNA iIMAX (Invitrogen) reagent according to the manufacturer’s instructions. The
siRNA sequences targeting p-arrestin-1 and B-arrestin-2 were used. After 24 h, the cells
were washed and incubated for an additional 24 h in serum-free growth medium.
Silencing of B-arrestin-1 and p-arrestin-2 expressions was assessed by immunoblotting
using anti-p-arrestins1/2 (1:2000; Cell Signalling, UK) (Ahn et al., 2013).

As shown earlier, hNmU-25 and hNmS-33 evoked time- and concentration-dependent
activation of ERK by NMU2 (Figure 4.1; A-F). Moreover, a short period of stimulation
(5 min) with hNmU-25 or hNmS-33 maximally activated ERK at 5 min, which then
declined to basal levels over the subsequent 3 h following hNmU-25 (Figure 4.1; C),
but was sustained following hNmS-33 (Figure 4.1; F). Knockdown of B-arrestin-1 or -2
individually (Figure 4.8; A) or in combination (Figure 4.8; B) significantly enhanced
and extended the duration of hNmU-25-mediated ERK activation (Figure 4.8). In
contrast, individual knockdown of B-arrestin-1 or -2 had a much more limited impact on
hNmS-33-mediated ERK activation (Figure 4.9; A). However, combined knockdown
of both B-arrestin-1 and -2 (Figure 4.9; B) enhanced the levels of pERK at least at later
time points, for example, at 90 and 180 min (Figure 4.9; B).

The same experimental conditions (i.e. 5 min stimulation followed by ligand removal)
were used in order to examine the role of the arrestins in NMU1-mediated ERK
activation. The pattern of ERK activation following challenge of NMU1 with either
hNmU-25 or hNmS-33 (30 nM) was similar to that following activation of NMU2 (i.e.
hNmU-25 and hNmS-33 evoked time- and concentration-dependent activation of ERK).
By knocking down B-arrestin-1 or -2 individually (Figures 4.10; A) or in combination
(Figure 4.10; B), hNmU-25-mediated ERK activation by NMU1 was significantly
enhanced at later time points. In addition, knockdown of both B-arrestins1/2 enhanced
the pERK at least at later time points; 90 and 180 min followed activation the cells with
hNmS-33 (Figure 4.11).
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Figure 4.8 hNmU-25-mediated ERK activation following knockdown of B-arrestin-
1 and/ or-2 in HEK-NMU2

HEK-NMU2 cells were either not transfected or transfected with siRNA against B-
arrestin-1, or -2 (A) or 1 & 2 in combination (B) and incubated for 24 h and then serum-
starved for a further 24 h. Following a 5 min challenge with 30 nM -hNmU-25, cells
were washed and the levels of pERK measured over the subsequent 180 min. The pERK
and (rpS6) or tERK was determined by Western blotting and the signal density of each
quantified using Image J software. Data are representative or mean + s.e.m., n=3. Data
were analysed by Bonferroni’s multiple comparison test following two-way ANOVA;
**pP<0.01, ***P<0.001. The stimulated cells were all greater than controls and only
differences between transfected and un-transfected cells were considered at each time

point. CTL,; control.
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Figure 4.9 hNmS-33-mediated ERK activation following knockdown of B-arrestin-
1 and/or -2 in HEK-NMU2

HEK-NMU?2 cells were either not transfected or transfected with siRNA against B-
arrestin- 1, or -2 (A) or -1 & -2 in combination (B) and incubated for 24 h and then
serum-starved for a further 24 h. Following a 5 min challenge with 30 nM hNmS-33,
cells were washed and pERK measured over the subsequent 180 min. The levels of
pERK, rpS6 and tERK was determined by Western blotting and the signal density of
each quantified using Image J software. Data are representative or mean + s.e.m., n=3.
Data were analysed by Bonferroni’s multiple comparison test following two-way
ANOVA; *P<0.05, **P<0.01. The stimulated cells were all greater than controls and
only differences between transfected and un-transfected cells were considered at each
time point. CTL; control.
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Figure 4.10 hNmU-25-mediated ERK activation following knockdown of p-
arrestin-1 and or -2 in HEK-NMU1

HEK-NMUL cells were either not transfected or transfected with siRNA against -
arrestin-1, or -2 (A) or -1 & -2 in combination (B) and incubated for 24 h and then
serum-starved for a further 24 h. Following a 5 min challenge with 30 nM hNmU-25,
cells were washed and levels of pERK measured over the subsequent 180 min. The
pPERK, rpS6 and tERK were determined by Western blotting and the signal density of
each quantified using Image J software. Data are representative or mean + s.e.m., n=3.
The data were analysed by Bonferroni’s multiple comparison test following two-way
ANOVA; **P<0.01; ***P<0.001. The stimulated cells were all greater than controls
and only differences between transfected and un-transfected cells were considered at
each time point. CTL,; control.
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arrestin-1 and -2 in HEK-NMU1

HEK-NMUL cells were either not transfected or transfected with siRNA against -
arrestin-1 & -2 in combinations and incubated for 24 h and then serum-starved for a
further 24 h. Following a 5 min challenge with 30 nM hNmS-33, cells were washed
and levels of pERK measured over the subsequent 180 min. The pERK and (rpS6) were
determined by Western blotting and the signal density of each quantified using Image J
software. Data are representative or mean + s.e.m., n=3. Data were analysed by
Bonferroni’s multiple comparison test following two-way ANOVA; ***P<0.001. The

stimulated cells were all greater than controls and only differences between transfected

and un-transfected cells were considered at each time point. CTL; control.
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4.2.6 The role of p-arrestin-1 and -2 in re-sensitization of NMU2-mediated

signalling

It has been suggested that B-arrestins are involved in receptor re-sensitisation. For
example, it has been reported that endocytosis via (CCVs) is fundamental for (B2AR)
re-sensitization and the receptors proceed from CCVs to early endosomes, where they
are dephosphorylated and re-sensitized by a mechanism that is proposed to involve a
conformational change in the receptor brought about by acidification in the endosomal
compartment. This putative conformational change is proposed to enhance
dephosphorylation of GRK phosphorylation sites by a membrane-associated G protein-
coupled receptor phosphatase (Zhang et al., 1997). It is unclear whether this contributes
to the dissociation of B-arrestin from the receptor. However, B-arrestin dissociation may
be particularly important considering the evidence that arrestin binding to rhodopsin

prevents dephosphorylation of the visual pigment.

Whether re-sensitization of NMU2-mediated Ca®* signalling is dependent upon p-
arrestin was investigated. Initially, the impact of p-arrestin knockdown on the [Ca?'];
concentration-response curve was assessed. Because the combination of B-arrestins
generally had a greater effect on NMU2-mediated pERK activation than knockdown of
individual B-arrestins (Figure 4.8 and 4.9), knockdown of both arrestins was used in
this particular experiment. HEK-NMU?2 cells were either un-transfected or transfected
with a combination of siRNA against p-arrestin-1 and -2 in 96 well/plates followed by
48 h incubation at 37 °C. The cells were then loaded with fluo-4-AM for 45 min and
then stimulated with different concentrations of hNmU-25 (0.1-100 nM) (Figure 4.12).
Knockdown of the arrestins had no effect on Ca®" signalling with pECs values of
8.56+0.11 and 8.65+0.08, in knockdown and control cells, respectively.

To assess re-sensitisation, HEK-NMU2 cells were transfected with siRNA against either
B-arrestin-1, -2 or 1 & 2 in combination (Figure 4.13; B) and incubated for 48 h as
described in Methods. Following either no challenge or desensitization by 5 min
exposure to 30 nM of either hNmU-25 (Figure 4.13; A) or hNmS-33 (Figure 4.14),
cells were washed and allowed to recover for 1, 3 or 6 h. Ca?* responses to 30 nM of

the appropriate ligand were then determined by stimulating the cells using a NOVOstar
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plate-reader as described in Methods. Data presented earlier in this Thesis demonstrated
that hNmU-25 and hNmS-33 evoked time- and equipotent concentration-dependent
elevations of [Ca®*]i by NMU2 (Figure 3.1, Chapter 3). Moreover, a relatively short
exposure (5 min) to either ANmU-25 or hNmS-33 caused desensitization of subsequent
NMU2-mediated Ca** signalling (Figure 3.4; A & B, Chapter 3). Furthermore, the
earlier data demonstrated that the recovery of NMU2-mediated Ca®* signalling was
more rapid following pre-treatment with hNmU-25 compared to hNmS-33 and that this
depended on the concentration and the exposure time of the desensitising stimulus
(Figure 3.4; C, chapter 3). Here knockdown of a combination of both B-arrestins1/2
delayed the re-sensitisation of cells stimulated with hNmU-25 (30 nM, 5 min) at all
recovery times (1, 3 and 6 h; (Figure 4.13; A). When the cells were stimulated with
hNmS-33 (30 nM, 5 min), the re-sensitisation was slower in cells in which the arrestins
had been knocked down after 3 and 6 h recovery (Figure 4.14).
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Figure 4.12 Effect of p-arrestin-1 and -2 knock down on hNmU-25-stimulated Ca’**
responses in HEK-NMU2

HEK-NMU2 cells were either un-transfected or transfected with siRNA against (-
arrestin-1 and -2 and cultured in 96-well plates for 48 h. The cells were then loaded with
fluo-4-AM for 45 min. Cells were then challenged with different concentrations of
hNmU-25 (0.1-100 nM) using a NOVOstar plate reader. Changes in cytosolic
fluorescence were monitored as an index of [Ca®"]; and the data were calibrated and the
maximal changes were used to construct concentration-response curves. The pECsg
values in either HEK-NMUZ2-un-transfected or HEK-NMU2-transfected cells exposed
to hNmU-25 were 8.65 +0.0.8 and 8.56 +0.11, respectively. Data are means + s.e.m.;
n=3. CTL; control.
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Figure 4.13 B-arrestin-1 and-2 contribute to NMU2 re-sensitisation following
desensitisation with hNmU-25

For resensitisation investigation, cells were transfected with siRNA against p-arrestin-1,
-2 or -1 and -2 in combination and incubated for 24 h. The cells were then serum-
starved for a further 24 h. Following either no challenge or desensitization by 5 min
exposure to 30 nM of hNmU-25, cells were washed and allowed to recover for 1, 3 or 6
h (A). Ca** responses to 30 nM of hNmU-25 were then determined. Changes in
cytosolic fluorescence were monitored as an index of [Ca’*]; and the data were
calibrated using cells in which arrestin was present or had been knocked-down as
appropriate. The maximal changes in fluorescence were used to construct columns. In
order to confirm knockdown occurrence, cells were transfected with siRNA against [3-
arrestin-1, -2 or -1 and -2 in combination and incubated for 24 h followed by Western
blotting as described in Methods (B). Data are mean + s.e.m., n=3 (A), or representative
(B). Data were analysed by Bonferroni’s multiple comparison test following one-way
ANOVA,; *P<0.05, **pP<(.01, ***P<0.001.
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Figure 4.14 g-arrestin-1 and -2 contribute to NMU2 re-sensitisation following

desensitisation with hNmS-33

Cells were transfected with siRNA against B-arrestin-1, -2 or -1 and -2 in combination
and incubated for 24 h. The cells were then-serum starved for further 24 h. Following
either no challenge or desensitisation by 5 min exposure to 30 nM of hNmS-33, cells
were washed and allowed to recover for 1, 3 or 6 h. Ca** responses to 30 nM of hNmS-
33 were then determined. Changes in cytosolic fluorescence were monitored as an index
of [Ca?*]i and the data were calibrated using cells in which arrestin was present or had
been knocked-down as appropriate. The maximal changes in fluorescence were used to
construct columns. Data are means + s.e.m., n=3. Data were analysed by Bonferroni’s
multiple comparison test following one-way ANOVA; *P<0.05, **P<0.01,
***P<().001.
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4.2.7 Arrestin recruitment by activated NMU receptors

A adapted p-galactosidase complementation assay, denoted to as PathHunter™
technology, has recently become present sanctioning GPCR-B-arrestin closeness to be
read on conventional luminometers available in most laboratories (Olson et al., 2007).
The assay makes utilization of a unique low-affinity peptide derived from the amino
terminus of Escherichia coli pB-galactosidase, which is tied to the C-terminus of the
GPCR of interest (enzyme donor), and a m-effacement mutant of B-galactosidase, which
is attached to B-arrestin (enzyme acceptor) (Figure 2.1). The use of the low-affinity
peptide, mentioned to as ProLink™, guarantees that the enzyme fragment
complementation (EFC) reaction is determined by the ligand-stimulated, reversible
interaction of the GPCR with B-arrestin and not by -galactosidase complementation in
the nonappearance of receptor activation (Wehrman et al., 2005). The rebuilt
holoenzyme catalyzes the hydrolysis of a substrate yielding a chemiluminescent signal
that can be measured by a NOVOstar plate-reader. This kit was provided by
DiscoverRx and designed to measure only p-arrestin-2 using NMUL. Ideally the study
would have examined recruitment of B-arrestin-1 and -2 by both NMUL1 and NMU?2
following activation with a number of different ligands. However, the only available
platform was NMUI1 and B-arrestin-2, although different ligands were used (hNmU-25,
hNmS-33, and pNmU-8). The experiment was conducted as explained in Methods. The
concentration-response curves were generated. The pECs values for the ligands were:
hNmU-25, 7.81+0.08; hNmS-33, 7.61+0.07, and, pNmU-8, 8.41+0.09, (Figure 4.15)
indicating no significant differences between the ligands, at least for NMU1-mediated

recruitment of -arrestin-2.
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Figure 4.15 Concentration-response curves for p-arrestin-2 recruitment by
activated NMU1

PathHunter eXpress cells expressing NMUL were plated in 96 wells-plates. The cells
were then incubated for 48 h at 37°C, 5% CO,, Cells were then challenged with hNmU-
25, hNmS-33, or pNmU-8. The plate was incubated for 90 minutes at 37°C, 5% CO,
Following addition of detection reagent working solution and further incubation for 60
minutes at room temperature, chemiluminescence, (indicated as relative luminescence
units (RLU)) was recorded using a NOVOstar plate reader. The pECso values were
calculated using Graph Pad Prism 6. The pECsy values for hNmU-25, hNmS-33, and
pNmU-8 were 7.81+ 0.08, 7.61+0.07, and 8.41+0.09, respectively. Experiments were

carried out once in duplicate.
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4.3 Discussion

Data in this Chapter demonstrate that hANmU-25 and hNmS-33 are equipotent on NMU-
mediated ERK activation and both evoke a similar maximal degree of activation. With
either ligand, ERK was activated within 5 min and this was sustained over the 3 h of the
experiment when the ligand was left in the incubation medium. However, when the
activating ligand was removed after 5 min of stimulation, there were clear differences in
the profile of activation. Thus, in the case of NmU-25 the pERK levels returned to basal
over the subsequent 2-3 h, whereas despite removal of NmS-33, pERK levels were
essentially sustained. Although removal of ligand following stimulation is not a
common experimental manipulation when examining the time-course of activation, it
has two possible advantages. Firstly, it may be more equivalent to a physiological
situation where agonists are released periodically and then rapidly removed (often by
degradative pathways) and secondly it may allow examination of the impact of events
such as receptor/ligand processing in the absence of potential receptor recycling and re-
stimulation. The opportunity for NMU2 recycling following ligand removal was
emphasized by the ability of hNmU-25 to evoke further ERK activation 3 h after the

initial 5 min challenge and removal of hNmU-25.

Data in Chapter 3 demonstrated that the rate of re-sensitization of NMU2-mediated Ca®*
signalling following hNmU-25 was considerably faster than following hNmS-33. This
may suggest that in the process of receptor internalization, re-sensitization and
recycling, the nature of the ligand plays a critical role. Indeed these data would suggest
that hNmS-33 retards one or more aspects of these processes compared to hNmU-25.
NMU?2 re-sensitization is reduced by inhibition of internalization following stimulation
with either ligand. It is possible therefore that one or more aspects of signalling might
be prolonged in the presence of hNmS-33 compared to hNmU-25. This could include
G-protein-dependent signalling, particularly if receptor phosphorylation and/ or
internalization are delayed and could potentially include G-protein-independent
signalling if the life-time of the internalized ligand/receptor/complex is extended. In

these experiments demonstrating that ERK signalling is more prolonged following
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removal of hNmS-33 than hNmU-25, it is possible, that these differences arise from
either extended G-protein-dependent signalling or extended G-protein-independent
signalling. This latter possibility could arise, for example, through a slower rate of
removal of hNmS-33 from the receptor within an endosomal compartment, thereby
allowing sustained scaffolding of the ERK signalling complex by arrestin. Indeed the
present data demonstrate that endosomal acidification is required to terminate NMU2-
mediated ERK activation. This is consistent with endosomal acidification promoting
ligand-receptor dissociation (Mellman et al., 1986), thereby reducing any associated
signalling but could also be consistent with reduced trafficking of receptor complexes
through the endosomal compartment leading to, for example, reduced receptor
internalization and prolonged G-protein-dependent signalling at the plasma membrane.
Previous work in our laboratory (Alhosaini, 2011) and in this thesis have shown that
very acidic conditions (pH 2.0) are required to remove peptide bound to NMU receptors
at the cell surface, at least over a short period of time (<1 min). Although the endosomal
pH may only reach pH 4.8-6.0 (Maxfield et al., 1987), the ligand receptor complex may
be exposed to this for considerable time. Furthermore, other influences such as ionic
composition of the endosomal compartment may also play a role in promoting
dissociation (Luzio et al., 2007). The ability of the ECE-1 inhibitor, SM-19712, to
prolong ERK activation following hNmU-25 but neither hNmS-33 nor pNmU-8
activation of NMU2 (again, in experiments in which the activating ligand was removed
following a 5 min stimulation) is consistent with ECE-1 processing of hNmU-25 being
an important compartment of signal termination. Taken together, these data support a
model in which endosomal hNmU-25 is degraded by ECE-1, thereby reducing ligand-
receptor complexes and allowing disassembly of arrestin-ERK signalling complexes to
reduce G-protein-independent activation of ERK. In contrast, hNmS-33 may not be
removed (degraded) by ECE-1, thereby allowing scaffolding and signalling complex to
persist for longer. A similar set of circumstances have been suggested for substance P
and the neurokinin 1 receptor, where endosomal ECE-1 has been suggested to disrupt
the neurokinin 1 receptor/arrestin/ERK signalling complex to reduce neurokinin 1
receptor-mediated ERK activation (Cottrell et al., 2009). Time-course of NMU2-
mediated ERK activation in the presence and absence of ECE-1 inhibitor using a sub-
maximal concentration of ligand indicated that the inhibition of ECE-1 also enhances
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the pERK exposed to hNmU-25 but not hNmS-33. Interestingly, this experiment also
showed that the bands are stronger following exposed to hNmS-33 compared to hNmU-
25 at all times suggesting that hNmS-33 could be more potent than hNmU-25 and more
studies are required to address this issue.

In the HEK-NMUZ2 cells, the precise mechanisms of ERK activation are unclear. There
Is some suggestion that for other GPCRs, the activation of ERK could be through either
G-protein-dependent or arrestin-dependent (G-protein-independent) mechanisms and
that both can occur in response to activation of the same receptor but with different
temporal characteristics. For example, in HEK cells with recombinant expression of
angiotensin 1l (AT;) receptors there is a G-protein-dependent activation of ERK at 2
min but a later (10 min) B-arrestin-dependent activation (Ahn et al., 2004). Similarly,
parathyroid hormone (PTH) can activate ERK1/2 through the PTH receptor in two
phases, an early phase (5 min) and a later (30-60 min) phase (Gesty-Palmer et al.,
2006). The siRNA-mediated knock-down of B-arrestin-1 and -2 left the early phase
relatively unaffected but largely abolished the later phase. These data provide clear
evidence that the later phase PTH receptor-mediated ERK activation is through a f-
arrestin-dependent pathway but that the early phase is B-arrestin-independent and
therefore likely G-protein-dependent (Gesty-Palmer et al., 2006). In other situations
ERK activation by these pathways may not be temporally distinct. Thus, ERK
activation by both pathways peaked 2 min after stimulation in cells expressing

vasopressin receptors (Ren et al., 2005).

In addition to signalling through ERK it has been demonstrated that a ligand-receptor-
arrestin complex might also be able to sustain more classical G-protein-dependent
signalling within cells. For example, sustained cAMP signalling may result from a long-
lasting PTH-PTHR-arrestin complex (Wehbi et al., 2013). In this case, f-arrestin may
play a role in stabilizing a complex of the PTHR and Gy, resulting in accelerated G-
protein activation and increased levels of active Gas, thereby prolonging production of
cAMP. Alternatively, the complex stabilized by B-arrestin is bypassed by re-associating
the free Ga-GDP to PTHR-GPy complex to stimulate a new round of G-protein

activation (Wehbi et al., 2013). In the present study it is unclear if such a mechanism is
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operating and if this is able to influence G-protein-dependent signalling in a ligand-

dependent manner.

Given the hypothesis that ligand-receptor-arrestin interaction is responsible for the
ability of hNmS-33 to sustain ERK activation compared to hNmU-25, the role of f3-
arrestins in ERK activation was investigated using siRNA to knockdown. Firstly,
knockdown of B-arrestin-1 and -2 slowed recovery of Ca®* signalling by NMU2
following desensitization with either hNmU-25 or hNmS-33, thereby identifying a role
for these arrestins in recovery and by implication in recycling. Knockdown of -
arrestin-1 and -2, either individually or in combination, both enhanced and extended the
duration of hNmU-25-mediated ERK activation. In contrast, individual knockdown of
B-arrestin-1 or -2 had a much more limited impact on hNmS-33-mediated ERK
activation. However, combined knockdown of both B-arrestin-1 and -2 enhanced the
levels of pERK at least at later time points. These data suggest that f-arrestins 1/2 are
not involved in driving NMU2-mediated activation of ERK. This is in contrast to the
emerging paradigm that has been proposed for a number of GPCRs, in which arrestins
promote G-protein—independent signalling pathways by providing sub-cellular
scaffolding for signalling complexes (Lefkowitz et al., 2005). It is possible that the
prolonged ERK activation observed following arrestin knockdown is a consequence if
enhanced and sustained G-protein activation in the presence of a reduced inhibitory
feedback usually provided by arrestin binding to the phosphorylated receptor. This is
consistent with a previous study (Luo et al., 2008). In this study, siRNA was used to
target proteins specifically involved in the agonist-dependent regulation of the
endogenous M3z mAChR in HEK-293 cells. It was found that there was differential
GRK-mediated regulation of this receptor as assessed by calcium signalling and ERK
activation. In addition, knockdown of either B-arrestin-1 or B-arrestin-2 resulted in
enhanced signalling from the receptor with different temporal effects. The knockdown
of pB-arrestin-1 or arrestin-2 significantly increased carbachol-mediated calcium
mobilization. Knockdown of GRK2 and the arrestins also significantly enhanced
carbachol-mediated activation of extracellular signal-regulated kinases 1 and 2
(ERK1/2), whereas prolonged ERK1/2 activation was only observed with GRK2 or (-
arrestin-2 knockdown.
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A number of studies have examined the role of the arrestins in GPCR-mediated ERK
activation with differing outcomes. In contrast to our results in which depletion of -
arrestin-2 prolonged pERK whereas depletion of B-arrestin-1 had no effect, in a recent
study, it has been indicated that depletion of B-arrestin-1 prolonged pERK signal to
activation of P2Y, in airway smooth muscle cells (ASMC), while B-arrestin-2 depletion
had no effect (Morris et al., 2012). In contrast, depletion of B-arrestin-2 prevented ET-1-
stimulated pERK, while depletion of B-arrestin-1 was ineffective in ET-1-stimulated
pERK (Morris et al., 2012). In addition, oxytocin-induced generation of pERK was
prevented by knocking down B-arrestin-2, while p-arrestin-1 depletion enhanced pERK
responses to each ligand (Brighton et al., 2011). The augmentation of oxytocin receptor-
pERK signalling in the absence of p-arrestin-1 is consistent with the receptor
desensitisation decrease. In contrast, the desensitisation of histamine receptors was not
affected by B-arrestin-1 despite that it similarly enhanced H; receptor-pERK signalling.
This allowed the author to suggest that the precise mechanism (s) whereby the depletion
of B-arrestin-1 facilitates both receptors have not been established (Brighton et al.,
2011).

The present study does not allow a clear view as to which arrestin molecules are
recruited by activated NMU2, nor whether the receptor belongs to the class A or class B
subgroups of receptors based on arrestin recruitment and retention. Furthermore, the
precise mechanisms of ERK activation over the time-courses examined in the present
study are still a little unclear. It would be particularly interesting to identify if any of
these processes are dependent upon the nature of the ligand. For example, the prolonged
activation of ERK and the slower re-sensitisation following hNmS-33 compared to
hNmU-25 might suggest that any recruited arrestin could interact with NMU2 for
longer following hNmS-33. It would be particularly important, therefore, to consider
some live-cell BRET and bimolecular fluorescence complementation (BiFC) (Kilpatrick
et al., 2010) experiments that would enable the Kkinetics of arrestin recruitment and
retention to be explored. Similarly, it would be of great interest to explore the specific

phosphorylation patterns of NMU2 in response to these two ligands.

GPCR internalisation to endosomes is proposed to be the mechanism by which G
protein-coupled receptor kinase (GRK)-phosphorylated receptors are dephosphorylated
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and re-sensitised. It has been suggested that B-arrestins, as GPCR trafficking molecules,
might represent critical determinants for GPCR re-sensitisation. The cellular event
leading to GPCR endocytosis and recycling is initiated by the agonist-promoted
mobilisation of cell surface receptors to an intracellular vesicular compartment,
probably endosomes (Moore et al., 1995; Garland et al., 1996). Moreover, receptors
internalized via (CCVs) are thought to be re-sensitized in endosomes following their
dephosphorylation by a membrane-associated phosphatase that exhibits specificity for G
protein-coupled receptor kinase (GRK)-phosphorylated GPCRs residing in an acidified
endosomal environment (Sibley et al., 1986b; Krueger et al., 1997). Following this
dephosphorylation, the receptors can then recycle to the plasma membrane for further
signalling. Therefore, whether NMU2 re-sensitization was dependent upon p-arrestins,
was tested in this project. The current study indicates that combination of both (-
arretsin-1 and -2 could be involved in trafficking and therefore receptor re-sensitization.
This study is consistent with many other reports on a range of GPCRs, indicating that
overexpression of P-arrestin 1-V53D, a dominant negative inhibitor of B,AR
sequestration, increased the extent of agonist-induced p2AR phosphorylation. This in
turn suggests that -arrestins might play a role in f2AR re-sensitization (Ferguson et al.,
1996; Zhang et al., 1997). Also it has been suggested that arrestins could involve in
histamine H, receptor (H.r) desensitization, internalization, and re-sensitization
(Fernandez et al., 2008). In this study, in COS7 transfected cells, arrestin-2 but not
arrestin-1 overexpression reduced Hyr-evoked CcAMP response and arrestin-2
knockdown abolished Har re-sensitization. Similar results were obtained in U937 cells

endogenously expressing Hor.

It would have been ideal here to be able to use the PathHunter™ eXpress [-arrestin
Assays kit from DiscoveRx to investigate the recruitment of specific arrestins to the
activated NMUZ2, particularly in response to the different ligands. Unfortunately, NMU2
was not available and the only format was NMU1 and B-arrestin-2. These experiments
with NMUL1 did not identify any differences between hNmuU-25 and hNmS-33 in terms
of the potency or extent of B-arrestin-2 recruitment. It would have been ideal to examine
both B-arrestin-1 and B-arrestin-2 and, as indicated above, examine the temporal profile

of recruitment and release.
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Results in this chapter highlight a key difference in the time-course of activation of
ERK in response to hNmU-25 and hNmS-33. This was only apparent when cells were
stimulated and the ligand removed, suggesting that differences in the internalisation, re-
sensitisation and recycling occur in a ligand-dependent manner. The extended activation
of ERK in response to hNmS-33 suggests that NMU?2 activated by this ligand may
couple to the ERK pathway for longer than when activated by hNmU-25. This may
have implicated for aspects such as the activation mechanism (s), the sub-cellular
localisation of activated ERK and ultimately the cellular response. Some of these
aspects will be explored in the subsequent chapters of this thesis.
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Chapter 5

Further investigation of signalling responsible for NMU2-mediated ERK

activation

5.1 Background

5.1.1 Introduction

G protein-coupled receptors (GPCRs) are the largest group of cell surface receptors.
About 800 members have been identified in the human genome (Bjarnadottir et al.,
2006). A GPCR, as a result of responding to extracellular stimuli, changes its structural
conformation and transduces this into intracellular signals. Therefore, several signalling
pathways are activated by GPCRs including IP3/PLC (phospholipase C) pathway
(Chen-lzu et al., 2000) and the ERK/MAPK (extracellular signal-regulated kinase)
pathway (Crespo et al., 1994b). NMU2 belongs to a group of receptors that signal
preferentially through Gagq to activate PLCB (Brighton et al., 2004b; Alhosaini, 2011).
In addition, GPCRs, including NMUZ2, activate MAPKs (MAPK1, also called
extracellular signal regulated kinases including ERK1 and ERK2), which are major
cellular effectors activated by GPCRs (Eishingdrelo et al., 2013). There are varieties of
mechanisms by which GPCRs are able to activate ERK (see Introduction). This
includes both G-protein-dependent and G-protein-independent pathways (Ahn et al.,
2004; Goldsmith et al., 2007). Thus, the ERK pathway can be activated by Ras, PKC,
and transactivation of receptor tyrosine kinases (RTKs) and in a G-protein-independent
manner by B-arrestins (Wei et al., 2003a; Leroy et al., 2007). The activation of ERK via
G-protein o subunits; Gag, Gas, Gai and G-protein By subunits via Ras has been
investigated (Inglese et al., 1995; Mochizuki et al., 1999; Saini et al., 2007).
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B-arrestins may link receptors to ERK activation in a G protein-independent manner
(Tohgo et al., 2003; Wei et al., 2003). It has been reported that a Class B receptor
activates ERK via arrestins at endocytic vesicles (DeFea et al., 2000; Luttrell et al.,
2001). This may be of particular functional importance as G protein-dependent
activation of ERK is transient and ERK is translocated into the nucleus, whereas the G
protein-independent pathway tends to be sustained and activated ERK is retained in the
cytosol (Tohgo et al., 2002).

It has also been highlighted that arrestins are not required for ERK activation for some
GPCRs, including the D2 and D3 dopamine receptors (Beom et al., 2004) , the a.-
adrenergic receptor (a2AR) (Wang et al., 2005) and gonadotropin-releasing hormone
receptor (Benard et al., 2001). Moreover, it has been previously demonstrated that the
(a2AR), which is a Class A receptor, evokes phosphorylation of ERK1/2 through G
protein-dependent pathways and this process is dispensable for arrestin-mediated
receptor endocytosis (Schramm et al., 1999; Wang et al., 2005).

A previous study has demonstrated that hNmU-25 at either NMU1 or NMU2 activates
ERK1/2 via a Ga;-PTX-insensitive pathway when the receptors are expressed
recombinantly in HEK cells (Brighton et al., 2004b). The activation of mitogenic
signals by GPCRs coupling to Gagi11 may be mediated by a multitude of signalling
cascades. It has been confirmed that inhibition of GBy has no effect on MAP kinase
activation suggesting that signals are mediated through the o-subunit of Gogi1 G-
proteins (Hawes et al., 1995). It should be noticed that this might be receptor-specific,
since the Gy activates PLC to activate PKC leading to ERK activation. Some aspect of
GPCR signalling has not been investigated due to the limited availability of suitable
pharmacological tools. Exploring the role of Gaq has not been easy, since Gay knock-
out mice had lower blood pressure compared to controls (Wirth et al., 2008). A most
useful pharmacological agent has been the Gag inhibitor YM-254890, although this is
not widely available. It is a cyclic depsipeptide (i.e. a molecule that has both peptide
and ester linkages in proximity in the same amino acid-containing small molecule or
chain). It has been demonstrated that this peptide is a specific inhibitor of Gogni by
inhibiting the exchange of GDP for GTP and thus preventing the activation of the G
protein (Takasaki et al., 2004). This inhibitor has had variable availability and is
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currently not available. Structurally similar compound, UBO-QIC, has also been used to

explore the role of Gagq in signalling (Danielle Kamato, 2015).

The mechanism (s) by which NMU2 activates ERK are unclear and a number of
experimental approaches, particular using chemical inhibitors, have been employed in

the chapter to investigate aspects of this.

The role of epidermal growth factor receptor (EGFR) transactivation, classical receptor
tyrosine kinases (RTKs) in NMUZ2-induced ERK-1/-2 activation was investigated in
order to provide further insight into the mechanisms underlying the NMU2 processing
in ERK-1/-2 action.

5.1.2 The detection of ERK activation and distribution

It has been demonstrated that ERK substrates have been identified in different places in
the cells including nucleus, plasma membrane, cytoplasm and cytoskeleton. Thus,
activated ERK may play different roles dependent on where it is active in the cells.
Indeed, the phosphorylated ERK1/2 mediated by the B-arrestin signalling pathway
remains in cytoplasm, where they play roles in translation, apoptosis, and cross-talk
with other signalling pathways (Tohgo et al., 2002; Luttrell et al., 2003), while the
phosphorylated ERK1/2 mediated by the G-protein signalling translocate to the nucleus
where they play roles in gene transcription, cell proliferation and differentiation
(Chuderland et al., 2008; Plotnikov et al., 2011). For example, it has been demonstrated
that GPCR-B-arrestin complexes are internalised and targeted to endosomes and that the
subsequent B-arrestin-dependent ERK activation thus leads to the formation of cytosolic
pool of ERK. This can be seen in association with early endosomes (DeFea et al., 2000;
Luttrell et al., 2001). Because the consequences of ERK1/2 activation depends on
subcellular location and duration of activation (Luttrell, 2003; McArdle, 2003; Lu et al.,
2006), it is important to understand the mechanisms controlling the location and
duration of the ERK1/2 signal. Immunostaining is widely used to detect the distribution
and localization of specific protein and has been applied to examine the subcellular
distribution of ERK (Maity et al., 2013).
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5.1.3 The role of B-arrestins-1 and -2 in ERK activation

Agonist activation of a GPCR leads to the change of GDP for GTP on the Ga of G-
protein. The GTP-bound Ga. then dissociates from both GBy and from the receptor. Both
Ga and GPy interact with effector proteins, whereas serine and threonine residues in the
intracellular loops and C-terminal of the agonist-occupied receptor is phosphorylated by
GRKSs (Pitcher et al., 1998). B-arrestin binds and recognizes the phosphorylated residues
targeting the receptor to CCPs for endocytosis (Laporte et al., 1999). The internalised
receptor is then dephosphorylated and the ligand is dissociated from the receptor due to
the endosomal acidification. The receptor is then either recycled to the cell surface or to
lysosomes for degradation (Tsao et al., 2001). B-arrestins-1 and -2 were named as a
consequence of their ability to hinder the G protein coupling of agonist-activated
GPCRs, leading to receptor desensitization. In addition to their well-described roles in
desensitization and internalization, B-arrestins can also bind GPCRs to members of the
Src and MAPK families including ERK (Luttrell et al., 2001; Luttrell et al., 2002). It
has been suggested that G-protein-dependent and —independent pathways can be
separated, suggesting the opportunity that B-arrestin biased agonists may be developed
(Violin et al., 2007). RNA silencing technology is a powerful tool for distinguishing f-
arrestin-independent activation of ERK from that initiated by G proteins.
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5.2 Results

5.2.1 Investigating the role of PKC in ERK activation

PKC is involved in the activation of ERK signalling. So, the possibility of activating
ERK by PKC was assessed using the PKC inhibitor, R0-31-8220 (5 uM). To test the
ability of Ro-31-8220 to inhibit PKC, cells were challenged with the PKC activator,
PDBuU, in the presence and absence of Ro-31-8220. Cells were pre-incubated with KHB
with or without Ro-31-8220 for 30 min followed by a 5 min challenge with PDBu (1
uM) in the continued presence of Ro-31-8220 where appropriate. The results show that
PDBu activated ERK (as judged form the levels of pERK) but in the presence of Ro-31-
8220, ERK activation was completely abolished (Figure 5.1). In addition, the impact of
the inhibitor on NMU2-mediated ERK activation was investigated. Thus, Ro-31-8220
reduced the levels of pERK at earlier time points (5 and 60 min) following stimulation
of NMU2 with a maximum concentration of hNmU-25. In contrast, the inhibitor
prolonged levels of pERK at later time points (90, 120 and 180 min) (Figure 5.2; A).
When cells were stimulated by hNmS-33 (30 nM, 5min), the inhibitor reduced the
PERK levels at earlier time points (5, 60 and 90 min) and no effect was observed at later
time points (120 and 180 min) (Figure 5.2; B).
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Figure 5.1 The effect of PKC inhibitor, Ro-31-8220, on PDBu-mediated activation
of ERK

HEK-NMU?2 cells cultured on 24-well plates for 24 h and serum-starved overnight for a
further 24 h. Cells were washed with KHB and then, incubated with or without Ro-31-
8220 for (30 min) and challenged (5 min) with KHB or PDBu (1uM) in the presence or
absence of R0-31-8220 as appropriate. Cells were washed twice with KHB and tERK
and pERK determined by Western blotting and the signal density quantified using
Image J software. tERK was used as a loading control. Data are representative blots or
mean + s.e.m., n=3. Data were analysed by Bonferroni’s multiple comparison test
following one-way ANOVA,; **P<0.01.
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Figure 5.2 The effect of PKC inhibition
hNmS-33
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on ERK activation by hNmU-25 and

plates for 24 h and serum-starved for a

further 24 h. Cells were washed twice with KHB and then incubated with KHB without
or with Ro-31-8220 (5uM, 30 min) and then challenged with either KHB, hNmU-25
(A) or hNmS-33 (B) (30 nM, 5 min) in the presence and absence of the inhibitor and

left for the required time. Levels of pERK

and rpS6 were determined by Western

blotting and the signal density of each quantified using Image J software. The rpS6 was

used as a loading control. Data are representative blots or mean + s.e.m., n=3. Data were

analysed by Bonferroni’s multiple comparison test following two-way ANOVA;

***P<0.001; only comparisons between +

considered for clarity.
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5.2.2 The role of G in the activation of ERK

Cells expressing NMU2 were cultured on poly-p-lysine-coated 24-well plates and Ga;
inhibited with pertussis toxin (PTX; 100 ng/16 h). Cells were then stimulated with
either ANmU-25 or hNmS-33 (30 nM, 5 min) following which the ligand was removed
and the cells allowed to recover for the required time. The results show that levels of
PERK after either ligand were reduced following PTX treatment, particularly at later
time points. For example, when the cells were stimulated with hNmU-25, pERK was
significantly reduced at 30, 60 and 90 min. At later time points following the removal of
hNmU-25, pERK levels had returned to basal and PTX had no effect (Figure 5.3; A).
When cells were stimulated with hNmS-33, pERK was sustained for up to 3 h and PTX
significantly reduced the levels at 60 and 90 min, and abolished the hNmS-33-mediated
increase in pERK at 3 h (Figure 5.3; B).

The effect of combination of G,; inhibitor (PTX) and PKC inhibitor (Ro-31-8220) was
examined. The cells were pre-incubated with or without PTX as previously and on the
day of the experiment; cells were pre-incubated in KHB without or with Ro-31-8220
(5uM) for 30 min. The cells were then stimulated by hNmU-25 (30 nM, 5 min. The
combination of R0-31-8220 and PTX significantly reduced the levels of pERK in
response to hNmuU-25) (Figure 5.4). hNmS-33 was not used in such conditions.

Given the inhibitory effects of PTX on ERK responses to hNmU-25, its toxicity was
assessed. In order to do so, the cells were pre-incubated with PTX as previously and
then the cells were stimulated with PDBu (1 uM, 5 min) (Figure 5.5). PDBu activates
ERK via PKC and if there is any effect of PTX on cell viability, the differences in the
presence and absence of PTX would be seen.
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Figure 5.3 The effect of PTX on the activation of ERK by hNmU-25 and hNmS-33

HEK-NMU?2 cells cultured on poly-p-lysine-coated 24-well plates for 24 h and serum-
starved incubated with or without PTX (100 ng/mL) overnight. The cells were then
challenged with KHB, hNmU-25 (A) or hNmS-33 (B) (30 nM, 5 min). Cells were then
allowed to recover for the required times following removal the ligand. Following
recovery, the levels of pERK and rpS6 were determined by Western blotting and the
signal density of each quantified using Image J software. The rpS6 was used as a
loading control. Data are representative blots or mean + s.e.m., n=3. Data were analysed
by Bonferroni’s multiple comparison test following two-way ANOVA; *P<0.05,

**P<(.01, ***P<0.001, only comparisons between + PTX were considered for clarity.
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Figure 5.4 The effect of inhibition of both G, and PKC on ERK activation by
hNmU-25

HEK-NMU?2 cells cultured on 24-well plates for 24 h and then serum-starved incubated
with or without PTX (100 ng/mL) overnight. On the day of the experiment, cells were
then incubated with or without Ro0-31-8220, 5 uM for 30 min. Cells were then
challenged with KHB or hNmU-25 (30 nM, 5 min). Cells were then allowed to recover
for the 5 min following removal the ligand in the presence of Ro-31-8220. The pERK
and tERK were determined by Western blotting and the signal density of each
quantified using Image J software. Data are representative blots or mean + s.e.m., n=3.
Data were analysed by Bonferroni’s multiple comparison test following one-way
ANOVA,; **P<0.01, ***P<0.001.
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Figure 5.5 Investigation of the toxicity of PTX by assessing its impact on Ga,-

independent activation of ERK

HEK-NMU?2 cells were cultured in 24 well-plates for 24 h and then incubated without
or with PTX (100 ng/mL) overnight. On the day of the experiment, cells were pre-
incubated in KHB and the cells stimulated with PDBu (1 uM, 5 min). The pERK and
rpS6 were determined by Western blotting and the signal density of each quantified
using Image J software. Data are representative or mean + s.e.m., n=3. Data were

analysed by Student’s unpaired t-test.
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5.2.3 Does transactivation of RTKs play a role in NMU2-mediated ERK

activation?

As transactivation of RTKSs such as the EGFR could be involved in the activation of
ERK by GPCRs (Kim et al., 2000), EGFR was blocked by treatment with AG1478. It is
a specific inhibitor of EGFR kinase (Levitzki et al., 1995). It has been suggested that
EGF receptors are endogenously expressed in HEK293 cells (Kramer et al., 2002; Shah
et al., 2006). Despite that HEK293 express low endogenous levels of EGFR, these cells
have epithelial morphology suggesting they are suitable for studies of EGFR, since most
of tumours related to EGFR deregulation are epithelial origin (Stern et al., 2007). Cells
expressing NMU2 were cultured on poly-p-lysine-coated 24-well plates and EGFR
inhibited with AG1478 (1 uM) for 30 min. Cells were stimulated with either hNmU-25
(Figure 5.6; A), hNmS-33 (Figure 5.6; B) or pNmU-8 (Figure 5.7) (30 nM, 5 min),
following which the ligand was removed and the cells allowed to recover for the
required time. This inhibitor had no effect on the activation of ERK by any of the
ligands.

200



pERK1/2

Time (min) , Time (min)
1 1 : :
MWt (kDa) °© 5 10 306090120180 MWt (kDa) © & 10 30 60 90 120 180
55 — - PERK 55 S s w— ww- w- - DERK
35 oo oo "AG 1478 I S p——— AGLATS
- rpS6 rpS6
55 = e PERK 557 WD . - - - = [ERK
+AG1478 35 - A +AG1478
s - STreaEeme ;o rpS6
200000 4000004
2 EA -Ac147s 2 EA -Ac1478
5 1500007 EH +AG1478 5 3000007 Ed +AG1478
2 N o
= o=
; 100000 é © 200000
3 w S
= o =
2 50000 0
< c 1000001
[}
< )
0+ = I o
Q “ Q Q Q Q Q Q
A © LEEEENAEENG [N o SO .0 S .0 o

Time (min) T (min)
ime (min

Figure 5.6 The effect of EGFR inhibition on NMU2-mediated ERK activation by
either hANmU-25 or hNmS-33

HEK-NMU?2 cells were cultured on 24-well plates for 24 h and then were serum-starved
overnight. Cells were washed with KHB and then incubated with or without AG1478 (1
uM) for (30 min) and challenged with KHB, hNmU-25 (A) or hNmS-33 (B) (30 nM, 5
min). The ligand was removed and the cells were allowed to recover for the required
time in order to investigate the time-course of ERK activation. The pERK and rpS6
were determined by Western blotting and the signal density of each quantified using
Image J software. Data are representative or means + s.e.m., n=3. Data were analysed
by Bonferroni’s multiple comparison test following two-way ANOVA. Only
differences between + AG1478 at each time point were considered for clarity.
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Figure 5.7 The effect of EGFR inhibition on NMU2-mediated ERK activation by

pNmU-8 either in the presence and absence of the ligand

HEK-NMU?2 cells were cultured on 24-well plates for 24 h and then were serum-starved
overnight. Cells were washed with KHB, and then incubated with or without AG1478
(1uM) for 30 min and challenged with pNmU-8 (30 nM, 5 min) and the ligand was
removed and the cells were allowed to recover for the required time in the presence of
the inhibitor. The pERK and rpS6 were determined by Western blotting and the signal
density of each quantified using Image J software. Data are representative blots or mean
+ s.e.m., n=3. Data were analysed by Bonferroni’s multiple comparison test following
two-way ANOVA. Only differences between + AG1478 at each time point were

considered for clarity.
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5.2.4 Activation of ERK is dependent on G,q subunit

The above experiments did not reveal the pathway responsible for NMU2-mediated
activation of ERK. As ERK can be activated by Gaq via PKC and Ca** -dependent
pathways, a Gaq inhibitor (UBO-QIB) was used kindly provided by Professor Andrew
Tobin from the University of Leicester. As NMU2 activates Gayg, the impact of the
inhibitor Ca?* responses was determined. The measurement of agonist-mediated [Ca®'];
was conducted using hNmU-25, hNmS-33 or UTP as an activator of Gog. The cells
were plated in 96 well/plates for 24 h. The cells were then loaded with fluo-4-AM in the
presence and absence of the UBO-QIB (1 uM). The cells were then stimulated by
hNmU-25 (30 nM), hNmS-33 (30 nM) or UTP (300 uM) (Figure 5.8; B & C) using a
NOVOstar plate reader. HEK293 cells express at least two subtypes of P2Y receptors;
including a P2Y2 receptor, which is activated by UTP. All of the agonists used caused
Ca®* responses. These responses were abolished by the presence of the inhibitor. The
potential toxicity of the inhibitor was also evaluated. The cells were pre-incubated with
KHB or the inhibitor (1 uM, 10 min). The viability of the cells were determined using
two different methods either Western blotting or live/dead viability/cytotoxicity kit as
described in the methods. The data indicated that this inhibitor had no effect on the
viability of the cells (Figure 5.9; A & B), since the percentage of live cells is identical
in both presence and absence of the inhibitor.

The impact of the inhibitor on pERK using Western blotting was assessed by
stimulating the cells with maximum concentration of either hNmU-25 or hNmS-33 (30
nM). Following plating the cells for 24 h, the cells were then serum-starved for a further
24 h. The cells were then pre-incubated with the inhibitor (100 nM, 30 min) and the
cells were then stimulated by hNmU-25 or hNmS-33 (30 nM, 5 min) in the presence
and absence of the inhibitor and the ligand was removed and then allowed to recover up
to 3 h. The lower concentration was effective and therefore it was used subsequently.
The results revealed that this inhibitor abolished pERK activation at all-time points
except at 5 min (Figure 5.10; A & B).
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The previous results in this study have indicated that knocking down both B-arrestins-1
and -2 prolonged the activation of ERK when the cells were stimulated by either
hNmU-25 or hNmS-33 (Figures 4.8 and 4.9). Moreover, Ca** responses were abolished
by UBO-QIB, suggesting this inhibitor is specific for Gaq. Thus, if ERK activation is
dependent on Goy, the prolonged activation of pERK as a result of knocking down of 8-
arrestin-1 and -2 would be reduced. In order to confirm that ERK activation is most
likely via Goyg, a further experiment was performed using cells in which B-arrestins-1
and -2 had been knocked-down. Thus, the cells either were un-transfected or transfected
with siRNA against both B-arrestins-1 and -2. The cells were then pre-incubated with
the inhibitor (100 nM, 30 min) and then stimulated by hNmU-25 (Figure 5.11; A) or
hNmS-33 (Figure 5.11; B) (30 nM, 5 min). The agonist-mediated increase in the levels
of pERK was completely inhibited in the presence of the inhibitor except at 5 min.
Combination of both Gaq and PKC inhibitors (100 nM and 5 uM, respectively) were
used in order to investigate the activity of ERK at 5 min. The cells were pre-incubated
with KHB or a combination of both inhibitors for 30 min and were then stimulated by
either hNmU-25 or hNmS-33 (30 nM, 5 min). The levels of pERK were significantly
reduced by UBO-QIB at this point by the combination of inhibitors (Figure 512; A &
B). The inhibitor alone can be seen in (Figure 5.10; A & B).
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Figure 5.8 The effect of Gaq inhibition on Ca®* signalling

HEK-NMU?2 cells were cultured in 96 well/plates for 24 h. The cells were then loaded
with fluo-4-AM in the presence or absence of the UBO-QIB (1 uM). Following loading,
the cells were stimulated with either ANmU-25 (30 nM) (B) or hNmS-33 (C) (30 nM) or
UTP (300 uM) in the continued absence or presence of the inhibitor. (A) Representative
traces for three experiments. The higher traces indicate the response to ligand in the
absence of the inhibitor, whereas the lower traces refer to Ca** responses in the presence
of the inhibitor. Changes in cytosolic fluorescence were then monitored as an index of
[Ca?*]i using a NOVOstar plate reader. Data were analysed by Bonferroni’s multiple
comparison test following one-way ANOVA; ***P<(0.001. Data are means + s.e.m.,
n=3. Significant differences between stimulated cells in the presence and absence of

inhibitor were considered.
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Figure 5.9 Evaluation of the potential toxicity of UBO-QIB

HEK-NMU?2 cells were cultured in 24 well plates for 24 h for the live/dead viability
experiment or serum-starved for a further 24 h for Western blotting. On the day of the
experiment, the medium was removed and the cell were incubated with UBO-QIB for
30 min and then reagents were added as explained in the Methods and incubated at
room temperature for 10 min for the kit experiment (A). For the Western blotting
experiment, the cells were then stimulated by PDBu (1 uM, 5 min) in the presence and
absence of UBO-QIB. The levels of pERK and rpS6 were determined by Western
blotting and the signal density of each quantified using Image J software. Data are

representative or mean + s.e.m., n=3. Data were analysed by Student’s unpaired t-test.
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Figure 5.10 The effect of UBO-QIB on ERK activation

HEK-NMU2 cells were cultured for 24 h. The cells were then serum-starved for a
further 24 h. On the day of the experiment, the cells were incubated for 30 min in KHB
without or with the inhibitor (100 nM). The cells were then stimulated with either
hNmU25 (A) or hNmS-33 (B) (30 nM, 5 min). The ligand was removed and the cells
were allowed to recover for the required time. Data are representative or mean + s.e.m.,
n=3. The pERK and rpS6 were determined by Western blotting and the signal density of
each quantified using Image J software. Data were analysed by Bonferroni’s multiple
comparison test following two-way ANOVA,; ***P<0.001. Only comparisons between

+ UBO-QIB were considered for clarity.
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Figure 5.11 The effect of UBO-QIB and knock down of p-arrestins -1 and -2 on
NMU2-mediated ERK activation

HEK-NMU?2 cells were cultured for 24 h. The cells were then transfected with SiRNA
against p-arrestins -1 and -2 and incubated for 24 h. The cells were then serum-starved
for a further 24 h. On the day of the experiment, the cells were incubated for 30 min
with or without the inhibitor (transfected cells only). The cells were then stimulated
with either hNmU25 (A) or hNmS-33 (B) (30 nM, 5 min) and the ligand was removed
and the cells allowed recovering for the required time. The pERK, rpS6 and B-
arrestin1/2, tERK were determined by Western blotting and the signal density of each
quantified using Image J software. Data are representative or mean + s.e.m., n=3. Data
were analysed by Bonferroni’s multiple comparison test following two-way ANOVA;
***P<(0.001. Only differences between + arrestin-1 and -2 + UBO-QIB were considered

for clarity.
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Figure 5.12 The effect of UBO-QIB and Ro0-31-8220 on ERK activation at 5 min

HEK-NMU2 cells were cultured for 24 h. The cells were then serum-starved for a
further 24 h. On the day of the experiment, the cells were incubated for 30 min with or
without both UBO-QIB (100 nM) and R0-31-8220 (5 puM). The cells were then
stimulated with either ANmU25 (A) (30 nM, 5 min) or hNmS-33 (B) (30 nM, 5 min).
The ligand was then removed and the cells were allowed to recover for the required
time. The pERK and rpS6 were determined by Western blotting and the signal density
of each quantified using Image J software. Data are representative or mean + s.e.m.,
n=3, **P<0.01; by Bonferroni’s multiple comparison test following one-way ANOVA.
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5.2.5 Sub-cellular localization of pERK following agonist activation of NMU2 using

different ligands

Both G-protein and B-arrestin mediated signalling pathways can lead to ERK activation.
However, the subcellular distributions of activated ERK1/2 are different. For instance,
the pERK mediated by the G-protein signalling pathway translocate to the nucleus,
while the pERK mediated by the B-arrestin signalling pathway remain in cytoplasm
(Eishingdrelo et al., 2013b).

The purpose of these experiments was to investigate the distribution of ERK in response

to stimulation of cells using either ANmU-25, hNmS-33 or pNmU-8.

Images under basal conditions (no stimulation), indicate that pERK was absent in the
cytoplasm (Figure 5.13; A). In cells stimulated with the activator of PKC, (PDBu, 1
uM, 5 min), there was an increased level of pERK as indicated by the increased
intensity of fluorescence that was equally distributed between the cytoplasm and
nucleus. Moreover, in cells stimulated with hNmU-25, hNmS-33 or pNmU-8 (30 nM, 5
min) and allowed to recover for either 5 or 180 min), levels of pERK were again
elevated in both the cytoplasm and nucleus. The background-corrected mean fluorescent
intensity of the whole cell, the cytoplasm or the nucleus and the ratio of background-
corrected mean fluorescent intensity of cytoplasm to nucleus were generated. Following
5 min stimulation with 30 nM of each ligand, extracellular ligand was removed and the
cells were washed with KHB. At 180 min after removal of either ligand, the level of
pERK and the sub-cellular distribution returned to those seen under basal conditions
when the cells were stimulated with either hNmU-25 or pPNmU-8 in the absence of
ECE-1 inhibitor (Figure 5.13; B & D, respectively). However, under the same
conditions but in the presence of ECE-1 inhibitor, the level of pERK was elevated at 5
min and returned to basal level at 180 min following 5 min stimulation with 30 nM of
hNmU-25 and pNmU-8. In contrast, pERK was still elevated at 180 min following
ligand removal when the cells were challenged with hNmS-33 in the absence of ECE-1

inhibitor and equally elevated in the presence of ECE-1 inhibitor at either 5 or 180 min
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after removing the ligand (Figure 5.13; C). In addition, cytosolic values were used in
order to construct time course. The cells were stimulated with maximum concentrations
(30 nM; 5 min) of hNmU-25, hNmS-33 or pNmU-8 and then allowed to recover
following ligand removal for the required time up to 3 h. The data demonstrate that the
peak of pERK was at 5 min and returned to basal level following stimulation with
hNmU-25 and pNmU-8. This is in contrast to hNmS-33, following wich pERK was
sustained up to 3 h (Figure 5.13; E & F & G). To study the effect of different
concentrations of ligands on the subcellular distribution of pERK, cells were stimulated
with either hNmU-25, hNmS-33 or pNmU-8 (0.1-100 nM, 5 min). The results indicated
that the cytosolic localisation of pERK occurs in a concentration-dependent manner
(Figures; 5.14, 5.15, 5.16).
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Figure 5.13 Activation and sub-cellular localisation of pERK following activation
of NMU2 with hNmU-25, hNmS-33 or pNmuU-8

HEK-NMU2 cells were grown in 96-well black-walled, clear bottom plates (50-80%
confluence) for 24 h. Cells were then serum-starved for a further 24 h. Cells were
washed and stimulated with buffer (basal), or PDBu (1 uM, 5 min) (A) as a control,
hNmU-25 (B), hNmS-33 (C), or pNmU-8 (D), (all 30 nM, 5 min). Following
stimulation, the cells were allowed to recover as required ( 5 and 180 min). Cells were
fixed and permeabilized for immunostaining with a pERK1/2 antibody and nuclear
staining with Hoechst as described in Methods. Generally, 16 positions in each well
(equal to at least 1,000 cells) were imaged. However, only one representative image

showing staining of pERK (Alexa fluor 488) alone or merged with nuclear staining
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(Alexa fluor 488 + Hoechst) and its distribution under each condition is presented here

to directly compare with the quantification alongside the image. The time courses of
changes in pERK for each ligand, hNmU-25 (E), hNmS-33 (F) and pNmU-8 (G), are
shown, in which cells were stimulated (30 nM, 5 min) followed by ligand removal and

recovery for the required time.

Whole cell Cytoplasm Nucleus Cytosolic/nuclear
(FU) (FU) (FU)
Basal 52+3 158+6 181+4 1.35+0.05
PDBu 193+4 181+3 203+4 1.04+0.02
hNmU-25 92+5 156+3 191+8 1.30+0.03
hNmS-33 100+3 165+4 200+2 1.40+0.02
pNmuU-8 95+5 160+4 190+3 1.30+0.04

Table 5.1 Analysis of images from immunostaining. The above values represent the

mean fluorescent intensity of the whole cell, the cytoplasm, the nucleus and the ratio of

(cytoplasmic fluorescence/nuclear fluorescence). They were generated from the cells in

the three representative images (Figure 5.13) as described in Methods, in which cells

were stimulated for 5 min by each ligand. FU = fluorescence units. Data are mean +

s.e.m, n=3.
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Figure 5.14 Concentration-dependent increases in pERK immunofluorescence
following hNmU-25 challenge of NMU2

HEK-NMU2 cells were grown in 96-well black-walled, clear bottom plate (50-80%
confluence) for 24 h. Cells were then serum-starved for 24 h before stimulation with
hNmU-25 (0.1-100 nM, 5 min). The cells were then prepared for immunostaining of
pPERK and nuclear staining using Hoechst before imaging as described in Methods. The
numbers under images show the concentration used. These images are representative of
n=3.
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Figure 5.15 Concentration-dependent increases in pERK immunofluorescence
following hNmS-33 challenge of NMU2

HEK-NMU2 cells were grown in 96-well black-walled, clear bottom plate (50-80%
confluence) for 24 h. Cells were then serum-starved for 24 h before stimulation with
hNmS-33 (0.1-100 nM, 5 min). The cells were then prepared for immunostaining of
pPERK and nuclear staining using Hoechst before imaging as described in Methods. The
numbers under images show the concentration used. These images are representative of
n=3.
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Figure 5.16 Concentration-dependent increases in pERK immunofluorescence
following pNmU-8 challenge of NMU2

HEK-NMU2 cells were grown in 96-well black-walled, clear bottom plate (50-80%
confluence) for 24 h. Cells were then serum-starved for 24 h before stimulation with
pNmU-8 (0.1-100 nM, 5 min). The cells were then prepared for immunostaining of
PERK and nuclear staining using Hoechst before imaging as described in Methods. The
numbers under images show the concentration used. These images are representative of
n=3.
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5.3 Discussion

The aims of the current experiments were to investigate the pathways involved in
regulating ERK activity and particularly to assess any ligand-dependent differences.
The ERK pathway can be activated by different ligands including cytokines, growth
factors, and GPCR ligands (Wei et al., 2003a; Leroy et al., 2007). It has been widely
reported that ERK can be activated by both G-protein and p-arrestin mediated signalling
pathways (eg. (Ahn et al., 2004; Goldsmith et al., 2007)). The activation of ERK
cascades through Go subunits including Gas, Ga; and Gog and G-protein By subunits
signalling to Ras has been extensively studied (van Biesen et al., 1996a; Saini et al.,
2007). PKC is an important component in G-protein dependent signalling pathways
leading to the activation of ERK. Pre-treatment of cells with PKC inhibitor GF109203X
can abolish G-protein-dependent activation of ERK1/2 (Mochizuki et al., 1999; Gesty-
Palmer et al., 2006). 85% sequence identity exists between ERK1 and ERK2. A wide
variety of cellular processes including proliferation, differentiation, migration, survival,
growth, growth arrest and apoptosis are regulated by ERK. ERK1 and 2 are activated
via dual phosphorylation on Tyr 204 and Thr 202 residues by MEK, and these residues
can be detected by specific antibodies for pERK1/2 (Eishingdrelo et al., 2013).

ERK can also be activated by Gog-coupled receptors in a PKC-dependent and Ras-
independent manner, in a PKC and Ras-dependent manner, or in a PKC-independent
but Ras-dependent manner (Gudermann et al., 2000). This depends on the cell type and
the receptor expression levels. On the other hand, the mechanism of activating ERK by
PKC is still unclear. The reason for that is because the direct phosphorylation of Raf
might not be sufficient to activate MEK and ERK (Macdonald et al., 1993). However,
the full activation of Raf by Ras may be facilitated by PKC through the stimulation of
additional molecules involved in the Ras-Raf interaction. Moreover, Ga; and Gos can
also mediate and regulate the ERK pathway through either activation or inactivation of
the GTP-binding protein Rap (Gudermann et al., 2000).

Much of the evidence involving PKC in cell growth, differentiation and homeostasis has

been based on the use of either tumour-promoting phorbol esters such as PDBu, which
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are thought to activate PKC by mimicking DAG, and on the use of two small cell
permeable inhibitors of PKC namely Ro-31-8220 (Davis et al., 1989) and GF 109203X
(Toullec et al., 1991). R0-31-8220 and GF109203X, are two structurally related
staurosporine analogs (a natural product originally isolated from the bacterium
Streptomyces staurosporeus) acting as ATP-competitive inhibitors of PKC. These
compounds have been used extensively for studying the role of PKC in cell signalling
(Nixon et al., 1992). Staurosporine inhibits protein kinases through the prevention of
ATP binding to the kinase. This is achieved through the stronger affinity of

staurosporine to the ATP-binding site on the kinase.

So, the possibility of activating ERK by PKC was assessed using the PKC inhibitor, Ro-
31-8220 (5 uM). Because PDBu is an activator of PKC we first tested the activity of
PKC inhibitor by determining its ability to inhibit PDBu-mediated activation of ERK.
The data show that PDBu activated ERK (as judged from the increased level of pERK
after 5 min stimulation) but in the presence of Ro0-31-8220, ERK activation was
completely abolished. Moreover, our results indicate that pERK is activated by PKC at
early time points (cells stimulated by hNmU-25 and hNmS-33) in contrast to later time
points (cells stimulated by hNmU-25) where the pERK was enhanced by adding PKC
inhibitor. When cells were stimulated by hNmS-33 (30 nM, 5min), the inhibitor reduced
the pERK levels at earlier time points, (5, 60 and 90 min). These results are consistent
with a previous study where lipopolysaccharide (LPS) activated ERK via PKC (Chen et
al., 2001; Puente et al., 2006). The activation of PLCP is triggered by the activation of
Gagq leading to increases in [Ca®*]; and PKC. PKC activation results in ERK activation
(Kolch et al., 1993). On the other hand, ERK activated by Goq, under some conditions,
is unaffected by inhibition of PKC (Crespo et al., 1994a; Daub et al., 1997).

It has been previously shown that NMU2 can be coupled to G proteins of the Gaij,
family, although their coupling to other members of the heterotrimeric G family, such a
Gaq/11 also has been described previously. The contribution of different G proteins to
the stimulation of the ERK/MAPK cascade was investigated. Cells were treated with
100 ng/ml PTX; this toxin produced a partial inhibition of ERK activation after hNmU-
25 or hNmS-33 addition at early times points. There was a complete inhibition at later
time points when the cells were stimulated by hNmS-33 in the HEK-NMU?2, indicating
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that the activation of Ga; proteins is required for the stimulation of this pathway when
the cells stimulated and the ligand was removed, suggesting that ERK could be partially

activated via Ga, at least at later time points.

It has been observed that Ga; receptors activate ERK through By-subunits in a PKC-
independent but Ras-dependent manner providing the first demonstration of a role for
GPy in linking G proteins to the Ras pathways (Crespo et al., 1994b). Ga;-dependent
activation of ERK involves two inhibitory pathways. The first inhibitory effect is by
inhibiting AC. The second possibility is by inhibiting Rap-1 via Rap-1-GAP protein
(Goldsmith et al., 2007). However, the well-known signal transduction of Ga; is by
coupling receptor to the inhibition of AC (Johnson et al., 1989). This decrease in CAMP
levels decreases PKA activity therby removing the inhibitory effect of PKA on C-Raf
and this in turn enhances Ras-C-Raf signalling to ERK (Radhika et al., 2001). Also, it
has been shown that ERK1/2 can be activated by Ga; involving the By subunit including
M,-muscarcinic, D, dopamine and A; adenosine receptors (Crespo et al., 1994a; Koch
et al., 1994). For instance, it has been established in transfected HEK293 cells that
ERK1/2 could be activated by Gai-coupled a,A-adrenegic receptor in which dissociated
By stimulates PLCP resulting in IP3-mediated increase in [Ca®*]; and Ca®*-calmodulin-
mediated activation of protein kinase tyrosine (Pyk2) kinase. This activates Src which in
turn stimulates Shc adaptor protein resulting in the activation of Ras via the Ras-GEF
and mSOS (Lev et al., 1995; Dikic et al., 1996; DellaRocca et al., 1997).

The demonstration that receptors couple to multiple G-proteins suggest that multiple
coupling with differential signalling is possible and this is based on two G-protein
interacting with one receptor, and because the ERK was partially inhibited in the
presence of PKC and Ga; inhibitors, the impact of both inhibitors combination was
assessed (Germack et al., 2004). The results revealed that ERK activation was inhibited
by combining both inhibitors, suggesting that ERK activation could be mediated by two
different pathways (PKC and Ga;) without excluding the toxicity of such combination.
Further studies are needed to explore this issue.

It has been reported that ligand-independent activation (transactivation) of the EGFR is
a general phenomenon evoked by various Gagu11-0r Gaj-coupled receptor in different
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cellular settings (Daub et al., 1996) and that this transactivation can couple GPCR to
ERK activation (Leserer et al., 2000). Thus, inhibition of EGFR tyrosine kinase activity
can block ERK activation via GPCRs under some circumstances, suggesting that the
EGFR is an integral element of the signalling pathway (Daub et al., 1996). To explore
any role of transactivation in NMU2-mediated ERK activation, the inhibitor AG1478
was used in the current study (Levitzki et al., 1995; D'Anneo et al., 2013). It has been
indicated that EGFRs are expressed in HEK cells. Thus, EGF, as a control was not used
in this study and it is strongly advised to do so (See 5.2.3). Following a short (5 min)
stimulation of NMU2 with either NmU, NmS or pNmU, AG1478 had no effect on the
activation of ERK highlighting that transactivation is not likely to be involved in
NMU2-mediated ERK activation. It has been proposed that, as the EGFR releases, it
forms the inactive alternate dimer and by addition of AG1478, it accelerates EGFR
untethering. On the other hand, it locks the receptor in the alternate dimer, thus reducing
signalling. Also, dissociation of AG1478 allows the EGFR to adopt the back-to-back
dimer (two receptors are linked by the dimerization loops so that linked ligands are
positioned at opposite sites on the dimer) and participate in signalling (Gan et al., 2007).
Our results are in counter with a previous study using rat aortic smooth muscle cells
(ASMCs) where inhibition of EGFR activity led to attenuation of UTP-stimulated ERK
phosphorylation suggesting the role of transactivation in ERK activation (Morris et al.,
2012). This result was consistent with the idea that transactivation of the EGFR was
induced by recruiting Src by P2Y, receptor resulting in sustained UTP-stimulated
pPERK, in which the phosphorylation of EGFR at Tyr-845 (Src phosphorylation site)
was induced by UTP stimulation (Biscardi et al., 1999). The reason for the lack of EGF
receptors involvement in GPCR action in HEK 293 cells is not clear. However, it has
been suggested that this could be due to the absence of agonist-induced

metalloproteinase induction in such cells (Shah et al., 2004).

The next experiment performed was to assess whether Ca®* responses could be inhibited
by Goq inhibitor. The measurement of agonist-mediated [Ca®*]i was conducted using
hNmU-25, hNmS-33 and UTP as an activator of Ga,. It has been reported that HEK293
cells express two subtypes of P2Y receptors. P2Y, is activated by UTP resulting in Gaq
activation, leading to Ca’* release (Schachter et al., 1997).
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All agonists caused a Ca®* response. These responses were abolished by the presence of
the inhibitor suggesting the ability of the inhibitor to inhibit Ca?* signalling and
therefore reassurance that Gog was inhibited. Therefore, we can conclude that if the
inhibitor is truly selective for Gag, then these data suggest that Go is the major driver
of ERK activation at all-time points except at 5 min where it could be mediated by two
different pathways. This data is supported by the idea that the prolonged ERK activation
observed after B-arrestin-2 knockdown can be attributed to enhanced Gaq activity (Luo
et al., 2008). In addition, ERK activation could need Goq activation in order to proceed
to other activation mechanisms. For instance, in the absence of Gaq activation, other
mechanisms perhaps do not work, e.g. do we still get arresting-binding and

internalisation?

The earlier results in this study indicated that knocking down both B-arrestins-1 and -2
prolonged the activation of ERK when the cells were stimulated by either hNmU-25
and hNmS-33 following ligand removal. In order to confirm the effect of the Goyq
inhibitor on the reduction in ERK activation, a further experiment was performed using
cells with knockdown of both B-arrestin-1 and -2. Thus, the activation of ERK was
completely inhibited in the presence of the Gog except at 5 min. Combination of both
Gag and PKC inhibitors (100 nM and 5 pM, respectively) were used in order to
investigate the activity of ERK at 5 min. The cells were pre-incubated with KHB or
combination of both inhibitors for 30 min and then were stimulated by hNmU-25 and
hNmS-33 (30 nM, 5 min). The levels of pERK were significantly reduced by UBO-QIB
at this point. These data suggest that ERK is activated by Gogq at later time points, from
30 up to 180 min. In contrast, at 5 min, pERK could be mediated by two different
pathways including Gagq and PKC. It is known that activated Gog can stimulate Rafl
through PKC or by stimulating Ras by the Ca®*-dependent activation of RasGEF and
tyrosine kinases acting on SoS (Marinissen et al., 2001). It is not clear how PKC
activates the ERK pathway, since the direct phosphorylation of Raf could not be enough
to stimulate MEK and ERK (MacLeod et al., 1999). Indeed, it has been suggested that
the full activation of Raf could be facilitated by PKC by Ras through the stimulation of
additional molecules involved in the Ras-Raf interaction (Marinissen et al., 2001). The
potential toxicity of the combination of both inhibitors should be excluded because the
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loading control rpS6 was not affected suggesting that the reduction of pERK might be
due to pathway inhibition. Concentration-dependent increases in pERK
immunofluorescence following either ligand challenge of NMU2 displays the pERK
detectable in the cytoplasm and nucleus after 5 min of either ligand treatment,
suggesting G protein—dependent ERK activation, since stimulation of G proteins
activates the Raf family proteins through several convergent pathways and Raf then

translocates to plasma membrane on activation (Lefkowitz et al., 2005).

These results suggest that ERK activation could depend on Gog. In addition to PLC-
IP5-Ca?* signalling, ERK can be activated by Gag via PLC-DAG-PKC mechanisms
(Kolch et al., 1993; Ueda et al., 1996; Schonwasser et al., 1998). ERK can also be
activated by Ca®*-calmodulin-mediated activation of Pyk2 resulting in activation of Ras
and ERK1/2 (Dikic et al., 1996; DellaRocca et al., 1997). However, this depends on the
cell types. For example, Ca* and PKC-mediated pathways can be involved in o;-
adrenoceptor —_mediated ERK activation in HEK293 cells (DellaRocca et al., 1997). In
contrast, PKC-C-Raf signalling can be involved in ERK activation Cos-7 and CHO cells
via Gog (Hawes et al., 1995).

As it has been demonstrated that both G-protein and B-arrestin mediated signalling
pathways can lead ERK activation. On the other hand, the subcellular distributions of
activated ERK1/2 look different. For instance, pERK mediated by the [-arrestin
pathway remains in the cytoplasm (Tohgo et al., 2002; Luttrell, 2003). In contrast,
pPERK mediated by the G-protein pathway translocate to the nucleus (Chuderland et al.,
2008; Plotnikov et al., 2011). Stimulation of numerous types of cell surface receptors
leads to activation of the RaffMEK/ERK signalling pathway (Adachi et al., 2000). Raf
phosphorylates only MEK, and MEK phosphorylates only ERK, whereas ERK is able
to phosphorylate many substrates in nearly all cell compartments (Yoon et al., 2006).
ERK is primarily located in the cytoplasm of resting cells. On the other hand,
overexpression results in both cytoplasmic and nuclear localization (Lenormand et al.,
1993). Also, it has been recognized that in the course of physiological signal
transduction, ERK accumulates in the nucleus after acute stimulation of the cell (Chen
et al., 1992; Lenormand et al., 1993). This accumulation of ERK is required for cell
cycle entry. Thus, retention of ERK in the cytoplasm alters neither ERK kinase activity
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nor phosphorylation of cytoplasmic substrates, whereas ERK-dependent transcription
and cell proliferation are blocked (Brunet et al., 1999). Some GPCR ligands can
selectively determine subcellular locations of activated ERK1/2. The p-opioid receptor
(MOR) can be activated by two ligands; morphine and etorphine involving B-arrestin
and G protein-dependent activation of ERK1/2 (Belcheva et al., 2005; Rozenfeld et al.,
2007). A PKC inhibitor in contrast to etorphine that was not significantly affected, for
example, could prevent morphine-induced ERK activation. Therefore, the morphine
could activate ERK by a G-protein-dependent pathway whereas etorphine activates
ERK by a B-arrestin-dependent pathway (Zheng et al., 2008). Despite that morphine-
induced ERK activation occurs via a G-protein-dependent pathway and thus should
translocate to the nucleus, morphine did not induce nuclear translocation of pERK
(Zheng et al., 2008).

It has been shown by using HA-tagged Angiotensin Il receptor type 1 (AT1aR), red
fluorescent protein-tagged ERK2, and GFP-B-arrestins in HEK 293 that ATl1aR, f-
arrestin, and ERL all localise to endosomal vesicles after angiotensin Il stimulation
(Luttrell et al., 2001). Therefore, the formation of stable complexes between B-arrestin
and activated ERK could lead to cytosolic retention of ERK1/2. Agonist binding to
receptors results in dissociation of heterotrimeric G proteins into Ga-GTP and Gy
subunits, which activate G protein effectors. One consequence of GBy subunit release is
enhanced GRK-mediated phosphorylation of the agonist-occupied receptor. p-arrestins
bind to both the GRK-phosphorylated receptor and to the component kinases of the
ERK cascade, resulting in assembly of an ERK activation complex that is targeted into
endosomal vesicles. Based on this, our data are consistent with this hypothesis, since the

immunostaining experiments showed that pERK accumulates in the cytosol.
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Chapter 6

Neuromedin U analogues

6.1 Introduction

A number of peptidergic systems has influenced food intake and energy homeostasis.
Manipulation of several of these systems reduces food intake and body weight in
preclinical models. On the other hand, in clinical trials, many of these agents did not
reduce body weight due to a number of reasons, including lack of efficacy and side
effects. There are different reasons for this. For example, it may be impossible to
administer such an agent at the dose required to reduce body weight because of the
associated side effects. The relatively wide expression of many peptidergic system
components, and their associated diversity of function, makes their manipulation for the

treatment of obesity full of difficulties.

There are also difficulties with the routes of administration. For instance, agents
targeting CNS receptors must have a means of crossing the blood brain barrier. If a drug
needs to be taken often, the route of administration becomes a patient issue. It is
inconvenient and painful to have to inject a drug; orally active small molecule
treatments are preferable. However, by their very nature, peptide hormones are difficult
to mimic with small molecules. In particular, many gut hormone receptors require large
ligands for receptor interaction, and residues essential for receptor interaction can be
widely distributed throughout their secondary structure.

The effects of centrally administered NmU on feeding are considered to be mediated by
NMU2 (Bechtold et al., 2009; Peier et al., 2009). However, a significant reduction in
body weight has been shown in NMU2-deficient mice suggesting that peripheral NMU1
may also be involved (Bechtold et al., 2009). In addition, peripherally administered

NmU improved glucose tolerance in diet-induced obese mice. As peripherally
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administered NmU is unlikely to act centrally on NMUZ2, this also supports a role for
peripheral NMUL. Thus, the mechanism by which NmU contributes to the physiological
regulation of body weight, glucose homeostasis and feeding are not entirely clear.
Nevertheless, there is much interest in targeting NMU receptors for the treatment of
obesity and diabetes. In order to overcome the poor pharmacokinetic properties typical
of peptide hormones (e.g. the half-life of NmU after subcutaneous injection is less than

5 min), engineering of the native peptide is required (Peier et al., 2011).

It has been suggested that lipidated and additionally stabilized short peptides derived
from hormones could be exploited as agents for hormone-replacement therapy (Flinn et
al., 1996; Preza et al., 2011). This may include, for example, poly ethylene glycol
PEGylation which is a well-established strategy to increase the clinical efficacy of drugs
and numerous examples are present of its application to peptides (Lumb et al., 2007;
Ortiz et al., 2007; Day et al., 2009). The highly hydrated shell of PEG increases the
hydrodynamic radius of the conjugate and therefore decreases the rate of renal clearance
and this prolongs the circulation time of the conjugate (Harris et al., 2003) (Figure 6.1).
It has also been reported that poly ethylene glycol (PEG) or human serum albumin
(HAS) conjugated NmU is long-lived and has potent anorexigenic activity when
administered peripherally in mice (Ingallinella et al., 2012; Neuner et al., 2014).
Interestingly, two hexapeptide ligands; 8d and 6b have recently been designed to
selectively activate NMUL1 and NMU2, respectively, and these peptides in particular
NMU2-specific activator 6b have potential in development of drugs reducing appetite
(anorexigenic agonists) (Takayama et al., 2014). Thus, the development of long-acting
analogues of NmU is recommended. The unfavourable pharmacokinetic properties of
NmU (the half-life of NmU after subcutaneous injection is less than 5 min) (Peier et al.,
2011) were improved by conjugation with PEG (Ingallinella et al., 2012) or HAS
(Neuner et al., 2014) showing in both cases long-lasting, potent anorectic, and blood
glucose-normalizing activity. Such analogues could be used in combination therapies

with incretin-based therapeutic, for example.

The possibility of generating modified NmU that retained activity was tested by

synthesizing a small library of truncated NmU analogues utilizing stabilization

protocols, including cyclization, lipidation, introduction of o,a-disubstituted amino
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acids, a retro-inverso-approach, and combination of these (Biron et al., 2008). All
peptides were synthesised as C-terminal amides using a standard
fluorenylmethyloxycarbonyl (Fmoc) protocol (Fields et al., 1990). Generally, lipidation
was achieved by N-terminal conjugation of palmitic acid. Considering current trends in
obesity treatment, the development of long-acting analogues of NmuU is highly required.
Such analogs could be exploited in combination therapies with, for instance, incretin-
based therapeutics (s) such as semaglutide, a long-acting glucagon-like peptide 1 (GLP-
1) analog that has a plasma half-life of 160 h (Monami et al., 2012; Devaraj et al.,
2014).

In this chapter, a small library of NmU analogues, engineered by Dr. Piotr Ruchala
(University of California, Los Angeles), were tested to assess concentration-response
curves with the aim of selecting suitable compounds for in vivo testing (Micewicz et al.,
2015). The purpose of this study is to develop new peptidergic selective NMU?2 agonists
that are enzymatically stable and blood-brain-barrier (BBB) permeable.

As NmU and NmS are structurally-related neuropeptides that modulate energy
homeostasis and inhibit food intake, this study aimed to see if there are differences
between these neuropeptides compared to NmU analogues in terms of for example,
receptor processing, including the effect of endosomal acidification and ECE-1 activity

on NMU?2 re-sensitisation.

All of the analogues were tested for their abilities to mediate intracellular Ca*
signalling by either NMU1 or NMU2 in HEK293 cells with stable expression of
recombinant human receptors. A selection of these analogues, based on their potency,
activity and availability were subsequently tested in assays assessing the effects of
endosomal acidification, ECE-1 activity and B-arrestin recruitment. These analogues
include NM1 and NM2, with similar pECsy with hNmU-25. In addition, some inactive
analogues including NM31, NM32, NM33, NM3D1, NM3D2 and NM3D3 were used to
investigate their effects as antagonist for ANmU-25 (Figure 6.1).
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6.2 Results

6.2.1 Concentration-response curves for analogues-mediated Ca** elevation in

HEK-NMU1 and HEK-NMU?2

Exposing either HEK-NMU1 or HEK-NMU2 to hNmU-25, NM1, NM2, NM3, NM4,
NM4A, NM4A-Nic, NM7, or NM8 evoked concentration-dependent increases in
fluorescence as an index of changes in [Ca®*]; in populations of adherent fluo-4-loaded
cells. High concentrations evoked greater and more rapid increases in [Ca®"]; For
instance, using a high concentration of any of the analogues led to a faster rate of
increase in [Ca”"];, while using a lower concentration resulted in a slower rate of
increase. Following the initial peak, there was a slowly declining phase at some ligand
concentrations used. This decline lasted until the end of reading (50 s). Changes in
fluorescence were also calibrated as described in Methods and increases in [Ca®'];
determined (Figure 6.1) and used to generate concentration-response curves where
possible. From the concentration response curves, the pECsy, Enax (% of maximal
hNmU-25 response) and Emax at 10 uM and 30 uM were calculated (Figure 6.1).
Moreover, exposing either HEK-NMU1 or HEK-NMU2 to NM6, NM10, NM11,
NM4A-C16, NM31, NM32, NM33, NM34, NM35, NM15 and NM16 evoked increases
in [Ca®']; in populations of adherents fluo-4-loaded cells only at high concentrations. In
contrast, no increases were observed when HEK-NMU1 and HEK-NMU?2 cells were
exposed to NM3D1, NM3D2 or NM3D3 (Figure 6.1 (D)). In comparison to potency of
hNmU-25, NM1 and NM2 have equal potency with pECsy =9.24+0.12 and 9.25+0.22
for both NM1 and NM2, respectively (Figure 6.1 (A)). On the other hand, NM3,
NM4A, and NMA4A-Nic show less potency compared to hNmU-25, with
PEC5,=6.85+0.08, 7.91+0.45, and 7.32+0.18 for NM3, NM4A and NM4A-Nic,
respectively (Figure 6.1 (A)). In contrast to full agonist hNmU-25, the analogues
including NM31, NM32, NM33, NM34, NM35, and NM36 started to give response at
higher concentration (10 uM), and it was not possible therefore to determine the ECsp
values for these analogues in HEK-NMUL. The results were observed using HEK-
NMU2 with different ECso values (Figure 6.1 (C)).
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AZ Peptide Sequence NMU1 NMU2
PECso E max (%6hNmU) Emax at 10 pM PECso Emax Emax at 10 pM
as %ohNmuU (hNmU) as %ohNmuU
Emax Emax
hNmU | FRVDEEFQSPFASQSRGY-FL-Phe- 8.97+0.12 100 9.10+0.16 100
Arg-Pro-R-Asn
NM1 Ac-FL-Phe-Arg Pro-R-Asn 9.24+0.12 45+4.3 - 9.47+0.17 135.2+0.2 -
NM2 Aib-FL-Phe-Arg-Pro-R-Asn 9.25+0.22 66.3+0.6 - 9.67+0.19 69.9+0.2 -
NM3 Pal-Aib-FL-Phe-Arg-Pro-R-Asn 6.85+0.08 87.8+1.4 - 6.97+0.30 - -
NM4 Pal-dPEG 1,-Aib-FL-Phe-Arg-Pro-R- 8.75+0.15 99.3+15.5 - 8.72+0.10 92.8+2.2 -
Asn
NM4A | Ida"""-Aib-FL-Phe-Arg-Pro-R-Asn 7.91+0.45 55.7+10.0 - 7.99+0.09 67.2+0.1 -
NM4A-Nic | Nic-l1da ""™-Aib-FL-Phe-Arg-Pro-R- 7.3240.18 57.7+14.8 - 7.37+0.09 52.8+0.2 -
Asn
NM4A-Cig | Cis-1da " -Aib-FL-Phe-Arg-Pro-R- ~4.9% - 118.0+29.6" ~5.0° - 99.6+17.9"
Asn
NM4-Cys | (C16),-Ahx-Aib-FL-Phe-Arg-Pro-R- ~6.3 - 81.0+3.6" ~6.1% - 28.4+4.3"
Asn
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Figure 6.1 (A) Concentration-responses curves for Ca** elevation in HEK-NMU1
and HEK-NMU2 mediated by NmU analogues and sequences and data obtained

for NmU analogues (N-terminal amended analogues)

HEK-NMU1 and HEK-NMU?2 cells were plated in 96-well plates for 24 h. Cells were
loaded with fluo-4 then challenged with different concentrations of NmU-analogues in
HEK-NMU1 and HEK-NMU2. Changes in cytosolic fluorescence were then monitored
as an index of [Ca?*]; using a NOVOstar plate-reader. Data were calibrated as described
in Methods and maximal changes used to construct concentration-responses curves
(Al). The curves were classified for clarity based on their responses compared to
hNmU-25. Where they could be calculated, the pECso values for the analogues are
given in the top left hand corner of the panel. Data are mean + s.e.m; n=4. All peptides
were synthesized as C-terminal amides. Abbreviations: Ahx-6, aminohexanoic acid;
Aib, aminoisobutyric acid; Ida, iminodiacetic acid, Pal, palmitic acid; NHPal, N-
palmitylamide;. pECso and Emax Values were obtained using a calcium signalling assay
where data are mean + s.e.m, n>4. ® E;a at 30 uM as hNmU-25 Ena. ) Approximate
ECs values were derived from curves that had insufficient data points at high
concentrations of ligand but which did approach the En.x of hNmU (A2). Modified

amino acids have been highlighted for clarity.
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B2

Peptide Sequence NMU1 NMU?2
PECso Emax (%hnmuy | Emaxat 10 pM PECso Emax Emax at 10 pM
as %ohNmuU (hNmU) as %ohNmu
E max E max
hNmuU FRVDEEFQSPFASQSRGY-FL-Phe- 8.97+0.12 100 9.10+0.16 100
Arg-Pro-R-Asn
NM5 Aib-FL-Phe-Arg-Pro-R-Asn-Aib 7.23+0.09 77.0+4.6 - 7.25+0.09 104.7+0.2 -
NM6 Pal-Aib-FL-Phe-Arg-Pro-R-Asn-Aib - - 40.6+2.2 - - 60.7+12.1
NM7 Pal-dPEG1, Aib-FL-Phe-Arg-Pro-R- 6.89+0.12 77.8+4.7 - 6.97+0.26 66.5+0.1 -
Asn-Aib
NM8 C-Ahx-dPEG, Aib-FL-Phe-Arg-Pro- 6.79+0.50 59.8+0.5 - 6.55+0.10 53.6+0.1 -
R-Asn-Ahx-C
NM9 C-Ahx-dPEG, Aib-FL-Phe-Arg-Oic- 5.87+0.08 50.1+1.3 - 6.14+0.13 35.5+0.3 -
R-Asn-Ahx-C
NM10 | C-Ahx-dPEG;, Aib-FL-Phe-Arg-Tic- ~5.3% - 61.0+12.7 ~5.6" - 97.8+11.8
R-Asn-Ahx-C
NM11 X(C-Ahx-FL-Phe-Arg-Pro-R-Asn- - - 33.7+0.2 - - 60.6+11.6
Ahx-C)
NM12 X(C-Ahx-dPEG 1, Aib-FL-Phe-Arg- - - 30.00+6.0 - - 70.0+6.0
Oic-R-Asn-Ahx-C)
NM13 X(C-Ahx-dPEG 1, Aib-FL-Phe-Arg- - - 60.4+13.8 - - 39.3+8.8
Tic-R-Asn-Ahx-C)
NM14 | PalS-X(C-Ahx-dPEG, Aib-FL-Phe- 5.87+0.05 50.0+3.0 - 6.00+0.09 53.1+0.3 -
Arg-Pro-R-Asn-Ahx-C)
NM15 PalS-X(C-Ahx-dPEG 1, Aib-FL-Phe- ~5.2% - 96.4+7.7 ~5.2% - 118.4+4.8
Arg-Oic-R-Asn-Ahx-C)
NM16 PalS-X(C-Ahx-dPEG 1, Aib-FL-Phe- ~5.1% - 133.8+22.0 ~5.2% - 126.6+10.8

Arg-Tic-R-Asn-Ahx-C)
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Figure 6.1 (B) Concentration-responses curves for Ca’* elevation in HEK-NMU1
and HEK-NMU2 mediated by NmU analogues and sequences and data obtained

for NmU analogues (N-terminal and C-terminal amended analogues)

HEK-NMU1 and HEK-NMU?2 cells were plated in 96-well plates for 24 h. Cells were
loaded with fluo-4 then challenged with different concentrations of NmU-analogues in
HEK-NMU1 and HEK-NMU2. Changes in cytosolic fluorescence were then monitored
as an index of [Ca?*]; using a NOVOstar plate-reader. Data were calibrated as described
in Methods and maximal changes used to construct concentration-responses curves
(B1). The curves were classified for clarity based on their responses compared to
hNmU-25. Where they could be calculated, the pECso values for the analogues are
given in the top left hand corner of the panel. Data are mean + s.e.m; n=4. All peptides
were synthesized as C-terminal amides. Abbreviations: Ahx-6,aminohexanoic acid; Aib,
aminoisobutyric acid; Oic, (2S,3aS,7aS)-octahydro-1H-indole-2-carboxylic acid; Tic,
(3S)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid; Pal, palmitic acid; PalS, X-3,5-
bis(methyl-S-cysteinyl)-1-(methyl-S-palmityl)-benzene; X, 1,3-bis(methyl-S-cysteinyl)-
benzene; NHPal, N-palmitylamide; dPEG 2, 40-amino-
4,7,10,13,16,19,22,25,28,31,34,37-dodecaoxotetradecanoic acid. pECsy and Emax values
were obtained using a calcium signalling assay where data are mean+ s.e.m, n>4. @
Emax at 30 uM as hNmMU-25 Epa. Y Approximate ECso values were derived from
curves that had insufficient data points at high concentrations of ligand but which did
approach the Emax of hNmU (B2). Modified amino acids have been highlighted for

clarity.
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HEK-NMU1 HEK-NMU?2
3001 300
C1 PEC;,=8.97+0.12 8- hNmuU-25 PEC5,=9.10+0.16 -8 hNmU-25
- NM31 —— NM31
200 —&- NM32 200 —— NM32
. —6= NM33 — 4+ NM33
Ng -0- NM34 Ng - NM34
~ 1004 - NM3S5 ~ 100- - NM35
; - NM36 -+ NM36
o9 &3 . . . . o5
0 -10 -9 -8 -7 -6 -5 0 10 9 -8 -6 5
(Log,o M) (Log,g M)
CZ Peptide Sequence NMU1 NMU2
pECSO E max (%hNmU) Emaxat 10 llM pECSO E max Emaxat 10 llM
as %oshNmu (hNmU) as %ochNmu
Emax Emax
hNmU | FRVDEEFQSPFASQSRGY-FL-Phe- 8.97+0.12 100 9.10+0.16 100
Arg-Pro-R-Asn
NM31 | Pal-Aib-FL-Phe-NY*R-Pro-R-N"*N - - 13.8+2.0 - - 17.9+1.5
NM32 | Pal-Aib-FL-N"*F-Arg-Pro-R-N"*N - - 19.1+1.2 - - 15.2+3.8
NM33 | Pal-Aib-FL-o""*F-Arg-Pro-R-N"*N - - 20.6+1.9 - - 19.2+2.0
NM34 | Pal-Aib-FL-Phe-NY*R-Pro-R-N"*N - - 19.6+3.2 - - 18.4+3.2
NM35 | Pal-Aib-FL-N"*F-Arg-Pro-R-N"*N - - 22.9+3.8 - - 67.0+16.5
NM36 | Pal-Aib-FL-o""°F-Arg-Pro-R-N"*N - - 15.9+6.6 - - 28.6+7.9
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Figure 6.1 (C) Concentration-responses curves for Ca*" elevation in HEK-NMU1
and HEK-NMU2 mediated by NmU analogues and sequences and data obtained

for NmU analogues (a-carbon-/N-methylated-variants)

HEK-NMU1 and HEK-NMU?2 cells were plated in 96-well plates for 24 h. Cells were
loaded with fluo-4 then challenged with different concentrations of NmU-analogues in
HEK-NMU1 and HEK-NMU2. Changes in cytosolic fluorescence were then monitored
as an index of [Ca?*]; using a NOVOstar plate-reader. Data were calibrated as described
in Methods and maximal changes used to construct concentration-responses curves
(C1). The curves were classified for clarity based on their responses compared to
hNmU-25. Where they could be calculated, the pECso values for the analogues are
given in the top left hand corner of the panel. Data are mean + s.e.m; n=4. All peptides
were synthesized as C-terminal amides. Abbreviations: Ahx-6,aminohexanoic acid; Aib,
aminoisobutyric acid; o®F, o-methyl-L-phenylalanine; NM*R, N®-methyl-L-arginine;
NMEN, N-methyl-L-asparagine; N“F, N-methyl-L-phenylalanine; Pal, palmitic acid.
PECso and Emax values were obtained using a calcium signalling assay where data are
mean+ s.e.m, n>4. ® E o at 30 pM as hNmU-25 Epax. ) Approximate ECso values
were derived from curves that had insufficient data points at high concentrations of
ligand but which did approach the Enax of hNmU (C2). Modified amino acids have
been highlighted for clarity.
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Peptide Sequence NMU1 NMU?2
DZ pECSO E max (%hNmU) Emax at 10 llM pECSO E max Emaxat 10 llM
as %oshNmu (hNmU) as %ochNmu
Emax Emax
hNmuU FRVDEEFQSPFASQSRGY-FL-Phe- 8.97+0.12 100 9.10+0.16 100
Arg-Pro-R-Asn
NM3D1 | CT-1da""*-FL-Phe-Arg-Pro-R-Asn- - - - - - -
NT
NM3D2 | CT-lda""""-Ahx-FL-Phe-Arg-Pro-R- - - - - - -
Asn-NT
NM3D3 | CT-1da""*-Ahx-Aib-FL-Phe-Arg- - - - - - -
Pro-R-Asn-NT
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Figure 6.1 (D) Concentration-responses curves for Ca** elevation in HEK-NMU1
and HEK-NMU2 mediated by NmU analogues and sequences and data obtained

for NmU analogues ((D)-retro-inverso-analogues)

HEK-NMU1 and HEK-NMU?2 cells were plated in 96-well plates for 24 h. Cells were
loaded with fluo-4 then challenged with different concentrations of NmU-analogues in
HEK-NMU1 and HEK-NMU2. Changes in cytosolic fluorescence were then monitored
as an index of [Ca?*]; using a NOVOstar plate-reader. Data were calibrated as described
in Methods and maximal changes used to construct concentration-responses curves
(D1). The curves were classified for clarity based on their responses compared to
hNmU-25. Where they could be calculated, the pECso values for the analogues are
given in the top left hand corner of the panel. Data are means + s.e.m; n=4. All peptides
were synthesized as C-terminal amides, NM3D1-D3 are all (D)-retro-inverso-analogues
where: NT is the N-terminus and CT is the C-terminus of the peptide (s). Abbreviations:
Ida, iminodiacetic acid; NHPal, N-palmitylamide. pECso and Eax Values were obtained
using a calcium signalling assay where data are mean + s.e.m, n>4. ® E . at 30 uM as
hNmMU-25 Ena. “ Approximate ECso values were derived from curves that had
insufficient data points at high concentrations of ligand but which did approach the E nax
of hNmU (D2). Modified amino acids have been highlighted for clarity.
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6.2.2 Effect of endosomal acidification and ECE-1 on NMU2 re-sensitization

following treatment with the analogues NM1 or NM2

It has been indicated earlier that the NmU analogues used here have different structures
and often different potencies and Eax values compared to hNmU-25 (Figure 6.1; A, B,
C, and D). It is possible that such differences could affect receptor re-sensitisation.
Furthermore, other properties of the various analogues could influence receptor re-
sensitisation (e.g. different susceptibility to ECE-1 activity). Thus, effects of endosomal
acidification and ECE-1 inhibitors on the recovery of NMU2, exposed to NM1 and
NM2 analogues were investigated (Figure 6.2; A & B). HEK-NMU2 cells were
stimulated with either NM1 or NM2 analogues using the maximum concentration (30
nM, 5 min), the ligands were washed off, and the cells allowed to recover for 6 h
following by re-challenging using the same ligand by a NOVOstar plate-reader. The
results indicated that these compounds behaved similarly to hNmU-25 in terms of
affecting NMU2 re-sensitisation. Inhibition of endosomal acidification delayed recovery
when the cells were stimulated using the maximum concentration of NMU1 and NM2,
Moreover, inhibition of ECE-1 delayed recovery when the cells were stimulated using
maximum concentration of NM1 and NM2 (Figure 6.2; A & B). Cells were treated
with either buffer or the ECE-1 inhibitor, SM-19712 (10 uM) for 30 min and challenged
with buffer, NM1 or NM2 (30 nM, 5 min). The inhibitor concentration used here has
been used previously (Murphy et al., 2011). Cells were then washed with KHB and
allowed to recover for 6 h. Also, monensin increased the initial response of Ca** when

the cells were stimulated with either ligand.

Because the results indicated that the NMUZ2 recovery could be affected by ECE-1 when
the cells were stimulated with NM1 and endosomal acidification when exposed to NM2,
the rhECE-1 experiments were conducted using these analogues. NM1 fragments were
detected when the analogues were exposed to the enzyme at either pH 5.5 or pH 7.4 and
in the presence or absence of ECE-1 enzyme (Figure 6.3). In contrast, more NM2
fragments were detected in pH 5.5 (Figure 6.4). Moreover, from these fragments, the

cleavage sites were identified as shown in (Figure 6.5). Also, it should be noticed that
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some fragments are present in both absence and presence of the rhECE-1 following
adding NM1, at both pH 7.4 and 5.5 (Figure 6.3). It can be seen from the figure that the
enzyme could cleave the intact peptide in different cleavage sides. For example, the
enzyme could cleave NM1 between Phe and Leu, Arg and Asn in both pH 5.5 and 7.4.
Also, the enzyme could cleave NM2 between Aib and Phe, Phe and Leu, and Arg and
Asn in pH 5.5 in contrast to pH 7.4 in which the enzyme cleaved NM2 between Aib and
Phe, Arg and Asn.
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Figure 6.2 The effect of endosomal acidification and ECE-1 inhibition on NMU2

re-sensitisation following treatment with either NM1 or NM2 analogues

HEK-NMU?2 cells were pre-incubated with or without inhibitors of ECE-1, SM-19712
(10 uM) or endosomal acidification (monensin, 50 uM), for 30 min before challenge
with buffer or ligands (NM1 (A) or NM2 (B); 30 nM for 5 min). Cells were washed and
allowed to recover for 6 h (in the continued presence or absence of the inhibitors) before
determination of Ca?* responses to the same ligand (30 nM). Data are mean + s.e.m.,
n=3, *P<0.05, **P<0.01, ***P<0.001. The data were analysed by Bonferroni’s
multiple comparison test following one-way ANOVA. Significant differences between

unchallenged and recovery in the presence and absence of inhibitor were considered.

244



NM1 NM1
pH5.5 pH7.4
- Enzyme +Enzyme - Enzyme +Enzyme
Peptide Sequence XICm/z RT Area RT Area RT Area RT Area
Ac-FLFRPRN 495.7781 2295 |27106783820| 22.77 |(33791523619] 227  |21292437132| 22.9 21792887105

Ac-FLFRPR 439.2497 19.54 | 237283271 | 1935 | 232961859 1939 | 297700537 | 19.48 | 315143685
LFRPRN 401.2448 1173 | 42495621 | 11.34 | 84552291 11.11 57034591 | 1137 | 58793482
FRPRN 344.7028 1174 | 5512101 | 1134 | 12406123 11.09 12396553 | 1137 | 13221642

Figure 6.3 Fragments of NM1 analogue produced by rhECE-1

NM1 (25 uM) was added in the presence or absence of rhECE-1 (0.1 pg) and incubated in 37°C, at either pH 5.5, MES/KOH, or 7.4, Tris-HCL

for 10 min and then centrifuged 14.0 xg for 2 min using Vivacon 500 filters as described in Methods to stop the reaction and to separate the

enzyme from the samples. Extracted ion chromatograms were produced for each peptide and aligned using their m/z and retention time (RT) and

the peak areas (Area) integrated for comparison as described in Methods.
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NM2 NM2
pH5.5 pH7.4
- Enzyme +Enzyme - Enzyme + Enzyme
Peptide Sequence XICm/z RT Area RT Area RT Area RT Area
Aib-FLFRPRN 517.3019 Too Intense to Integrate
FLFRPRN 474.7778 Too Intense to Integrate
Aib-FLFRPR 460.7732 not detectable 23.1 499713645 19.45 5841797736 19.27 | 450053369
FLFRPR 418.247 not detectable 23.1 72742872 19.45 150419428 19.28 | 203657548
LFRPRN 401.2432 not detectable 14.74 | 1219244037 not detectable not detectable

Figure 6.4 Fragments of NM2 analogue produced by rhECE-1
NM2 (25 uM) was added in the presence or absence of rhECE-1 (0.1 pg) and incubated in 37°C, at either pH 5.5, MES/KOH, or pH 7.4, Tris-
HCL for 10 min and then centrifuged 14.0 xg for 2 min using Vivacon 500 filters as described in Methods to stop the reaction and to separate the

enzyme form the samples. Extracted ion chromatograms were produced for each peptide and aligned using their m/z and retention time (RT) and

the peak areas (Area) integrated for comparison as described in Methods.
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NM2, pH 5.5

Aib- LFRP#N

Figure 6.5 Potential cleavage sites for NmU analogues; NM2

This figure shows the cleavage sites for NM2. It represents cleavage sites in pH 5.5 at
incubation for 10 min as described in Methods. The final products shown in previous

figures are as a result of the activity of ECE-1 in these sites indicated by red lines.
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6.2.3 Assessment of the potential antagonist activity of NmU analogues

In the current study, some analogues including NM31, NM32, NM33, NM3D1,
NM3D2 and NM3D3 did not give any Ca®* responses even with using a higher
concentration (Figure 6.1; C & D). Although it is possible that these analogues simply
did not interact with NMU receptor, it was possible that they had affinity but low or
zero efficacy and would therefore act as antagonists. This was tested in a Ca*" assay.
Thus, HEK-NMU2 cells were loaded with fluo-4-AM for 45 min at 37°C. The ligands
NM3D1, NM3D2 and NM3D3, NM31, NM32, and NM33 (10 uM) were added to the
cells and incubated for 10 min. The cells were then stimulated with either 30 nM or 1
nM of hNmU-25 using a NOVOstar plate-reader. If these ligands were antagonist, a
reduced or absent Ca®* responses would be expected. However, no analogue prevented
the Ca®* responses stimulated with either a maximum concentration (30 nM) or ECs (1
nM) of hNmU-25 suggesting these analogues are not likely to be NMU2 antagonists at

least under our conditions (Figure 6.6).
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Figure 6.6 Assessment of the potential antagonist activity of NmU analogues
HEK-NMU?2 cells were cultured in 96 well-plates for 24 h at 37°C. The cells were then
loaded with fluo-4-AM for 45 min at 37°C. The ligands NM3D1, NM3D2 and NM3D3

(10 uM) (A&B) or NM31, NM32, and NM33 (10 uM) (C) were added to the cells and
incubated for 10 min. The cells were then stimulated with either 30 nM (A) or 1 nM
(B&C) of hNmU-25 using a NOVOstar plate-reader. Changes in fluorescence were
monitored as an index of [Ca’*];, Data are mean + s.e.m., n=3. The data were analysed

by Bonferroni’s multiple comparison test following one-way ANOVA.
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6.2.4 Arrestin recruitment to NMU receptors activated by NmU analogues

The ability of the agonist-activated receptor to recruit g-arrestin-2 was determined using
the DiscoveRx PathHunter technology (DiscoveRx) that involves enzyme
complementation of fusion-tagged receptor along with an arrestin recruitment
modulating sequence and pg-arrestin-2 proteins. Utilization of B-arrestin recruitment
allows a direct measurement of agonist binding as activated receptors act as substrates
for GRKs that phosphorylate the receptor (Violin et al.,, 2007). Thus, arrestin
recruitment by activated NMU receptors was investigated as previously described
(Riddy et al., 2012). Ideally the study would have examined recruitment of B-arrestin-1
and -2 by both NMU1 and NMU2 following activation with a number of different
ligands. However, the only available platform was NMU1 and B-arrestin-2. Different
ligands were used including NM2, NM4 and NM5. These analogues were chosen due
to their similar and different potency to hNmU-25. For instance, pECs values obtained
using a Ca* assay for NM2, NM4 and NM5 were 9.25+0.22, 8.75+0.15, and 7.23+0.09,
respectively, whereas the pECsy value hNmU-25 in HEK-NMU1 was 8.97+0.12. The
experiment was conducted once as explained in Methods to generate concentration-
response curves. The pECsy values for NM2, NM4 and NM5 were 7.54+0.09,
7.11+0.08 and 5.82+0.08, respectively. These results indicated that (B-arrestins are
recruited to cell membrane at least by activated NMUL receptor. However, our results
indicated at least using NMU1 and f-arrestin-2; that NM5 is less efficacy that both
NM2 and NM4 (Figure 6.7).
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Figure 6.7 Concentration-response curves for p-arrestin-2 recruitment by

activated NMU1 stimulated by different analogues

PathHunter eXpress cells expressing NMU1 were plated in 96 well-plates. The cells
were then incubated for 48 h at 37°C, 5% CO,, Cells were then challenged with NM2,
NM4 or NM5. The plate was incubated for 90 minutes at 37°C, 5% CO,, Following
addition of detection reagent working solution and further incubation for 60 minutes at
room temperature, chemiluminescence, indicated as relative luminescence units (RLU)
was recorded using a NOVOstar plate-reader. pECso values for all analogues were
calculated using Graph Pad Prism 6. The pECs values for NM2, NM4, and NM5 were
7.54, 7.11 and 5.82, respectively. Experiments for NM2, NM4, and NM5 were

performed once with one sample.
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6.3 Discussion

Obesity is a leading preventable cause of death worldwide (Boughton et al., 2013). It
has been suggested that lipidated and additionally stabilized short peptides derived from
hormones could be exploited as therapeutic agents (Flinn et al., 1996; Preza et al.,
2011). Therefore, to assess if NmU could be modified to generate biologically active
but more stable analogues, a small library of truncated NmU analogues was synthesised
by Dr. Piotr Ruchala (University of California, Los Angeles) using different
stabilization protocols. All synthesized NmU-analogues (designated NMxxx) were
tested using a cellular Ca®* signalling assay in HEK293 cells expressing recombinant
human NMU1 or NMU2. The results demonstrated that there are no differences
between NMU1 and NMU?2 in the action of the analogues. For example, NM1, NM2,
NM4 and NM4A activated both receptors with similar potency and these potencies were
similar to that of the endogenous ligand, hNmU-25. In other studies, compounds have
been generated that showed some receptor sub-type selectivity (Takayama et al., 2014).
For example, a hexapeptide (compound 6b) activated NMU2 without significant NMU1
activation. In this study, 6b structure was as following: (3-cychexypropionyl-Leu*-Leu?-
Dap*-Pro*-Arg®-Asn®-NH,), while 8d structure was (3-peridinepropionyl-(2-Nal)*-Phe*-
Arg*-Pro*-Arg>-Asn®-NH,). The bulky aromatic structure at residue 1 in combination
with the N-terminal nitrogen-containing aromatic acyl moiety was suggested to be
suitable for NMUL selectivity. In the present study there was no evidence of any
receptor subtype selectivity amongst the tested. Although some of the compounds tested
in the present study did start to evoke Ca?* responses at 10 pM (NM31-NM36),
indicating very low potency, some analogues including NM3D1, NM3D2 and NM3D3
did not increase Ca®* responses even at the highest concentration used (10 pM). It is
unclear whether a lack of effect was a consequence of a lack of affinity or efficacy. To
partially address this, compounds NM3D1-NM3D3, were screened for antagonist
activity. Interestingly a previous study has reported marked decrease in agonistic
activity by substitution of the corresponding D-amino acid residue for Phe?, Phe*, Arg®,
Pro® or Asn®, while the replacement of Tyr' with the D-form enhanced activity
(Hashimoto et al., 1991).
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In addition to assessment of potential antagonist activity, there were clear opportunities
to assess a range of the synthesised ligands in other assays of signalling and receptor
regulation (as used in Chapter 3). However, the analogues were obtained through
collaboration and the desired analogues were not always available at the required times

or in the required quantities.

It has been suggested that small-engineered peptides derived from NmU could be active
in vivo and provide a useful therapeutic tool. For example, NM4 & NM?7 are small
peptides; with MWt = of approximately 1.9 kDa. They show comparative potency and
intrinsic activity to hNmU/hNmS on Ca®" signalling a recombinant system. These
analogues were specifically engineered to extend the plasma half-life, particularly by
engineering in resistance to enzymatic degradation. Moreover, such compounds are
easy to synthesize in large quantities using Solid-phase peptide synthesis (SPPS) and
well established protocols. In addition to having an a,a-dissubstituted amino acid
(aminoisobutyric acid, Aib) that may confer increased resistance to enzymatic
degradation (Yamaguchi et al., 2003), NM4 has similar high potency on Ca** signalling
as native human peptide (hnNmU) (Micewicz et al., 2015). Thus, NM4 was selected by
our collaborators for assessment of its in vivo activity. Moreover, because NM7
possesses two Aib residues that should confer greater resistance to degradation within
the circulation, its in vivo activity was also assessed. In order to examine whether these
two analogues have any in vivo anorectic activity, they were used in a diet-induced
obese (DIO) mouse model as described previously (Peier et al., 2011; Neuner et al.,
2014) focusing on different doses of 5344, 1603 and 534 nmol/kg body weight in
addition to the discovery of a less expensive analogues including NM4A. A
phospholipid-based, commercially available drug delivery system, PUREBRIGHT SL-
220 (NOF America Corp., White Plains, NY) was used because it has been suggested
that it is appropriate for delivery of lipidated peptides, which have limited water
solubility, such as NM4 (Preza et al., 2011a; Ramos et al., 2012). NM4 showed
significant anorectic activity in a dose-dependent manner. The C-termini of NMU
ligands are presumed to play a key role in the activation of NMU1 and NMU?2
(Minamino et al., 1985; Mori et al., 2005). In particular, structure-activity relationship
studies (SAR) have demonstrated clear roles for F* L? F* R* P°> R® N’-amide (Minamino
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et al., 1985; Brighton et al., 2004a). It has been shown that C-terminal amino acids
residues; Pro* Arg®, and Asn®-amide was important for the activation of NMU1 and
NMU2 (Takayama et al., 2014). In addition, it has been suggested that the stabilization
of the Arg>-Asn® bond will be critical to exert a long-lasting anorexgenic effect in vivo
(Takayama et al., 2015). For instance, R® and N’-amide are necessary for binding and
activation respectively of the avian peripheral receptor and substitution of F* Y results
in improved bioactivity. N-terminal modifications with pyrogluatmic acid, succinic acid
and glutaric acid are optional and it can be used, showing improved amino peptidase
resistance and increased agonistic activity in contractility assays (Sakura et al., 1995).
In order to increase proteolytic resistance of truncated NmU analogues, unsuccessful
attempts were made introducing retro-inverso, a-carbon-methylated, N-methylated and
cyclic analogues. Retro-inverso peptides are obtained by replacing the normal L-amino
acid residues with the corresponding D-amino acids and reversing the direction of the
peptide backbone. It was also determined that substitution of either F* F* R* P> R® or
N’-amide with glycine or their D-amino acid counterparts results in decreased
bioactivity (Hashimoto et al., 1991). Our data suggested that substitution of Pros for Oic
or Tic in some analogues including NM8-NM16 has an undesirable effect (low potency,
compared to NmU). Moreover, the cyclization is not a viable option as it makes NM11-
NM13 inactive, in comparison between analogues NM8-NM10 (linear peptides, NM11-
NM13 (cyclic peptides) and NM14-NM16 (cyclic/lapidated peptides). It has also been
revealed that the carboxylic acid group at the N-terminus of NmU-8 makes a major
contribution to the activity (Hashimoto et al., 1995). This is supported by the
observation that any modifications of NmU for pharmaceutical purposes seems to be
difficult since even small changes in the structure may result in significant loss of
bioactivity. For instance, retro-inverso-analogues (NM3D1-NM3D3) and a-carbon-/N-
methylated-variants (NM31-NM35) were inactive (Figure 6.1; C). Consistent with the
published observations that underline the importance of P°> and N’-amide residues for
agonistic activity at NMUs (Sakura et al., 2000; Takayama et al., 2014), the current
study demonstrates that introduction of a lipid moiety to the cyclic analogues (NM14-
NM16) seems to restore bioactivity. However, it has been shown that a viable
modification is likely to be the introduction of a small a,a-dissubstituted amino acid (s)
(Aib) at the flanking positions of the native active sequence (e.g. FLFRPRN). In this
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case, bis-substituted analogues (e.g. X-Aib-FLFRPRN-AIb) show decreased potency in
in vitro assays (NMS5<NM2 & NM6<NM3) and very limited activity in vivo (e.g. NM7)
(Micewicz et al., 2015). NM7 contains two Aib residues that should confer greater
resistance to degradation within circulation and therefore this analogue was used as an
alternative lead compound. A recent paper indicated that bond between Arg and Asn
was rapidly degraded in serum by thrombin enzyme (Takayama et al., 2015). Even
though the impact of lipidation on full-length human NmU analogues are likely to be
more diverse depending on their individual structure (Marsh DJ et al., 2011). Lipidation
has been utilized to modify a wide variety of peptide ligands (Zhang et al., 2012).
Peptide stability, prolonged half-life by facilitating binding to circulating albumin,
and/or targeted excretion by the liver rather than by the kidney have been enhanced by
such changes (Yuan et al., 2005; Bellmann-Sickert et al., 2011). Also, it has been
shown that intestinal absorption by increasing the lipophilic properties of a ligand can
be improved by lipidation suggesting that lipidation of peptides may increase, decrease,

or have no influence on affinity (Bellmann-Sickert et al., 2011).

Further. it has been suggested that Arg® is an important residue for activity, since
substituting Arg® with Ala decreases the agonistic activity of peptides toward mouse
NMU1 and NMU2 (Funes et al., 2002). The PEG-free NM4A analogue, that utilized an

N-terminal iminodiacetic acid mono-N-palmityl amide (Ida™" ™

), was discovered and
used as it is a less expensive compared to NM4. It has been shown that it is at least 3.5
times more active than NM4 and hNmU-25 in in vivo testing and its anorectic effect
may last up to ~20 days (Micewicz et al., 2015). NM4 also contains an a,a-disubstituted
amino acid (aminoisobutyric acid, Aib) that may confer increased resistance to
enzymatic degradation (Yamaguchi et al., 2003). It has been suggested that a key factor
for the in vivo activity of NmU analogues may be their resistance to enzymatic
proteolysis. For example, double-lipidated analogues, NM4A-C15 and NM4-Cq¢, were
synthesised in order to improve the pharmacokinetic properties, since plasma half-life
should be increased as a result of the increased possibility/strength of hydrophobic
interactions with abundant plasma proteins such as albumin (Madsen et al., 2007).
Plasma stability studies, as previously suggested (Eldridge et al., 2014; Kang et al.,
2015), indicated that both NM4-Cy5 and NM4A have significant resistance to mouse
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plasma driven enzymatic degradation, compared to hNmU-25 that is quickly degraded
falling to less than 1% of initial content within 4 h (Micewicz et al., 2015). The low
potency of many precursor peptides, including CCK and substance P, is due in part to
the absence of C-terminal amidation as an affinity determinant (Eipper et al., 1992). It
has been suggested that membrane binding and membrane targeting of the modified
proteins can be influenced by palmitoylation. Furthermore, the trafficking and function
of transmembrane proteins including G-protein-coupled receptors can be regulated by
palmitoylation (Resh, 2006). Thus, this is consistent with the current results in which
some modified analogues with palmitoylation had lower potency compared to hNmU-
25.

Following internalisation, receptors are generally trafficked to the endosomal
compartment where acidification may result in ligand-receptor dissociation to allow
further receptor trafficking. In order to assess the role of endosomal acidification in the
re-sensitisation of NMU2 and to see whether it impacted on re-sensitisation with
different ligands, monensin was used. As discussed in (Chapter 3) NMU2 re-
sensitisation was markedly reduced by inhibition of endosomal acidification following
treatment with hNmU-25 and hNmS-33. Here, the data demonstrated that re-
sensitisation of NMU2-mediated Ca?* responses were also significantly reduced
following stimulation with NM1 or NM2. Moreover, in this experiment, following
stimulation by either ligand, the cells were only allowed to recover for 6 h and it is not
clear whether NMU2 recovery might differ at earlier time points to see whether small
changes in amino acids could play a role in NMU2 re-sensitisation. This might be
helpful in understanding the slow re-sensitisation seen following stimulation with
hNmS-33. Interestingly, monensin increased the Ca®* response to the first challenge of
both NM1 and NM2. This is consistent with early experiments where cells were
stimulated with hNmU-25 and hNmS-33; for more details of plausible explanations see
(3.4 Discussion). The last seven amino acids (F-L-F-R-P-R-N) of NM1 and NM2 are
identical to those of hNmU-25 and the potency of these analogues is also similar to that
of hNmU-25 (pECs values= 9.24, 9.25 for NM1 and NM2, respectively and 8.97 for
hNmU-25). This suggests these amino acids are indispensable for receptor binding and
activation. This is consistent with idea that the bioactivity of NmU is mediated through
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its C-terminal conserved region; FLFRPRN (Minamino et al., 1985; Brighton et al.,
2004a).

In addition to endosomal acidification causing dissociation of the ligand-receptor
complex, it has been suggested that ECE-1 activity may be required for the degradation
of certain peptide ligands to allow receptor recycling and re-sensitization of signalling.
It was demonstrated in an earlier chapter that inhibition of ECE-1 activity influenced
NMU2 re-sensitisation following hNmU-25 but not hNmS-33 (Chapter 3; Figure
3.15). The effect of ECE-1 activity on the recovery of NM1- and NM2-mediated Ca**
signalling in HEK-NMU2 was therefore examined. The ECE-1 inhibitor, SM-19712
inhibited recovery following desensitisation with either NM1 or NM2.

Having established that ECE-1 plays a role in the re-sensitisation of NMU2 following
activation and desensitisation by some, but not all ligands, possibly through endosomal
degradation, the degradation of peptide analogues by recombinant human (rhECE-1)
was studied in vitro. Given the susceptibility of NM1- and NM2-mediated NMU2 re-
sensitisation to ECE-1 inhibition, the hypothesis would be that endosomal ECE-1
degrades neuropeptides in endosomes to disrupt the peptide/receptor/p-arrestins
complex, freeing internalized receptors from B-arrestins and promoting recycling and
re-sensitization. This is consistent with a previous study where ECE-1 regulated
endosomal sorting of calcitonin receptor-like receptor and B-arrestins (Padilla et al.,
2007).

The peptide and peptide fragments present in the same samples of each of the peptide
analogues analysed are shown. For NM1, the fragments identified were present at both
pH 7.4 and 5.5 whether or not they had been exposed to rhECE-1, perhaps suggesting a
lack of effect of rhECE-1, at least under these conditions. The reason for seeing these
fragments is not clear but the data suggest that the fragments may have been present
initially. Based on this, it is impossible to identify potential ECE-1-cleavage sites and
further studies are required. In contrast to NM1, there were more fragments present in
samples of NM2 that had been exposed to rhECE-1 than those that had not been
exposed to the enzyme. This suggests some degradation of NM2 by rhECE-1, which is
at least consistent with the ability of the ECE-1 inhibitor, SM-19712 to inhibit re-
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sensitization (Padilla et al., 2007). It can also be seen that the last amino acids that are
well known to be important for the activity were conserved suggesting that this

fragments could be active.

It has been reported that CGRP degradation may be promoted by endosomal
acidification by enhancing ECE-1 activity or by causing CGRP dissociation from
CLR/RAMP1. However, it is not clear whether receptor-associated peptide is degraded
by ECE-1, since receptor-dissociated CGRP is probably degraded by ECE-1
(Roosterman et al., 2007). The function of ECE-1 in endosomes is not clear. However,
neuropeptides such as SP, BK, ATI, and neurotensin can be degraded by ECE-1 at an
acidic endosomal pH 5.5. It has been reported that SP is degraded by ECE-1 in acidified
endosomes and thus the SP/NKR/B-arrestin complex is disrupted, and NK;R recycling
and re-sensitization is initiated (Roosterman et al., 2007). It has been suggested that this
mechanism requires that peptides are substrates for ECE-1 in acidified endosomes, and
that receptors show sustained interactions with B-arrestins which are disrupted by
endosomal acidification and peptide degradation (Roosterman et al., 2007). It has also
been demonstrated that there was no detectable degradation at up to 480 min when ATII
was incubated with 83 nM rhECE-1 at pH 5.5 or 7.4, suggesting that some (CGRP,
ATI, BK) but not all (ATII) vasoactive peptides are degrade by ECE-1. Furthermore, it
has been reported that recycling of B,R-V,RCT is inhibited by SM-19712 showing
sustained interaction with B-arrestins (Simaan et al., 2005). Despite that ECE-1
inhibition did not affect recycling or re-sensitisation of B,R, it has been reported that
BK is degraded at pH 5.5 by ECE-1 and the B,R agonist kallidin trafficked to
endosomes containing ECE-1. It has been therefore suggested that this may be due to its
low affinity interaction with B-arrestins. Taken together, current results are consistent
with observations suggesting that ECE-1 promotes dissociation of GPCRs from f-
arrestins in endosomes, presumably by reducing ligand-receptor interaction and thereby
allowing receptors to recycle. For example, it has been shown ECE-1
inhibition/knockdown prevented CLR/RAMP1 recycling from endosomes (Roosterman
et al., 2007). In addition, inhibition of vacuolar H*-ATPase prevented CLR/RAMP1
recycling and the return of B-arrestin to the cytosol. Furthermore, ECE-1 inhibition
prevented the translocation of B-arrestin from endosomes to the cytosol (Roosterman et
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al., 2007). Thus, it has been suggested that ECE-1, by degrading CGRP in acidified
endosomes, promotes dissociation of B-arrestins from CLR/RAMPL, accelerating the
return of B-arrestins to the cytosol and of CLR/RAMP1 to the cell surface (Roosterman
et al., 2007).

Based on the final products of peptide degradation, an aim was also to determine the
cleavage sites within the NM1 and NM2 analogues. The fragments were compared to
the intact peptides and then the cleavages sides were identified in both conditions at
either pH 5.5 or pH 7.4, so we can compare the cleavages site between each other. NM1
fragments were detected at both pH 5.5 and 7.4 either in the presence or absence of the
rhECE-1. In contrast, more NM2 fragments were detected at pH 5.5 in the presence of
rhECE-1, and these fragments were absent in the absence of rhECE-1 at pH 7.4. Also, it
could be noticed that the recovery after 6 h in the presence of the ECE-1 inhibitor in
cells stimulated with NM1 and NM2 was more than that with hNmU-25. The reason for
that is not obvious. However, this could be because the inhibitor has modest effect on
those analogues compared to hNmU-25. This could result from the structure of
analogues and perhaps less dependence on ligand degradation for trafficking.
Interestingly, following stimulation with some of the analogues (e.g. NM3) that
recovery after 6 h was slower than even hNmS-33 and ECE-1 inhibitor had no effect on
recovery. Although, it was not possible to assess all of the analogues, given the limited
availability, there are a number that would certainly be worthy of further investigation,
particularly in terms of their structure. This should include, for example, three of the
potent/lipidated analogues including NM4, NM4A and NM4-Cis, NM4A-Cy5 was
effective in in vivo in a once weekly injection regimen and may be a promising start for

the development of a novel anti-obesity therapeutic (Micewicz et al., 2015).

In the current study, NmU analogues have been explored for agonist activity at NMU2,
but it is also possible that antagonists may be of clinical use for some disorders
including chronic pain, anorexia and osteoporosis. There are few reports of NMU
antagonists although (R)5'(phenylaminocarbonylamino)spiro[1-
azabicyclo[2.2.2]octane-3,2'(3'H)-furo[2,3-b]pyridine] (R-PSOP), has been identified as
a potent and selective NMU2 antagonist (Liu et al., 2009). It is likely that the binding
site for the peptide agonists is well conserved between NMUL and NMU2 given the
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lack of selectivity of established agonists. Nonetheless, R-PSOP achieve more than 200-
fold selectivity at NMU2 over NMU1. R-PSOP could be prevented from reaching the
binding pocket by some steric effects from certain divergent residues on NMUL1 (Liu et
al., 2009a). Although no compounds with antagonist activity were identified in the
present study, at least some are likely to be partial agonists and have, therefore the

potential to act as functional antagonists.

NM2, NM4 and NMS5 analogues were chosen to examine B-arrestin-2 recruitment by
activated NMUL. They were chosen due to their availability in addition to their
similarity to hNmU-25 in terms of pECso (NM2 and NM4) or low potency (NM5). The
data obtained from PathHunter™ assay indicated that both NM2 and NM4 have the
same pECsg as hNmU-25. pECs, values for NM2, NM4 and hNmU-25 were 7.54, 7.11
and 7.81, respectively. In addition, the pECsy value for NM5 was 5.82. These data
reveal lower potency on arrestin recruitment than Ca®* responses, which is to be
expected as the Ca®* response will involve amplification whereas the arrestin
recruitment will be dependent on receptor phosphorylation and therefore receptor
occupancy. For the analogues NM2, NM4 and NM5 analogues, the pECsy values
determined in the PathHunter™ assay were significantly lower than their pECsq in the
Ca’* assay. These data are consistent with a previous published paper using different
agonists and showed different pECso values between these agonist using two different
approach including PathHunter™ and Ca®* assays and it has been suggested that a
different agonist-bound receptor conformation could be measured by the
PathHunter ™ assay (Riddy et al., 2012). It has also been indicated that low-affinity
agonist compound would not be detected and it was therefore suggested that highly

amplified and more traditional assays are required to identify ligands with low efficacy.
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Future directions and considerations

The data presented in this thesis demonstrate that ECE-1 activity regulates re-
sensitisation of NMU2-mediated signalling and aspects of NMU2-dependent signalling.
It has been demonstrated that ECE-1 activity is important for the endosomal
degradation of some neuropeptides such as substance P (Roosterman et al., 2007b) and
our data suggest that such endosomal processing of other peptide ligands may be
possible. The accepted theory of receptor trafficking (Figure 1.7) would suggest that
following internalisation, the newly formed endosomal compartment undergoes
acidification over a period of ~10 min (Mellman et al.,, 1986). The endosomal
acidification (to approximately pH 5.5) (Zen et al., 1992) is involved in promoting
dissociation of the ligand from the receptor and this may expose the ligand to
endosomally-located proteases, including ECE-1. The degradation of the ligand
therefore could prevent any re-association and possibly allow the receptor to adopt a
conformation that causes disassociation of the receptor-B-arrestin complex, receptor

dephosphorylation and the events required for recycling.

The data in this thesis suggest that receptor recycling following internalisation is
important for NMU2 re-sensitisation. Studies have demonstrated that internalization of
[B,-adrenergic receptor and angiotensin Il type 1A receptor is considerably impaired in
the absence of B-arrestins (Lefkowitz et al., 2005; DeWire et al., 2007). On the other
hand, it has been observed that protease-activated receptor 1 internalization is not
dependent on the presence of p-arrestins (Lefkowitz et al., 2005; DeWire et al., 2007).
Therefore, it is highly recommended to determine whether B-arrestins isoforms are

involved in NMUs internalization.

Peptide ligands of the NMU receptors co-internalise and targeting to endosomes.
Following acidification the charges and their distribution on amino acids will result in
conformational changes of the peptide ligand and/or the receptor thereby facilitating the
dissociation of ligand-receptor complex (Mellman et al.,, 1986) and ultimately
potentially degradation by endosomally located proteases that are able to operate under

theses acidic conditions. Interestingly, another metalloendopeptidase, endopeptidase
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24.15, interacts with the C-terminal tails of the AT, and bradykinin B, receptors at the
plasma membrane and after receptor endocytosis (Shivakumar et al., 2005), implying
the possibility of degradation of receptor-associated peptide by endopeptidase or at least
placing the enzyme in close proximity to the ligand when it dissociates from the
receptor. It is possible that ECE-1 is scaffolded directly to, or alternatively in the
vicinity of receptors. The acid wash has been used in order to remove cell-surface
bound ligand (Widmann et al., 1997; Haugh et al., 1999; Li et al., 2008). Our data
indicated that removing bound ligand by an acid wash enhanced the rate of NMU2 re-
sensitisation. Therefore, our data indicated that the presence of ligand influences NMU2
re-sensitisation, potentially by influencing receptor recycling but it is unclear if the
plasma membrane receptors from which ligand has been removed subsequently
internalise. It has also been indicated that the role of ECE-1 in regulating receptor
recycling and re-sensitisation was not only ligand-dependent, but also dependent on the
concentration of agonists. Thus, corticotropin-releasing factor (CRF) and urocortin 1
(Ucnl), for instance, are agonists for CRF1 and are also both substrates for ECE-1.
ECE-1 regulates Ucnl-induced CRF1 recycling and re-sensitisation independent of the
concentration of agonist whereas it influences CRF-induced CRF1 trafficking at near
Kp concentration but not at higher concentrations (Hasdemir et al., 2012). The
mechanisms underlying this are not entirely clear but, based on the mechanisms of
receptor endocytosis and post-endocytic trafficking that are dependent on the
concentration of ligand (See Chapter 3, Discussion), it could be that high
concentrations of agonist result in receptor trafficking through a different route where
ECE-1 is not present or alternatively another protease(s) play(s) a more prominent role
in degradation. It has been suggested that the high concentration of CRF triggers
receptor trafficking through a Rabll-associated pathway whereas the pathway is

unclear for the low concentration (Hasdemir et al., 2012).

Data revealed that ECE-1 activity reduced ERK1/2 activation when hNmU-25 was
added but then removed showing that NMU2-mediated ERK1/2 activation is regulated
by ECE-1, possibly through a G protein-independent but B-arrestin dependent manner.
The mechanism could be that ANmU-25 is cleaved by ECE-1 in the endosomes and the
disassociation of ligand-receptor complex is facilitated reducing the binding of f-
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arrestin thereby preventing its scaffolding function, specifically the recruitment of
components of the MAPK signalling pathway including ERK. Furthermore, the cellular
location of ERKSs activated by GPCRs was shown to be dependent on the pathway that
mediated their activity. For instance, ERKSs activated via G protein-dependent pathway
were shown to translocate to the nucleus, whereas B-arrestin-activated ERKs remained
in the cytosol (Ahn et al., 2004). However, it was not possible to define the sub-cellular
distribution of pERK, since the immunofluorescence experiments had relatively low
sensitivity compared to immunoblotting. Thus, more studies are required even using

different techniques.

The results described in the present thesis are predominantly on the use the maximum
concentrations of ligands, so such differences may not have been apparent.
Interestingly, however, using a high, supra-maximal concentration of hNmU-25 (300
nM & 1 uM) led to delaying the recovery after six h with hNmU-25 and the ECE-1
inhibitor had an effect on the re-sensitisation. On the other hand, using a low
concentration (3 nM) prolonged pERK in the presence of ECE-1 inhibitor when the
cells were stimulated with hNmU-25 but not hNmS-33. Thus, the study of using high
concentration to see if there is any effect on ERK stimulation is strongly recommended.
Notably, ECE-1 cleaves Ucnl at critical residues which are responsible for ligand-
receptor binding whereas the cleavage product(s) of CRF retain(s) high affinity for the
receptor (Hasdemir et al., 2012). There is also the possibility that when one or more of
the proteolytic products has a reduced affinity for binding to the receptor, proteolysis of
the released peptide-ligand from the receptor induced by the acidic pH in endosomes
prevents the re-association thereby facilitating the dissociation rate and promoting
recycling. On the other hand, if the product has high affinity for the receptor, ligand
proteolysis in endosomes would have less impact on preventing ligand-receptor
interaction and inhibition of proteolysis may, therefore, have little or no effect on either
recycling or re-sensitisation. This indicates the importance of determining the ECE-1
cleavage site(s) within peptides and developing an understanding of their
pharmacology. Therefore, because of rhECE-1 experiments for all ligands, the final
products and the expected cleavage sides were identified. It was shown early in this
thesis that NMU2 recovery was inhibited using ECE-1 inhibitor following cells
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stimulation with hNmU-25 but neither hNmS-33 nor pNmU-8, suggesting the
susceptibility of hNmU-25 for degradation by ECE-1 and hNmS-33 and pNmU-8 were
not sensitive for SM-19712. rhECE-1 experiments, on the other hand, indicated that all
ligands were degraded with some differences in terms of the numbers of fragments that
were generated of each ligand. The potential cleavage sites in vitro might be identified;
and these cleavage sites, on the other hand, may not relate to actual cleavage sites in

Vvivo, suggesting that other protease could be involved.

CCX-CKR, (high affinity receptor for the chemokines) interaction with B-arrestins and
G protein has been proposed (Watts et al., 2013). Chemokine binding to CCX-CKR
recruits G; proteins and p-arrestin with high affinity hindering the low affinity
interaction between CCX-CKR and Gas proteins. Inactive Ga; protein may stay bound
to CCX-CKR, whereas the chemokine-bound CCX-CKR internalizes with B-arrestin.
Inhibition of Ga; coupling to CCX-CKR by PTX pre-treatment did not affect -arrestin
recruitment. In contrast, it allows Gos to interact with CCX-CKR, resulting in
stimulation of AC and this in turn increases CAMP levels. Because the NMUs have the
ability to bind to Gai and Gag, it is strongly recommended to examine this possibility to
see the effect of knocking down B-arrestins in the presence and absence of Gai
inhibitor, PTX.

This study did not directly investigate GPCR/B-arrestin interactions. Thus, in order to
understand the nature of such interaction and whether, for example, the nature and
temporal profile differs between the different ligands, techniques such as
bioluminescence resonance energy transfer (BRET) or fluorescence resonance energy

transfer (FRET) are strongly recommended to be exploited to investigate this issue.

It has been widely assumed that the production of CAMP, which is mediated by cell
surface (GPCRs), and its termination take place exclusively at the plasma membrane.
Recent studies have revealed that diverse GPCRs do not always follow this
conventional paradigm. In the new model, GPCRs mediate G-protein signalling not
only from the plasma membrane but also from endosomal membranes (Vilardaga et al.,
2014).
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Classically, it is thought that (GPCRs) with dissociable agonists signal transiently at the
cell surface and that the signalling pathway is rapidly desensitized by several
mechanisms including receptor internalization. Recent studies, on the other hand,
indicated that certain GPCRs continue to either stimulate or inhibit cAMP signalling or
stimulate phosphoinositide signalling. In terms of persistent signalling after withdrawn
of ligand, it has been recently suggested that some GPCRs including, thyrotropin
receptor (TSHR), could do so via both the cAMP and inositol-1,4,5-trisphosphate
pathways (Boutin et al., 2012). In addition, the parathyroid hormone receptor
stimulating the cAMP pathway and the sphingosine-1-phosphate receptor 1 (S1P1)
receptor inhibiting the cCAMP pathway, have been shown to persistently signal (Okazaki
et al.,, 2008; Mullershausen et al., 2009). Because this possibility has not been
examined, it is strongly recommended to study this possibility using NMUs. This in turn
will help us to develop ligands that have improved efficacies for treating diseases by

targeting GPCR in specific cellular location such as endosomes.

Functional selectivity (ligand bias) is the ligand-dependent selectivity for certain signal
transduction pathways in the same receptor. This can be present when a receptor has
several possible signal transduction pathways, in our case via Goq and Gai. Biased
ligands have been proposed to stabilize receptor conformations that are distinct from
those induced by unbiased ligands and selectively change the ability of GPCR coupling
to either G-proteins or B-arrestins (Reiter et al., 2012). It is recommend trying these
analogues to check the possibility of ligand bias using crystal structures techniques
since GPCR crystal structure have shown potential structural bases for ligand bias
(Wacker et al., 2013). In addition to this and as mentioned early that both ligands;
hNmU-25 and hNmS-33 behave differentially in terms of NMU2 re-sensitisation and
ERK activation following stimulation with each ligand separately. Also, the slower
recovery of NMU2 following stimulation with hNmS-33 is consistent with observations
that compound 2 (a small molecule agonist of the GLP-1R) is biased for -arrestinl and
B-arrestin2 recruitment relative to Ca®* and cAMP responses (Wootten et al., 2013) and
it has been suggested that the reduced rate of re-sensitisation may be caused due to this
matter (biased). Different functional consequences including different downstream

signalling and the differential recruitment of proteins such as B-arrestin may be
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generated by different kinases due to receptor phosphorylation (Tobin, 2008). Thus,
hNmS-33 may expose different phosphorylation sites on the NMU2 compared to

hNmU-25, and it would be worth of exploration this issue.

It has been suggested that GPCRs dimers or oligomers can be formed leading to
modification of receptor function (Ferre et al., 2014). Potential dimerization for class A
GPCRs has been identified (Huang et al., 2013). Therefore, it is a good idea to
investigate such possibilities using, for example BiFC (Kilpatrick et al., 2015).
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