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ABSTRACT JING LU

Signalling and Regulation of the
Glucagon-like Peptide-1 receptor

Following nutrient ingestion, glucagon-like peptide 1 (GLP-1) secreted from intestinal
L-cells mediates anti-diabetic effects, most notably stimulating glucose-dependent
insulin release from pancreatic B-cells but also inhibiting glucagon release, promoting
satiety and weight reduction and potentially enhancing or preserving [-cell mass.
These effects are through the GLP-1 receptor (GLP-1R) which is a therapeutic target in
type 2 diabetes. The present study focused on desensitisation and re-sensitisation of
GLP-1R-mediated signalling and interactions of orthosteric and allosteric ligands.
Data demonstrate GLP-1R desensitisation and subsequent re-sensitisation following
removal of extracellular ligand with ligand-specific features. Following
GLP-1-mediated desensitisation, 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, possibly through
proteolysis of GLP-1 in endosomes, facilitating disassociation of receptor-p-arrestin
complexes leading to GLP-1R recycling and re-sensitisation. ECE-1 activity also
regulates GLP-1-induced activation of extracellular signal regulated kinase (ERK) and
generation of cCAMP possibly through a G protein independent/B-arrestin dependent
mechanism. By contrast, following GLP-1R activation by the orthosteric agonist,
exendin-4, or allosteric agonist, compound 2, re-sensitisation was slow and independent
of ECE-1 activity. Thus, different ligands depend on different events during GLP-1R
trafficking which could be important for re-sensitisation and signalling, particularly that
mediated by scaffolding around B-arrestin.

As the GLP-1R is targeted therapeutically at orthosteric and allosteric sites, this study
examined activation of the GLP-1R by orthosteric and allosteric agonists and in
particular interactions between ligands of these sites. Challenging the GLP-1R with
the allosteric ligand, compound 2, along with GLP-1 9-36 amide, a low affinity, low
efficacy metabolite of GLP-1 7-36 amide, results in synergistic receptor activation.
This may be important for therapeutic approaches with allosteric ligands, as metabolites
of GLP-1 may be present in vivo at concentrations higher than the classic endogenous
ligand. Indeed this could present a novel therapeutic approach.
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CHAPTER 1 General Introduction

1.1. Diabetes

Diabetes is a group of metabolic diseases characterized by hyperglycemia induced by
defects of insulin secretion, insulin action or both (American Diabetes Association,
2011). Uncontrolled diabetes may lead to acute and life-threatening issues (Van
Ness-Otunnu and Hack, 2013, Umpierrez and Kitabchi, 2003) whereas long-term
diabetes is associated with the development of secondary complications (Sheikh-Ali et
al., 2013, Pinhas-Hamiel and Zeitler, 2007, Barnett, 2005). According to the World
Health Organization (WHO), globally, there were approximately 285 million people
with diabetes in 2010 and the number is expected to reach 438 million by 2030. In the
UK in 2009, 2.6 million people had diagnosed diabetes and this number may increase to
more than 4 million by 2025 according to Diabetes UK. Diabetes not only reduces life
quality, but also brings a huge burden on healthcare costs. It was reported in 2012 by
Diabetes UK that the NHS’s annual spending on diabetes in the UK would increase
from £9.8 billion to £16.9 billion over the next 25 years which would be 17% of its
entire budget. The report also suggested that the cost of treating diabetic complications
might be double from the current total of £7.7 billion to £ 13.5 billion by 2035
(Diabetes, 2012).

Insulin is released from granules in B-cells of the pancreatic islets of Langerhans in
response to increased blood glucose concentration (Maechler, 2012). Insulin is the main
hormone controlling intermediary metabolism and triggers the uptake and storage of
blood glucose by muscle, liver and fat. In patients with diabetes, an absolute or relative
insufficiency of insulin impairs the control of glucose homeostasis resulting in an
elevated plasma glucose level compared to that in healthy subjects (Niswender, 2011,
Edelman et al., 1990, Moore et al., 2012). The WHO defines the current diagnostic
criteria for diabetes as a fasting plasma glucose concentration > 7.0 mmol/L and a level

of > 11.1 mmol/L 2 h after a 75 g oral glucose load.



1.1.1. Type 1 and type 2 diabetes

The major forms of diabetes are type 1 and type 2, other specific types of diabetes and
gestational diabetes mellitus (GDM). Type 1 diabetes is characterized by a
cellular-mediated autoimmune destruction of the pancreatic B-cells, usually leading to
absolute insulin deficiency. The proportion of patients with type 1 diabetes accounts for
5-10% of the total (American Diabetes Association, 2011). This type of diabetes is
generally considered to be caused by genetic predisposition and possibly environmental
factors such as viral infections, immunization, diet, vitamin D deficiency and perinatal
factors (Knip et al., 2005, Morahan, 2012). Type 1 diabetes normally occurs in
childhood and adolescence although it could happen at any age (Groop and Pociot,
2014). Treatment of patients with type 1 diabetes is by the injection of insulin. Type 2
diabetes, a major type of diabetes accounting for approximately 90-95% of total cases,
is characterized by insulin resistance, which usually leads to relative insulin deficiency
without p-cell destruction (American Diabetes Association, 2011). The causes of type 2
diabetes are not clearly defined, but is often associated with obesity, which itself
generally causes insulin resistance (Virally et al., 2007). In fact, insulin-evoked glucose
disposal is impaired in obese subjects (Reaven, 2013). This type of diabetes usually
develops fairly slow and patients are often undiagnosed for many years. At the early
stages, as insulin resistance appears, a healthy pancreas is able to compensate by
increasing insulin secretion and B-cell mass (Arajo et al., 2013). However, as the
disease advances, there is a progressive decline in B-cell function and mass resulting
from increased B-cell death by apoptosis and decreased B-cell proliferation (Puff et al.,
2011, Butler et al., 2003). This results in a loss of the compensatory mechanism and
B-cells fail to respond to the growing requirement for insulin leading to hyperglycemia.
The treatments for the patients with type 2 diabetes are diverse and will be described in
section 1.1.3.. Other specific types of diabetes result from causes such as genetic
defects in insulin action, exocrine pancreas dysfunction and drug or chemical-induced
side effects and GDM happens during pregnancy. These two types of diabetes represent

a very small proportion of total diabetes cases (American Diabetes Association, 2011).



1.1.2. Symptoms and complications

Under hyperglycemic conditions, the ability of the kidney to reabsorb glucose is
exceeded and it spills over into the urine. This causes an osmotic diuresis (polyuria)
followed by increased drinking (polydipsia). The inability of insulin-sensitive cells to
take up glucose results in the metabolism of fat which induces weight loss, which in
turn, leads to increased eating (polyphagia). Uncontrolled diabetes can lead to acute
problems including diabetic ketoacidosis that results from the increased breakdown of
fat to acetyl-CoA and hyperosmolar hyperglycemic syndrome. Both of these conditions

are life-threatening (De Beer et al., 2008).

Long-term diabetes is virtually always associated with the development of secondary
complications including macrovascular diseases (eg. coronary artery disease and
peripheral artery disease) and microvascular diseases (eg. nephropathy, neuropathy and
retinopathy) which is a result of microvascular changes. Diabetic retinopathy may be
the most common complication of diabetes and may lead to blindness (Fong et al.,
2004). The exact mechanisms leading to these complications are complex and not fully
understood. Diabetes associated abnormalities in energy production could be a key
factor in the development of diabetic complications (Forbes and Cooper, 2013). In
addition, inhibition of glucose-6-phosphate dehydrogenase (G6PDH) by high glucose
levels may lead to oxidative stress and the accumulation of sorbitol increased as a
consequence of flux of glucose through aldose reductase which may result in osmotic
stress that contribute to the development of diabetic complications (Singh et al., 2011,

Forbes and Cooper, 2013, Zhang et al., 2000).

1.1.3. Current treatments for type 2 diabetes

Oral hypoglycaemic agents for treating type 2 diabetes include metformin,
sulfonylureas, thiazolidinediones (TZDs) and a-glucosidase inhibitors like acarbose.
They show great clinical benefits in various aspects when used either singly or in
combination although many have adverse effects. Metformin improves insulin
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sensitivity by increasing glucose uptake and utilization in skeletal muscle. It also
inhibits hepatic glucose production, although the mechanism is unclear (Wiernsperger
and Bailey, 1999, Chai et al., 2012). The side effects of metformin include anorexia and
gastrointestinal disturbances such as diarrhoea and nausea (Hirst et al., 2012).
Sulfonylureas stimulate insulin secretion by inhibition of B-cell Karp channels (Panten et
al., 1996). However, chronic treatment with sulfonylureas is commonly associated with
impairment of its acute insulintropic action (Takahashi et al., 2007). It can also cause
hypoglycaemia as insulin release is evoked independently of the prevailing plasma
glucose concentration (Lapane et al., 2013). The a-glucosidase inhibitors block glucose
absorption, but the unabsorbed glucose is fermented by coliform bacteria in the
gastrointestinal tract producing gas in the intestines (Garber, 2010). TZDs are also
insulin sensitizers but show adverse effects such as a decrease in bone density (Garber,

2010).

As the disease progresses and B-cell function and mass are reduced, the oral agents fail
to maintain the glycemic control. Treatment with insulin is then required for these
patients. However, insulin therapy is commonly associated with wide excursions of
blood glucose levels including hypoglycaemia. It is also associated with weight gain

and possibly colorectal cancer (Chiasson, 2009).

1.2. The incretin-based therapies for type 2 diabetes

The incretin effect was defined following experiments that showed orally ingested
glucose evokes much higher insulin release than intravenous glucose injection despite
identical blood glucose concentrations. Indeed, the incretin effect can account for up to
70% of glucose-induced insulin release in healthy subjects (Deacon and Ahré, 2011,
Nauck et al., 1986). However, in patients with type 2 diabetes, the incretin effect is

largely impaired (Fig 1.1.) (Bagger et al., 2011).



1.2.1. GIP and GLP-1

In 1970, the first incretin hormone, glucose-dependent insulinotropic polypeptide or
gastric inhibitory polypeptide (GIP), was found by Brown and colleagues (Brown and
Pederson, 1970). It was then reported that GIP has the ability to stimulate insulin
secretion at physiological doses in a glucose-dependent manner (Ding and Gromada,
1997). GIP is released from K-cells in the proximal small intestine and targets the GIP
receptor (GIP-R). However, more than 50% of the incretin effect remains after removal
of GIP (Ebert et al., 1983). Other peptides were then identified including glucagon-like
peptide-1 (GLP-1), which has considerable insulinotropic activities at physiological
levels (Kreymann et al., 1987, Mojsov et al., 1987). GLP-1 not only stimulates insulin
release from pancreatic B-cells in a glucose-dependent manner, but also promotes the
transcription of proinsulin and insulin biosynthesis. It also shows both anti-apoptotic
and pro-proliferative effects on B-cells (Farilla et al., 2002, Farilla et al., 2003). In
addition, other anti-diabetic effects include the inhibition of glucagon secretion from
pancreatic a-cells, suppression of gastric emptying and appetite reduction (Garber,
2010). All these effects are mediated via binding to its receptor, the GLP-1 receptor
(GLP-1R), which will be described later (section 1.3.3.). Type 2 diabetes is associated
with a progressive decrease in -cell mass and function, an increase in glucagon release
and is often associated with obesity (Butler et al., 2003, Li et al., 2013a, Eckel et al.,
2011) suggesting that targeting the GLP-1 systems may be a valuable therapeutic
approach. Indeed, in patients with type 2 diabetes, the incretin effect is reduced due to a
reduction in GLP-1 but not GIP secretion (Vilsbdl et al., 2001). However, the
insulintropic effects of GLP-1 are largely preserved in type 2 diabetes. In contrast, the
incretin effects of GIP are severely impaired even if the concentration is increased to the
pharmacological range (Vilsbdl et al., 2002). Therefore, the GLP-1 system (both the

ligand and receptor) have developed into targets for the treatment of type 2 diabetes.
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Fig 1.1. Impaired regulation of the incretin effects in patients with type 2 diabetes.
Insulin secretion rates (ISR), defined as picomoles insulin secreted per minute per
kilogram body weight, in healthy control subjects (A) and patients with type 2 diabetes
(B) following 25 g oral glucose loads (closed symbols: OGTT, oral glucose tolerance
test) or corresponding isoglycemic intravenous glucose infusion (open symbols: 1IGI)..

*, p < 0.05. Adapted from Bagger et al., 2011.



1.2.2. GLP-1 synthesis and secretion

The mRNA of proglucagon, transcribed from the proglucagon gene is translated into the
proglucagon peptide, which produces different peptides by differential post-translational
processing that differs in different tissues. Prohormone convertase (PC) enzymes are
responsible for this tissue-specific processing of proglucagon. In pancreatic a-cells,
proglucagon is generally cleaved by PC2 and produces glicentin-related pancreatic
peptides (GRPP), glucagon, intervening peptide-1 (IP1) and the major proglucagon
fragment (MPGF). MPGF is further cleaved by PC1/3, yielding GLP-1 (Fig 1.2.A) (Lee
and Jun, 2014). In gut and brain, GLP-1 is produced by the cleavage of proglucagon by
PC1/3 associated with the production of other peptides including GRPP, oxyntomodulin,
intervening peptide-2 (1P2) and GLP-2 (Fig 1.2.B) (Lee and Jun, 2014).

GLP-1 is mainly secreted from intestinal L-cells in response to nutrient ingestion such
as fats, proteins and carbohydrates (Perfetti and Merkel, 2000). The secretion of GLP-1
shows a biphasic pattern in response to feeding, with an early phase initiating within
minutes and lasting for 30-60 min and a second phase lasting for 1-3 h after a meal
(Sinclair and Drucker, 2005). GLP-1 secretion is regulated via a complex mechanism.
First and foremost, it is regulated via a glucose-sensing mechanism. Both metabolizable
sugar and non-metabolizable sugar can trigger GLP-1 release by closure of Karp
channels and stimulation of sodium-glucose co-transporters (SGLTs) respectively in
L-cells (Gribble et al., 2003). Given that there are a lot more L-cells in the distal gut
than proximal gut, it is proposed that the early phase of GLP-1 secretion may result
from the indirect stimulation of L-cells. An indirect neutrally-mediated signalling in
non-L-cells of the proximal gut is proposed to indirectly stimulate GLP-1 release from
L-cells of the distal gut (Chandra and Liddle, 2012). Nevertheless, although the
proportion of L-cells in the proximal gut is relatively small, a model of direct
stimulation is supported by the suggestion that glucose induced activation of
gustducin-coupled sweet receptors expressed in proximal L-cells leads to GLP-1

secretion from the same L-cells (Jang et al., 2007). Additionally, GLP-1 is released in
7



response to the stimulation of many GPCRs in the intestine. For example, GPR119 is
activated by natural lipid amides and GPR40, GPR120 and TGR5 (bile acid receptor)
can be stimulated by fatty acids (Whalley et al., 2011, Lee and Jun, 2014). Stimulation
of these receptors activates PC1 promoters and enhances GLP-1 release from intestinal
L-cells (Whalley et al., 2011). Moreover, PC1 is also found in pancreatic a-cells and
GLP-1 secretion has been reported in pancreatic a-cell lines and human islets (Whalley
et al., 2011). Interestingly, elevated GLP-1 secretion but impaired glucagon secretion
from pancreatic a-cells and islets were determined in response to supra-physiological
glucose levels and this was associated with an increased level of PC1 expression.
Expression of GPR119, GPR120 and TGRS was also observed in oTC1-6 cells where
the activity of the PC1 promoter was up-regulated by a TGR5 agonist. Furthermore,
GLP-1 secretion was promoted in response to TGR5 stimulation while glucagon
secretion was inhibited (Whalley et al., 2011). GLP-1 secretion from a-cells is also
enhanced in islets with damaged p-cells which may be a consequence of the
up-regulation of PC1 (Whalley et al., 2011, Nie et al., 2000). Therefore, the level of
GLP-1 secretion from pancreatic a-cells is predominantly dependent on the expression

of PC1 which could be regulated by GPCRs.

Following post-translation processing of proglucagon to generate GLP-1 1-37, this is
further processed to generate GLP-1 7-37 and COOH-terminally amidated GLP-1 1-36
amide and GLP-1 7-36 amide (Kreymann et al., 1987). GLP-1 7-37 and GLP-1 7-36
amide are the two major bioactive forms of GLP-1 with GLP-1 7-36 amide being
largely responsible for the incretin effects of GLP-1 following a meal (Edwards et al.,

1999).

The range of biological effects of GLP-1, coupled with the preservation of its
insulinotropic effect in type 2 diabetes, suggest that GLP-1 would be a suitable therapy.
However, GLP-1 requires injection. Furthermore, it is rapidly degraded in the body by
dipeptidyl peptidase IV (DPP-1V, also known as CD26) and has a short half-life of only

1-2 min (Kieffer et al., 1995). DPP-IV cleaves the two N-terminal amino acid residues
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generating GLP-1 9-37 or GLP-1 9-36 amide (Fig 1.2.C), which are generally
considered to be either inactive or even antagonists of the GLP-1R (Hansen et al., 1999).
For these reasons, GLP-1 analogues have been developed that are insensitive to DPP-1V.
DPP-IV inhibitors have also been developed. DPP-IV resistant GLP-1 analogues or
DPP-IV inhibitors are used as mono-therapies or in combination with other oral

anti-diabetic agents. These are discussed below.
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Fig 1.2. The post-translational process of proglucagon and GLP-1. A. In pancreatic
a-cells, proglucagon peptide (1-160) can be cleaved by PC2 and produces the peptides
glicentin-related pancreatic peptides (GRPP, 1-30), glucagon (33-61), intervening
peptide-1 (IP1, 64-69) and major proglucagon fragment (MPGF, 72-158). MPGF can be
further cleaved by PC1/3 yielding GLP-1 (78-108), intervening peptide-2 (IP2, 111-123)
and GLP-2 (126-158). B. In intestinal L-cells and brain, proglucagon can be processed
by PC1/3 and produces GRPP, oxyntomodulin (33-69), GLP-1, IP2 and GLP-2. C.
GLP-1 7-37 and GLP-1 7-36 amide can be cleaved by dipeptidyl peptidase 1V (DPP-1V)
to generate the metabolites GLP-1 9-37 and GLP-1 9-36 amide respectively. The
cleavage site is indicated by the arrow and the continued dashed line. Picture A and B

are adapted from Lee and Jun, 2014.

10



1.2.3. GLP-1 analogues and DDP-1V inhibition

There are two GLP-1 analogues registered for the treatment of type 2 diabetes,
exenatide and liraglutide. Exenatide is a synthetic version of exendin-4, a hormone
found in the saliva of the Gila monster. This peptide shares 53% amino acid homology
with GLP-1. Importantly exendin-4 has a glycine residence at the position equivalent to
8 in GLP-1 where it is an alanine. As a consequence, exenatide is somewhat resistant to
DDP-IV cleavage and has a longer half-life in the body than GLP-1 (Sinclair and
Drucker, 2005) allowing twice daily injection. A once-weekly formulation of exenatide
has been developed (long-acting release; LAR). Liraglutide (NN2211) shares 97%
sequence homology to GLP-1 with only one amino acid substitution (Lys**Arg) and the
addition of an acyl group linked to Lys? leading to the extension of half-life to 10-12 h,
which allows once-daily treatment (Juhl et al., 2002). Both exenatide and liraglutide
efficiently reduce glycosylated hemoglobin (HbA,c) level demonstrating improved
control and prevent hypoglycemia. Cardiovascular safety is always a concern associated
with long-term drug treatment for diabetes. The more traditional anti-diabetic agents
such as TZDs, sulfonylureas and insulin have been reported to have adverse
cardiovascular effects (Singh et al., 2013). Interestingly, native GLP-1 shows
cardioprotective effects (Petrie, 2013, Mannucci and Rotella, 2008) and treatment with
GLP-1 analogues impacts on many cardiovascular risk factors. For example, both
exenatide and liraglutide have benefits including weight loss, blood pressure reduction
and an improvement in fasting lipids levels (Petrie, 2013). However, both exenatide and
liraglutide are associated with gastro-intestinal-related side effects, commonly inducing
nausea. Although these therapies can offer improved diabetic control and a low risk of
hypoglycemia due to the glucose-dependence of GLP-1R-mediated insulin release,
these therapies still require injection. Additionally, prolonged treatment with especially

exenatide may increase the risk of pancreatitis (Garber, 2010).

An alternative to GLP-1 analogues is to extend the life of endogenous GLP-1 using

DPP-IV inhibitors. Clinically-used DPP-IV inhibitors (eg. sitagliptin, saxagliptin and
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linagliptin) double the level of circulating GLP-1 and can prolong the half-life of GLP-1
analogues. DPP-1V inhibitors also efficiently reduce the HbAc levels and effectively
limit postgrandial hyperglycemia (Petrie, 2013). As DPP-IV inhibitors are orally active,
they are much more convenient for clinical use. They have also been reported to have
some cardioprotective effects but have limited effects on weight loss and blood pressure
reduction (Petrie, 2013). Incretin-based therapies including GLP-1 analogues and
DPP-1V inhibitors have significant advantages in treating type 2 diabetes not only with
respect of reducing plasma glucose levels, but also in preventing side effects including

hypoglycemia and cardiovascular disease.

1.2.4. Small-molecule agonists of the GLP-1R

The imperfections of treatment with GLP-1 analogues or DPP IV inhibitors have
encouraged the search for small-molecule and orally active drugs that mimic the
physiological functions of GLP-1. By high-throughput screening of large chemical
libraries, several small-molecular agonists have been discovered, including compound 2
(6,7-dichloro-2-methylsulfonyl-2-N-tert- butylaminoquinoxaline) (Knudsen et al., 2007),
compound B (4-(3-(benzyloxy) phenyl)-2-(ethylsulfinyl)-6-(trifluoromethyl) pyrimidine)
(BETP) (Sloop et al., 2010) and Boc5 (1,3-bis [[4-(tert-butoxy-carbonylamino)
benzoyl]amino]-2,4-bis[3-methoxy-4-(thiophene-2-carbonyloxy)-phenyl]cyclobutane-1,
3-dicarboxylic acid) (Chen et al., 2007). Both compound 2 and compound B do not
compete with GLP-1 for binding and have intrinsic efficacy (ago-allosteric agonists).
They stimulate insulin secretion in pancreatic islets in a glucose-dependent manner
(Knudsen et al., 2007, Sloop et al., 2010). However, whether they have other
anti-diabetic effects such as weight loss and f-cell survival is unclear. Boc5, the first
non-peptidic GLP-1R agonist, stimulates glucose-dependent insulin releases and
inhibits food intake in diabetic mice (Chen et al., 2007, Su et al., 2008). However, the
binding site of Boc5 is unclear. It is proposed to bind in the extracellular region of the
GLP-1R and may overlap to some extent with the orthosteric binding site (Wootten et

al., 2013). Additionally, both compound 2 and compound B can promote Boc5-mediated
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responses suggesting distinct binding sites (Wootten et al., 2013). The pharmacological

perspective of allosteric agonists of the GLP-1R will be discussed further below.
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1.3. G protein-coupled receptors (GPCRs)

The G protein-coupled receptors (GPCRs) or 7-transmembrane domain receptors
constitute the largest family of plasma membrane receptors. They are involved in many
diseases and are targets for around 40% of drugs. This type of receptor regulates various
functions including metabolism, secretion, electrical activity, shape and motility of most
cells in response to neurotransmitters, hormones, ions and sensory stimuli (Stevens et al.,
2013). GPCRs consist of seven transmembrane o helices with an extracellular
N-terminal domain and an intracellular C-terminal domain joined by a series of
extracellular and intracellular loops. These receptors conduct signalling via coupling to
heterotrimeric G proteins. However, it has been apparent for many years that some
receptors which do not consist of 7 transmemebrane helices can also activate signalling
via G proteins (Patel, 2004). The following will focus on GPCRs (7-transmemebrane

domain receptors).
1.3.1. GPCR classification

This super-family of receptors can be classified into three families based on sequence
similarities including the length of the extracellular N terminus. Family A is the largest
family which accounts for ~85% of the GPCR genes. These receptors are also called
rhodopsin-like receptors and have a short extracellular N terminal tail. Ligands bind to
the transmembrane helices or to extracellular loops. Receptors for most amine
neurotransmitter and many neuropeptides belong to this family. Family B receptors, also
called the secretin/glucagon receptor family, have an intermediate extracellular N
terminal tail length comprising the ligand-binding domain. The receptors for peptide
hormones including secretin and glucagon are in this family. The smallest family, family
C, contains metabotropic glutamate receptors, gamma-aminobutyric acid type B
(GABAg) receptors and Ca’*-sensing receptors. These receptors have a long

extracellular N terminal tail containing ligand binding domain.
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1.3.2. The activation and classification of G proteins

Heterotrimeric G proteins consist of three subunits, a, B, v, with the o subunit being
responsible for binding guanine nucleotides. At the resting state, G proteins are
assembled as a heterotrimer with GDP bound to the a subunit. G proteins (a, B, v)
associate with the cell membrane due to palmitoylation. When a GPCR is activated by
ligand binding, the conformation of the receptor changes resulting in high affinity for a
G protein. The G protein binds with the activated receptor causing GDP to disassociate
from the a subunit with the subsequent binding of GTP as a consequence of the activity
of guanine nucleotide exchange factors (GEF), which in this case is the GPCR. This
results in the disassociation of a-GTP from the By complex. The released a-GTP and Py
diffuse in the place of the membrane and interact with various enzymes and ion
channels. Such interaction with a subunits can result in either activation or inhibition
dependent on the specific Ga subunit. Each o subunit has intrinsic GTPase activity
which hydrolyzes GTP to GDP. The interaction with effectors or regulators of G protein
signalling (RGS) proteins can increase the activity of the intrinsic GTPase (Sowa et al.,
2000, Magalhaes et al., 2012). The a-GDP then disassociates from the effectors and

reunites with By complex awaiting the next round of activation (Fig 1.3).

There are more than 20 subtypes of a subunits with four main classes; Gos, Gaijo, Gog
and Goyz13. They show binding selectivity to both receptors and effectors allowing
specificity of coupling, although a number of receptors have been shown to be
promiscuous in terms of G protein coupling. Both Gas and Go; interact with adenylyl
cyclase (AC) causing activation and inhibition respectively. Activation of AC increases
cyclic adenosine 3°, 5’-monophosphate (CAMP) production which in turn activates
protein kinase A (PKA), cAMP-gated ion channels and Epac (exchange proteins directly
activated by cAMP) therefore regulating cellular functions (Gancedo, 2013, Gloerich
and Bos, 2010). Gog4 activates phospholipase C (PLC) which cleaves
phosphatidylinositol 4, 5-bisphosphate (PIP,) into inositol 1, 4, 5 trisphosphate (IP3) and

diacylglycerol (DAG) respectively stimulating Ca** release from the intracellular store
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and activating protein kinase C (PKC) (Kadamur and Ross, 2013).

The GBy dimer was originally considered only to be required for the inactivation of the
Ga subunit. However, it is clear that they modulate the activity of many intracellular
effectors including PLCP (Camps et al., 1992), specific AC isoforms (Tang and Gilman,
1991) and ion channels such as voltage-dependent Ca®* channels (VDCC) (Ikeda, 1996),
via direct interaction. There are 5 G and 12 Gy subunits which could form 60 possible
combinations. They have specific tissue expression and show broad distribution in
sub-cellular compartments including endosomes, mitochondria, endoplasmic reticulum

(ER), Golgi apparatus, cytoplasm and the nucleus (Khan et al., 2013) suggesting diverse

cellular roles.
Resting state G protein activation
Receptor Agonlst occupied
. Target Target F]
A [j A
Inactive GDP Inactive Inactive Inactlve
T GTP l
G protein Target proteins
inactivation activation
Target arget Target Target
=
Actlve GDP Actlve Actlve GTP Active

Fig 1.3. The activation of G proteins. In the resting state, heterotrimeric G proteins
consisting of a, B and y subunits distribute in the cell membrane due to palmitoylation.
In response to agonist stimulation, the GPCR undergoes a conformational change,
facilitating binding of the G protein. The subsequent conformational change of the G
protein results in disassociation of GDP and binding of GTP. The binding of GTP causes
disassociation of the a subunit from the Py complex, both of which are then able to
interact with effector molecules (Targets A/B). The increased GTPase activity of the o
subunit then hydrolyzes GTP to GDP leading to the recombination of the G protein

complex.
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1.3.3. GLP-1R
1.3.3.1. The distribution and structure of GLP-1R

In addition to the pancreas, the GLP-1R is also found in lung, brain, kidney, stomach
and heart in Man (Wei and Mojsov, 1995). The wide distribution of GLP-1R highlights
potentially diverse functions of GLP-1 beyond lowing plasma glucose level. Therefore

understanding the structure-based activation of GLP-1R is essential.

The GLP-1R is a member of Family B GPCRs and as such has a typical
7-transmembrane domain (TMj;) structure with 3 extracellular loops (ECL;3), 3
intracellular loops (ICL;.3), an amino terminal extracellular (-NH;) domain (NTD) and
an intracellular carboxyl (-COOH) terminus. Commonly for Family B GPCRs, the
endogenous ligand binds to the receptor following the ‘two domain model’ in which the
C-terminus of the peptide interacts with the NTD of the receptor and the N-terminus of
the ligand subsequently interacts with the core domain of the receptor including both the
ECL and the TM (Hoare, 2005). Similar to other Family B GPCRs, there are 6 highly
conserved cysteine residues located in the NTD of the GLP-1R to form three disulfide
bonds which are critical for binding of the endogenous ligand. Denaturing the NTD
results in a complete loss of affinity for GLP-1 (Bazarsuren et al., 2002). Nevertheless,
GLP-1 binds with the isolated NTD of the GLP-1R with a reduced affinity (Xiao et al.,
2000) implying the core domain also contributes to GLP-1 binding. By contrast, the
complete removal of the core domain had no impact on exendin-4 binding (Lcpez de
Maturana et al., 2003) suggesting the binding of exendin-4 may not rely on the core
domain. Furthermore, both the removal of N-terminal His’ of the ligand GLP-1 7-37
(GLP-1 8-37) or the inclusion of the full N-terminus of the ligand (GLP-1 1-37) results
in more than 300-fold lower affinity (Mojsov, 1992). By contrast, the N-terminal
truncated exendin-4 (up to 8 amino acids) maintains high affinity (Al-Sabah and
Donnelly, 2003). To date a number of residues of the receptor have been reported to be

responsible for the binding of the N-terminus of GLP-1, including Lys'®" and Asp®
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(TMo/ECL,), Lys*®and Asp®® (ECL,), Arg®®” and Lys*®® (TM4/ECL,) and Arg®®® (TMs)
(Xiao et al., 2000, L&ez de Maturana and Donnelly, 2002, Al-Sabah and Donnelly,
2003, Coopman et al., 2011). Although evidence for the interaction between exendin-4
and the core domain of the GLP-1R is limited (see above), a study has reported that
mutation of residues including Tyr'>? (TM;), Arg™® (TM,) and Tyr**® (TMs) reduced
the affinities of GLP-1 7-36 amide and exendin 9-39 amide to similar extents (Coopman

et al., 2011) implying these residues have general structural functions.

The GLP-1R is primarily coupled to Gas-containing heterotrimeric G proteins to
mediate signalling through the generation of cAMP, although coupling to other G
proteins has been reported (Montrose-Rafizadeh et al., 1999, Coopman et al., 2010,
Halbrink et al., 2001). Residues in ICL3 and ICL3/TMs regions have been shown
critical for efficient signalling. Mutation of ***LysLeuLys**® in IC; and Val®*”, 11e%* and
Val®*! at the junction of ICLs/TMs of the rat GLP-1R significantly reduces cAMP
production without influencing GLP-1 binding and receptor expression (Takhar et al.,
1996, Mathi et al., 1997). Residues of Lys™®’ (TM,), Tyr®®* (ECL,) and Arg®*® (TMs)
have more profound impact on potency than affinity of GLP-1 (Coopman et al., 2011)
suggesting these residues are critical for receptor activation. Additionally, there is a
residue located on ECL; and others located on ECL, that have been reported to be
important for agonist binding and/or efficacy (Heller et al., 1996, Koole et al., 2012).
Although GLP-1 1-36 amide shows lower affinity than GLP-1 7-36 amide at the
GLP-1R, they both show similar intrinsic activity in cAMP generation (Koole et al.,
2012). However, the metabolite, GLP-1 9-36 amide, generated by the hydrolysis of
GLP-1 7-36 amide by DPP-IV, displays low affinity and weak activity
(Montrose-Rafizadeh et al., 1997) suggesting that His’ of the ligand is essential in both
binding and function. Interestingly, although the N-terminus of exendin-4 is not critical
for binding, it does play an important role in activity. Importantly, the N-terminal
truncated version of GLP-1 7-36 amide, exendin 9-39 amide, is actually an antagonist of
the GLP-1R with high affinity (Montrose-Rafizadeh et al., 1997) again highlighting the
importance of the N-terminus of the ligand in receptor activation.

18



Knowledge about the binding sites for allosteric ligands is limited. In contrast to the
endogenous ligand, both compound 2 and compound B activates the NTD-truncated
version of GLP-1R suggesting they interact with the core domain (Huang, 2010, Sloop
et al., 2010). Compound 2 acts via Gasand generates CAMP with a lower activity than
GLP-1 7-36 amide (Coopman et al.,, 2010). Given that the allosteric ligands can
modulate the affinity and/or efficacy of orthosteric agonists (section 1.7 and Chapter
5), knowledge of the binding sites could contribute significantly to our understanding of

the GLP-1R.

1.3.3.2. GLP-1R-mediated signalling

1.3.3.2.1. cAMP

Following GLP-1 binding, the coupling of Gas to the receptor induces the activation of
AC. This subsequently stimulates the production of the second messenger, CAMP
(Perfetti and Merkel, 2000, Delmeire et al., 2003) (Fig 1.4.), which is the main mediator
leading to acute insulin secretion in [-cells. Importantly, GLP-1-mediated cAMP
generation is glucose-dependent. In the presence of a high concentration of glucose (20
mM) which itself does not influence cAMP production, GLP-1 produces a significantly
enhanced level of cAMP in B-cells compared to that seen at a low concentration of
glucose (1.4 mM) (Delmeire et al., 2003). The production of cCAMP is tightly regulated
by the balance between the activities of AC and cyclic nucleotide phosphodiesterases
(PDEs) that hydrolyze cAMP (Cooper, 2003). Among the 11 families of PDEs, PDE 3B
is reported to play major role in limiting GLP-1-induced insulin secretion in B-cells
(Doyle and Egan, 2007). A novel approach in measuring cellular level of cCAMP using a
fluorescent biosensor determined that GLP-1 evoked oscillations in cAMP in a
concentration-dependent manner in B-cells (Dyachok et al., 2006). Oscillations occurred
more frequently with low concentrations (0.3-1 nM) of GLP-1 whereas the response
was increased and sustained with high concentrations (Dyachok et al., 2006). Increased
levels of cCAMP activate both PKA and Epacl/2 (Fig 1.4.), which regulate various

down-stream aspects of signalling in B-cells (see below). The transduction of the
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activity of the GLP-1R through the actions of PKA and Epacl/2 are essential for
glucose-dependent insulin release in B-cells (Hashiguchi et al., 2006, Seino et al., 2009)

(see below).
1.3.3.2.2. Ca*";

Particularly important that both PKA and Epac regulate the increase in [Ca*'];, which
occurs through Ca®* influx through the activation of Ca**-induced Ca** release (CICR)
from the intracellular stores and/or plasma membrane VDCC depending on the cell type.
In p-cell expressing L-type VDCC, the GLP-1R-mediated increase in Ca®"; is through
both of these mechanisms (Fig 1.4.) and the activation of CICR requires the rapid
increase of [Ca*"]; through VDCC. Indeed, GLP-1-induced CICR fails to occur in the
presence of a VDCC inhibitor (Gromada et al., 2004). The rapid increase in [Ca®*; is
driven by glucose-induced VDCC opening in B-cells. Indeed, the GLP-1-stimulated
[Ca?*];increase only occurred in the presence of glucose which was blocked by VDCC
antagonists (MacDonald et al., 2002a). In B-cells glucose is taken up mainly through the
activity of glucose transporter 2 (GLUT?2) leading to an enhanced production of ATP
through mitochondrial metabolism. The increased ratio of ATP/ADP results in the
closure of Katp channels causing depolarization of the plasma membrane which
therefore cause the opening of L-type VDCC. This leads to Ca*" influx from the
extracellular fluid (Fig 1.4.). The plasma membrane is subsequently repolarized by the
opening of the voltage-dependent K* channels (Ky). GLP-1 further promotes Ca*
influx through VDCC via both facilitating the closure of Katp channels by
PKA-mediated phosphorylation and deactivating the Ky in a PKA-dependent manner
(Fig 1.4.) although the exact mechanisms are unclear (Gromada et al., 1997, Light et al.,
2002, MacDonald et al., 2002b). GLP-1R activation also stimulates CICR from
intracellular stores through both the IP; receptor (IPsR) and the ryanodine receptor
(RyR). The activation of IP3R is through a PKA-dependent phosphorylation (Dyachok
and Gylfe, 2004) and it is through an Epac-dependent mechanism for RyR activation
(Kang et al., 2003). Activation of the GLP-1R evoked an increase in [Ca*"];, which also
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oscillated coincident with those of cAMP, highlighting the coordinated relationship.
The cAMP response induced by GLP-1 was abolished by removing extracellular Ca**
and incubation with EGTA (Dyachok et al., 2006). Moreover, CICR did not occur in the
absence of cAMP-elevating agents (forskolin, GPCR agonists or cAMP analogues)

despite increasing [Ca®*]i by uncaging Ca** (Kang et al., 2005).
1.3.3.2.3. ERK and P13 kinase

The GLP-1R also regulates mitogen-activated protein kinase (MAPK) pathways,
particularly extracellular signal-regulated kinases 1 and 2 (ERK1/2). Glucose activates
ERK1/2 in B-cells and GLP-1 potentiates such activation (Briaud et al., 2003).
Glucose/GLP-1-activation of ERK is blocked by inhibition of either PKA or VDCC
illustrating a cAMP/PKA-dependent and Ca?*-dependent pathway (Gomez et al., 2002,
Arnette et al., 2003). Evidence relating to the source of Ca** for ERK activation is
conflicting, which might be due to the different cell lines used. In INS-1E cells,
glucose/GLP-1-induced ERK activation is regulated by Ca** influx through both VDCC
and CICR whereas in MING6 cells, this appears independent of CICR (Arnette et al.,
2003, Selway et al., 2012). The increased [Ca’*]iactivates calmodulin-dependent protein
kinases (CaM kinases), enhancing affinity for calmodulin. Indeed, it was shown that
glucose/GLP-1-evoked ERK activation is blocked by a calmodulin antagonist (Arnette
et al., 2003), although the mechanisms of Ca**-mediated ERK activation are unclear
(Fig 1.4.). GLP-1 also activates ERK in a Raf-dependent mechanism via the small
GTPase protein, Rapl, which can be activated by Epac (de Rooij et al., 1998, Kawasaki
et al., 1998) (Fig 1.4.). Thus in human islets, activation of ERK was associated with the
co-immunoprecipitation of Rapl and B-Raf, rather than Ras and Raf-1 (TrUmper et al.,
2005). However GLP-1 alone in the absence of glucose also activates ERK but in a
VDCC-independent manner in B-cells (Quoyer et al., 2010, Briaud et al., 2003).
Recently, it was suggested that GLP-1 can stimulate ERK by a G protein-independent
but B-arrestin-dependent mechanism (section 1.6.1.). Whether this is the mechanism

responsible for GLP-1-induced ERK activation in the absence of glucose is unknown.
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ERK activation plays positive roles in regulating glucose-mediated insulin gene
transcription and B-cell proliferation and survival (Briaud et al., 2003, Costes et al.,

2006, Lawrence et al., 2005).

Additionally, the GLP-1R regulates PI3 kinases through a number of complex
mechanisms. One possibility is through transactivation of epidermal growth factor (EGF)
receptors leading to the activation of PI3 kinase (Buteau et al., 2003) (Fig 1.4.). The
activated P13 kinases further activate protein kinase B (PKB) and mammalian target of
rapamycin (MTOR) (Lawlor and Alessi, 2001, Kwon et al., 2004). PKB is a regulator of
B-cell proliferation and survival (Bernal-Mizrachi et al., 2001, Tuttle et al., 2001) and
mTOR plays a role in -cell proliferation (Kwon et al., 2004).

1.3.3.2.4. Insulin secretion

Insulin is a hormone synthesized in the ER and stored in vesicles in pancreatic -cells.
The glucose-induced initial increase of [Ca®*];triggers fusion of these insulin-containing
vesicles with the plasma membrane followed by insulin release via an exocytotic
process (Fig 1.4.). The molecular mechanism by which Ca®" triggers insulin exocytosis
is complex and has been well reviewed (Lang, 1999, Rorsman and Renstr&m, 2003).
The enhanced increase in the [Ca*]i by activation of the GLP-1R thereby leads to
potentiation of glucose-triggered acute insulin secretion. Indeed, in rat pancreas, GLP-1
induces little insulin release at low concentrations of glucose whereas it stimulates a
strong insulin secretion at higher glucose concentrations, and this release is greater than
that in response to glucose alone (G&ke et al., 1993). This mechanism is important in
preventing hypoglycaemia in the fasting state (Qualmann et al., 1995). Recently, it was
suggested that glucose-mediated insulin secretion is positively regulated by the
activation of ERK1/2 in MING6 cells via phosphorylation of synapsin I, a protein
associated with insulin secretory granules (Longuet et al., 2005). Furthermore, GLP-1
has a chronic effect on promoting insulin synthesis and secretion by regulating a
number of transcription factors (Fig 1.4.). For example, the increased level of [Ca®'];

activates calcineurin (CaM kinase 2B), activating nuclear factor of activated T-cells
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(NFAT) which is a key regulator of insulin gene transcription (Lawrence et al., 2001).
PKA also activates CcAMP-responsive element binding-protein (CREB) that
subsequently activates the insulin receptor substrate 2 (IRS2) promoter thereby
increasing the expression of IRS2 (Jhala et al., 2003) which is involved in regulating
B-cell growth and survival (White, 2003). PDX-1 (pancreatic and duodenal homeobox
factor-1) activity promotes both insulin gene transcription and (-cell growth and
survival (Rafiq et al., 1998, Li et al., 2005). The mRNA level of PDX-1 is enhanced in
response to GLP-1 treatment in a PKA-dependent mechanism, which also promotes the
nuclear translocation of PDX-1 in B-cells (Stoffers et al., 2000, Wang et al., 2001). In
addition, ERK1/2 has been shown to promote the activity of both Beta2/NeuroD and
PDX-1 by phosphorylation which stimulate the insulin gene promoter to potentiate

insulin gene transcription in f3-cells (Lawrence et al., 2008, Khoo et al., 2003).
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Fig 1.4. GLP-1R activation in pancreatic g-cells. Glucose is taken up via GLUT2 to
stimulate the production of ATP which results in closure of Karp channels leading to
plasma membrane depolarization and the subsequent activation of L-type VDCCs. The
glucose-triggered increase of [Ca®*]i results in insulin secretion via exocytosis. The
activation of the GLP-1R by ligand binding amplifies glucose-triggered insulin
secretion via several processes. Firstly, the coupling to Gos activates AC which
catalyzes the conversion of ATP to cCAMP which then activates PKA and Epacl/2. PKA
facilitates the closure of Karp channels and inactivates Ky channels, thereby potentiating
Ca®" influx through L-type VDCCs. Secondly, both PKA and Epacl/2 are required for
CICR from the ER via IP3Rs and RyRs respectively further potentiating the increase in
[Ca?*];. Furthermore, activation of PKA activates ERK1/2, CREB and PDX-1, which
are important for either insulin gene transcription or B-cell growth and survival. The

activation of ERK1/2 also requires Ca®*-induced activation of CaM kinase and the
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activation of Epac1/2 which allows the activation of Rapl leading to a Raf-dependent
ERK activation. CaM kinase also activates NFAT in the nucleus, enhancing insulin gene
transcription. In addition, the activation of the GLP-1R transactivates the EGFR (see
below) leading to the activation of P13 kinase which further activates PKB and mTOR
leading to B-cell growth and survival. Recently, signalling from the endocytosed
GLP-1R has been reported which will be described below. Mechanisms that have not

been well demonstrated are shown by dashed lines.
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1.4. GPCR desensitisation and internalisation
1.4.1. GPCR phosphorylation and B-arrestin recruitment

Generally receptor-mediated signalling during prolonged or repeated administration of
an agonist undergoes desensitisation (Hausdorff et al., 1990). Such desensitisation may
be either homologous or heterologous. Homologous desensitisation refers to the loss of
response of the receptors that agonists act on whereas heterologous desensitisation
refers to the simultaneous reduction of responsiveness at multiple receptors even in

absence of agonist (Kelly et al., 2008).

Once an agonist binds to its receptor, an activated receptor conformation is stabilized. In
addition to facilitating G protein coupling, the receptor becomes a substrate for
phosphorylation by one or more of the seven members of the G protein-coupled
receptor kinase (GRK) family. These kinases are serine/threonine kinases and
phosphorylate GPCRs generally on the 3™ ICL and/or C-terminal tail.. The
phosphorylated GPCR also has a high affinity for B-arrestin proteins which sterically
hinders G protein interaction facilitating its uncoupling to the receptor (Gurevich and
Gurevich, 2006). Thus, receptor phosphorylation by GRKs and B-arrestin binding
jointly result in homologous receptor desensitisation. For example, homologous
desensitisation of the B,-adrenergic receptor (B2AR) is mediated by phosphorylation of
the C-terminal tail by GRK2 (Lefkowitz et al., 1998). The phosphorylated B,AR recruits
[B-arrestin proteins preventing the coupling and activation of Gas. GPCRs can also be
phosphorylated by PKA or PKC generally in the 3" intracellular loop further leading to
impaired coupling of G proteins to the activated receptor. Both PKA and PKC are
activated by many GPCRs and they are not highly substrate selective. Other receptors
not occupied and activated by an agonist can therefore also be phosphorylated causing

heterologous desensitisation.
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1.4.2. GPCR internalisation

In addition to mediating receptor desensitisation by uncoupling the G proteins,
B-arrestins mediate receptor internalisation which further facilitates desensitisation.
[-arrestins serve as adapters interacting with clathrin and the f2-adaptin subunit of the
clathrin adaptor AP-2 (adaptor protein complex-2) leading to the receptor/arrestin
complex associating with clathrin-coated pits (CCPs). Newly formed CCPs gradually
invaginate and are pinched off from the plasma membrane by the GTPase dynamin to
form an endocytotic vesicle leading to receptor internalisation. These coated vesicles are
then targeted within endosomes to allow receptor recycling to the plasma membrane in
a process that includes receptor dephosphorylation. Alternatively, the internalised
GPCRs are degraded in lysosomes. Phosphorylation of GPCRs by GRKs is a critical
step for B-arrestin binding and receptor internalisation for many GPCRs. An example to
illustrated this is, a mutant Bp-adrenergic receptor (Y326A) that is a poor substrate for
GRK2 and shows little agonist-induced receptor internalisation. The internalisation can,
however, be restored by either GRK2 or B-arrestin overexpression (Ferguson et al.,

1995).

In addition to  P-arrestin/clathrin-dependent  receptor internalisation, a
B-arrestin-independent route of internalisation may occur under some situations.
Caveolae, a specialised type of lipid raft, may mediate endocytosis of some GPCRs in a
B-arrestin-/clathrin-independent manner. For example, the internalisation of the
vasoactive intestinal peptide (VIP) receptor 2 (VPAC,), a member of the Family B
GPCRys, is via a caveolae machinery which may depend on cell type. Both disruption
and knockdown of caveolin-1, a major component of caveolae, inhibit VIP-evoked
VPAC, receptor internalisation (Mahavadi et al., 2013). In addition, caveolin-1
contributes to VPAC, receptor desensitisation as deletion of caveolin-1 inhibited
VIP-induced VPAC, receptor desensitisation (Mahavadi et al., 2013). The mechanism of
caveolae-mediated endocytosis could be through the activation of the Src kinase

pathway following receptor activation causing tyrosine phosphorylation of caveolin-1
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and subsequent dynamin-dependent caveolar endocytosis (Li et al., 1996, Minshall et al.,

2000, Mahavadi et al., 2013, Shajahan et al., 2004).
1.4.3. GLP-1R desensitisation

The GLP-1R undergoes both homologous desensitisation in response to ligand
stimulation and heterologous desensitisation in response to PKC activation (Widmann
et al., 1996b). For example, in BTC3 mouse insulinoma cells, the GLP-1-evoked [Ca?'];
increase returned to basal levels within 4-5 min in the continued presence of ligand. The
duration of ligand action was extended to 7 min by treatment with a PKC inhibitor.
Pre-treatment with phorbol 12-myristate 13-acetate (PMA) to activate PKC also
inhibited the GLP-1-evoked Ca?* response (Gromada et al., 1996) highlighting that
PKC is able to cause GLP-1R desensitisation. Furthermore, exposure to GLP-1 for 5
min followed by 5 min recovery reduced the Ca?* response to a second exposure by
approximately 70%, which was enhanced by inhibition of PKC (Gromada et al., 1996).
Although GLP-1 stimulates AC to generate cAMP, GLP-1-evoked GLP-1R
desensitisation is not mediated by PKA (Gromada et al., 1996). The impact of chronic
GLP-1R activation on desensitisation has also been examined in INS-1E cells. Here, 1 h
pre-treatment resulted in GLP-1-mediated desensitisation of the CAMP response for up
to 96 h before full recovery. In contrast, GLP-1R desensitisation following
pre-treatment with exendin-4 did not recover after 96 h pre-treatment. Both GLP-1 and
exendin-4-mediated GLP-1R desensitisation were promoted by PMA pre-incubation

(Baggio et al., 2004). The role of GRK in GLP-1R desensitisation is unclear.

The removal of the last 33 amino acids of the GLP-1R C-terminal tail abolished
receptor phosphorylation and abolished both homologous and heterologous
desensitisation (Widmann et al., 1996a, Widmann et al., 1996b). Moreover, the serine
doublet at position 431/432 was shown to be the major phosphorylation sites for
PKC-mediated GLP-1R phosphorylation and positions 441/442, 444/445 and 451/452
were the major phosphorylation sites following GLP-1R stimulation (Widmann et al.,

1996b, Widmann et al., 1997). Indeed, alanine substitution of 431/432 abolished
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PMA-mediated desensitisation of the CAMP response. Also GLP-1 pre-treatment for 15
min mediated a 50% reduction of cAMP production in response to re-challenge.
However, mutation of all three phosphorylation serine doublets markedly reduced the
extent of desensitisation (Widmann et al, 1997) highlighting the
phosphorylation-mediated GLP-1R desensitisation.

1.4.4. GLP-1R internalisation

An early study using a Chinese hamster lung (CHL) fibroblast cell line stably
expressing the rat GLP-1R showed that in response to GLP-1, the GLP-1R internalised
into endosomes with a half-life of 2-3 min (Widmann et al., 1995). Receptor-dependent
degradation of '°I-labelled GLP-1 was also observed suggesting that GLP-1 may

internalise with the receptor and be degraded in an intracellular compartment.

For the majority of GPCRs, receptor phosphorylation is responsible for receptor
internalisation. Mutation of PKC phosphorylation sites at the serine doublet 431/432 of
the GLP-1R did not influence internalisation. However, mutation of the GLP-1R
phosphorylation sites at 441/442, 444/445 and 451/452 suppressed GLP-1-induced
GLP-1R internalisation (Widmann et al., 1997) suggesting that phosphorylation
mediates not only GLP-1R desensitisation, but also receptor internalisation.
Furthermore, the region of the C-terminal tail close to transmembrane domain VII is
also of importance in mediating agonist-dependent GLP-1R internalisation (Vazquez et

al., 2005).

The mechanism of GLP-1R internalisation may be cell type-dependent. In CHL
fibroblast cells, GLP-1-induced GLP-1R internalisation was mainly via a
clathrin-dependent machinery (Widmann et al., 1995), which was confirmed in CHO
cells expressing recombinant GLP-1R (CHO-GLP-1R) (Vazquez et al., 2005).
Furthermore, co-immunoprecipitation studies demonstrate that B-arrestinl binds to the
GLP-1R in response to GLP-1 stimulation in INS-1E cells (Sonoda et al., 2008).

However, GLP-1-induced GLP-1R internalisation is not influenced by p-arrestinl
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knockdown. Also the desensitisation of GLP-1-mediated insulin release was similar in
control and p-arrestinl knockdown cells (Sonoda et al., 2008). Moreover,
GLP-1-induced recruitment of both B-arrestinl and B-arrestin2 were determined by
bioluminescence resonance energy transfer (BRET) in CHO-GLP-1R cells (Wootten et
al., 2013). However in another study GLP-1 failed to cause the re-distribution of
B-arrestin2-GFP in HEK-GLP-1R cells (Syme et al., 2006) although the recruitment of
B-arrestinl was not investigated. Importantly, in the same cell line expressing
GFP-tagged GLP-1R (GLP-1R-GFP), it was demonstrated that the GLP-1R associated
with caveolin-1 and that this interaction is necessary for constitutive cycling of the
receptor from intracellular compartments to the cell membrane and that this is necessary
for efficient GLP-1R signalling (Syme et al., 2006). Moreover, the GLP-1R internalised
in response to exendin-4 co-localized with caveolin-1 (Syme et al., 2006) and similar
results were found in MING cells transiently expressing GLP-1R-GFP. Although
HEK293 cells express high levels of endogenous B-arrestin which may cause difficulties
when investigating its recruitment in overexpression systems (Ménard et al., 1997),
potential differences in the mechanisms of GLP-1R internalisation might be due to the
different cell lines. Alternatively, it is possible that both clathrin/B-arrestin- and
caveolin-1-dependent endocytosis occur following GLP-1R activation. Indeed the
neurokinin 1 receptor (NK;R), belonging to Family A GPCRs, has been shown to
internalise by mechanisms requiring dynamin, B-arrestin and caveolin-1 although the

latter was to a lesser extent (Kubale et al., 2007).

1.5. GPCR re-sensitisation

1.5.1. Internalisation may be required for GPCR dephosphorylation and

re-sensitisation

Receptor phosphorylation induces receptor desensitisation and results in receptor
internalisation. Both of these processes may result in desensitisation and highlight that
subsequent re-sensitisation requires receptor dephosphorylation or, of course, the

plasma membrane insertion of newly synthesized receptors or receptors from a reserve
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pool. Many receptor types have been shown to dephosphorylate and recycle to the
plasma membrane. 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 is phosphorylated in response to agonist
stimulation. and dephosphorylated after 20 min recovery in agonist-free media
(Anborgh et al., 2000). Inhibition of B,AR internalisation prevents both receptor
dephosphorylation and recovery (Pippig et al., 1995). An in vitro assay examining the
dephosphorylation of GRK2-phosphorylated B,AR by a G protein-coupled receptor
phosphatase (GRP), a membrane-associated form of protein phosphatase type 2A
(PP-2A), showed no dephosphorylation at pH 7.0 but clear dephosphorylation at acidic
pH (maximum at pH 4.85). This suggests that the phosphorylated B,AR is targeted to
endosomes where the acidic pH facilitates dephosphorylation. The mechanism might be
that the conformation of the receptor is changed by the altered pH to increase its
sensitivity to GRP (Krueger et al., 1997) or that if the ligand is bound to the receptor,
dissociation of ligand within the acidic endosomal compartment allows the receptor to
adopt a phosphatase-sensitive conformation. Inhibition of endosomal acidification by an
inhibitor of the vacuolar H*/ATPase, bafilomycin A; or monensin, blocked recycling
and re-sensitisation of many receptors including ,AR, transfferrin receptors, NK;R and
EGFR (Moore et al., 1999, Presley et al., 1997, Grady et al., 1995, Wang et al., 2002).
These highlight that receptor internalisation and endosomal acidification is required for

receptor dephosphorylation, recycling and re-sensitisation.

Internalisation is not, however, the only mechanism of receptor dephosphorylation. It
has been reported that some phosphorylated receptors are rapidly dephosphorylated by
protein phosphatase(s) at or near the plasma membrane directly following receptor
activation. These different mechanisms of receptor dephosphorylation might occur at
different phosphorylation sites. For example, Ser**'/Ser** of sst,a somatostatin receptor
undergo a slow process of dephosphorylation which requires receptor internalisation
whereas **TTETQRT>* is rapidly dephosphorylated by protein phosphatase-1p (PP-1p)
at or near the plasma membrane (Ghosh and Schonbrunn, 2011). Although the
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mechanism of rapid dephosphorylation is not fully understood, it has been reported to
be associated with B-arrestin. For example, the co-immunoprecipitation demonstrated an
interaction between B-arrestinl and PP-1P and knockdown of B-arrestinl inhibited sstoa
receptor dephosphorylation. In contrast, dephosphorylation of this receptor was not
regulated by B-arrestin2 (Kliewer and Schulz, 2013) implying distinct functions of the
[B-arrestin isoforms. Moreover, the reduced activity of PP-1p resulted in an elevated
receptor phosphorylation at the plasma membrane and enhanced B-arrestin-dependent
ERK activation (Pdl et al., 2011). This form of GPCR-mediated [-arrestin-dependent
signalling will be discussed below. Additionally, although the internalised NK;R can
undergo internalisation, dephosphorylation, recycling and re-sensitisation (Grady et al.,
1995), there is a large amount of desensitised NK;Rs that remain at the cell surface.
These non-internalised NK;3R is dephosphorylated by PP-2A also in association with
B-arrestinl (Murphy et al., 2011). Thus, 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.

1.5.2. GPCR re-sensitisation via receptor recycling

It is of interest that the rate of recycling considerably differs among GPCRs. For
example, the thrombin receptor directly trafficked to lysosomes for degradation with
little or no recycling to the cell surface (Trejo and Coughlin, 1999). Some receptors
including the angiotensin Il type 1A receptor (AT:aR), recycle relatively slowly with
only around 15% receptor recycling detected 1 h after removal of ligand (Anborgh et al.,
2000). In contrast, the B2AR is efficiently recycled back to the plasma membrane 1 h

after removing the ligand (Tsao and von Zastrow, 2000).

There are several mechanisms involved in mediating GPCR recycling. One important
factor is the stability of the receptor-p-arrestin complex. GPCRs have been classified
into Class A and Class B according to the stability of their interaction with B-arrestin.
Class A receptors (e.g. B2AR, u opioid receptor, endothelin 1 receptor and dopamine D;

receptor (D;R)) show transient interaction with B-arrestin at the cell surface and the
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receptors internalise into vesicles without [B-arrestin bound. In contrast, class B
receptors (e.g. ATi1aR, vasopressin type 2 receptor (V2R), thyrotropin-releasing
hormone and NK3R) show high affinity for B-arrestin which traffics with the receptor
into vesicles (Oakley et al., 1999, Shenoy and Lefkowitz, 2005). Receptors in these two
classes also display distinct affinity for different isoform of B-arrestin. Class A receptors
prefer to bind with B-arrestin2 whereas class B receptors bind equally to f-arrestinl and

B-arrestin2 (Oakley et al., 2000).

GPCR endocytosis either without or with B-arrestin bound leads to an either efficient or
prolonged receptor recycling respectively (Fig 1.5.). In HEK293 cells expressing
recombinant B,AR and equal amounts of B-arrestinl-GFP or p-arrestin2-GFP, challenge
with isoproterenol induced both B-arrestinl-GFP and B-arrestin2-GFP re-distribution
from the cytoplasm to the plasma membrane with a faster and greater translocation of
B-arrestin2 than B-arrestinl (Oakley et al., 2000). This binding of B-arrestin leads B,AR
to CCPs thereby mediating receptor internalisation. However, the B,AR-B-arrestin
complex disassociates quickly at or near the plasma membrane, so the receptor
internalises without B-arrestin bound and efficiently recycles back to the plasma
membrane (Oakley et al., 2000, Shenoy and Lefkowitz, 2003). In contrast, AT;aR
belonging to Class B GPCR showed equal affinity for p-arrestinl-GFP and
[-arrestin2-GFP. Furthermore, both B-arrestin isoforms internalised with the AT;1aR into
endosomes (Oakley et al., 2000, Oakley et al., 2001). Receptor recycling to the plasma
membrane was minimal after removing the ligand (Anborgh et al., 2000). The factors

that determine the stability of receptor-p-arrestin complex are discussed below.

1.5.2.1. Phosphorylation sites in the C-terminal tail of receptors

There is evidence to suggest that specific clusters of serine and threonine residues in the
C-terminal tail of the receptor responsible for phosphorylation are critical in the
formation of stable receptor-p-arrestin complexes. For example, the mutation of an STS
cluster to AAA in the C-terminal tail of the neurotensin-1 receptor reduced

agonist-induced receptor phosphorylation by 95%. This lack of phosphorylation allowed
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the neurotensin-1 receptor to internalise and recruit B-arrestin2-GFP upon agonist
stimulation but abolished the ability of the B-arrestin2-GFP couple and to internalise
with the receptor (Oakley et al., 2001). Also, the mutation of serine or threonine
residues in an SSLST or STLS cluster to alanine residues (AALAA or AALA) in the
C-terminal domain of the AT;aR inhibited receptor phosphorylation by 67% and
abolished the ability of B-arrestin2-GFP to internalise with the receptor to endocytic
vesicles (Oakley et al., 2001). Furthermore, when the C-terminal tail of the AT;aR was
replaced with that of the B,AR, receptor recycling to the cell surface was demonstrated.
In contrast, the replacement of C-terminal tail of B,AR with the tail of AT;aR reduced
B2AR recycling to the plasma membrane (Anborgh et al., 2000). These data highlight
the importance of specific clusters of serine and threonine phosphorylation residues in
the C-terminal tail of receptors in mediating either the stability of the receptor-f3-arrestin

complex or the efficiency of receptor recycling.

1.5.2.2. p-arrestin ubiquitination

Ubiquitination is primarily considered as a posttranslation modification for protein
degradation although it has now also been recognized as an essential process for the
endocytosis, trafficking and lysosomal targeting of specific membrane proteins (Shenoy,
2007). It has been shown that the phosphorylation of GPCRs leads to not only the
recruitment, but also ubiquitination of B-arrestin which in turn recruits ubiquitin ligases
to further ubiquitinate other substrates including the receptor itself (Kommaddi and
Shenoy, 2013). It has been shown the ubiquitinations of both B,AR and V2R upon
agoinsts stimulation are dependent on B-arrestin although it is not the case for CXCR4
chemokine receptor (Kommaddi and Shenoy, 2013). In addition, ubiquitination of
B-arrestin is critical for its adaptor and scaffolding functions therefore regulating
receptor internalisation and [-arrestin-dependent signalling (Shenoy et al., 2001,
Shenoy et al., 2007). Protein ubiquitination can be reversed by deubiquitination and this
is regulated by specific deubiquitinases (Shenoy, 2014). Therefore the stability of

[B-arrestin ubiquitination is regulated by a balance of ubiquitination and deubiquitination.
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Importantly, ubiquitination of B-arrestin is responsible for its tight binding to the
phosphorylated receptor and deubiquitination results in the disassociation of B-arrestin
from the receptor (Shenoy et al., 2009). Thus, the differential trafficking of GPCRs and
B-arrestin could be determined by the differential stability of B-arrestin ubiquitination.
For example, upon recruitment by the phosphorylated receptor, either B,AR (Class A),
AT1aR or V2R (Class B), B-arrestin2 is robustly ubiquitinated. However, the kinetics of
deubiquitination differs among the receptors (Shenoy and Lefkowitz, 2003). Consistent
with the transient interaction between B-arrestin2 and B,AR, under these circumstances
B-arrestin2 ubiquitination is transient, being deubiquitinated within 15 min. In contrast,
activation of the AT;aR or V2R induces a stable ubiquitination of B-arrestin2 consistent
with the prolonged interaction between the AT;aR or V2R and B-arrestin2 (Shenoy and
Lefkowitz, 2003). Interestingly, the replacement of the C-terminal tail of p,AR with that
of the V2R resulted in a persistent ubiquitination of B-arrestin2 which stably interacted
with the receptor and trafficked with the receptor into endosomes (Shenoy and

Lefkowitz, 2003).

1.5.2.3. Agonist-dependence of receptor phosphorylation

The stability of the receptor-B-arrestin complex could be regulated by the nature of the
agonist. It is now accepted that different receptor agonist can stabilize different
conformations of the same receptor and this may expose different phosphorylation sites
for GRKs thereby determining the stability of the receptor-p-arrestin complex. For
example, CCL19 and CCL21 are two endogenous ligands for the chemokine GPCR
CCR7. These agonists have equal binding affinity and similar efficacy and potency for
Giso protein activation (Sullivan et al., 1999). However, CCR7 is phosphorylated and
desensitised to a greater extent upon CCL19 exposure compared to CCL21. In response
to CCL19, CCRY strongly interacted with B-arrestin2 which then re-distributes into
endocytic vesicles. In contrast, only weak interaction between CCR7 and B-arrestin2 is
detected following CCL21 stimulation and p-arrestin2 does not internalise into

endocytic vesicles with the receptor (Zidar et al.,, 2009). Interestingly, CCL19
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stimulation activates both GRK3 and GRK6 whereas only GRK® is activated by CCL21
(Zidar et al., 2009), perhaps explaining the differential phosphorylation of the receptor

following exposure to these different ligands.

1.5.2.4. The role of proteolysis within endosomes

Inside the endosomal compartment, there is more than one mechanism regulating the
stability of the ligand-receptor-f-arrestin complex. Thus, the acidic environment of
endosomes promotes receptor dephosphorylation and recycling possibly due to the
conformational change (Krueger et al., 1997, Grady et al., 1995). More recently, and for
a small number of ligands, it has been shown that proteases within the endosome,
specifically endothelin-converting enzyme-1 (ECE-1), have the ability to hydrolyze
internalised peptide ligands leading to the disassociation of receptor-p-arrestin
complexes. Such proteases may therefore regulate the fate of endocytosed receptors.

This will be further discussed below.
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lysosome

Fig 1.5. The general model of GPCR trafficking. The binding of an agonist promotes
receptor-G-protein coupling and the subsequent regulation of effectors. Following
activation, receptors are phosphorylated by GRKs leading to homologous receptor
desensitisation. The phosphorylated GPCRs facilitate B-arrestin recruitment which
targets the receptor/arrestin complex to CCPs. These CPPs are then pinched off from the
plasma membrane by the GTPase dynamin to form a vesicle leading to internalisation of
the receptor (route 1) or receptor-arrestin complex (route 2). Receptors internalise into
endosomes either without B-arrestin bound leading to rapid receptor recycling or with
B-arrestin bound leading to a longer recycling following receptor dephosphorylation.
These two routes of trafficking can target the receptor to lysosomes for degradation

upon chronic stimulation (route 3 and 4). A, agonist; f-ARR, B-arrestin.
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1.5.3. Re-sensitisation via de novo receptor synthesis and a reserve pool of receptors

Stimulation with thrombin leads to the cleavage of protease-activated receptor 1 (PAR1)
followed by internalisation. The internalised receptors were then sorted to lysosome for
degradation (Trejo and Coughlin, 1999). Therefore, recovery of cell-surface PAR1 and
therefore re-sensitisation must through other mechanisms. This could include de novo
receptor synthesis and/or mobilization of receptors from a cytosolic ‘reserve’ pool. It
has been found that PAR1 is constitutively cycled between the plasma membrane and
cytosol in the absence of agonist (Shapiro et al., 1996, Paing et al., 2006) and following
receptor endocytosis upon activation, recovery of the receptor requires uncleaved PAR1
moving from a cytosolic pool to the plasma membrane (Hein et al., 1994, Shapiro and
Coughlin, 1998). Recovery of cell-surface receptor numbers may also require de novo
protein synthesis. For example, re-sensitisation of the endogenous flagellin-receptor
FLS2 is dependent on ligand-induced degradation and de novo synthesis of the receptor

(Smith et al., 2013).

Although PARs represent a rather special case, the majority of GPCRs are desensitised
as a consequence of phosphorylation following agonist stimulation, followed by
receptor internalisation. Receptor re-sensitisation following internalisation can occur
through at least three mechanisms: receptor recycling (requiring dephosphorylation); de

novo receptor synthesis or; recruitment from a reserve (cytosolic) pool (Fig 1.6.).
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Fig 1.6. The general model of GPCRs re-sensitisation. As described in Fig 1.5,
activated GPCRs undergo phosphorylation and internalisation leading to desensitisation.
The re-sensitisation of GPCRs following internalisation may occur through one of three
mechanisms. In most situations, receptors internalise and are trafficked to endosomes
from where they can recycle to the plasma membrane following receptor
dephosphorylation (see details in Fig 1.6) thereby allowing receptor re-sensitisation
(route 2). In some situations, cellular re-sensitisation could also be due to receptor
translocation from a reserve pool in the cytoplasm to the cell surface or from de novo
receptor synthesis in the Golgi (route 1 and 3 respectively). A, agonist; B-ARR,

[-arrestin.
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1.5.4. GLP-1R re-sensitisation

There have only been a small number of studies that have examined GLP-1R
re-sensitisation. One early study measuring Ca®* responses as an index of receptor
activation showed that pre-treatment with GLP-1 induced a rapid GLP-1R
desensitisation followed by re-sensitisation within 1 h after removal of ligand (Gromada
et al., 1996). Given that in addition to phosphorylation, receptor internalisation is also a
process could influence receptor desensitisation, another early study using a radioligand
binding assay to detect the changes of cell-surface receptor number showed that
incubation with 10 nM GLP-1 at 4 <C for 5 h followed by 5 min re-warming induced a
rapid loss of cell-surface GLP-1R of ~35% indicating receptor internalisation with
recovery of binding within 1 h after removal of the extracellular GLP-1. This recovery
was independent on de novo receptor synthesis (Widmann et al., 1995). However, it is
unclear if the recovered cell-surface binding was from recycling or recruitment from
reserve pool. Prolonged stimulation with GLP-1 can also lead to receptor internalisation
and trafficking to lysosomes in B-cells (Kuna et al., 2013). However, re-sensitisation
under this situation was not determined. Clearly, the mechanism of GLP-1R
re-sensitisation needs to be further explored. Considering that there are a number of
orthosteric and allosteric GLP-1R agonists have been synthesized to mimic the activity
of GLP-1, whether these ligands could drive different process of receptor

re-sensitisation is unclear.
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1.6. GLP-1R-mediated G protein-independent/g-arrestin-dependent signalling

Apart from mediating receptor desensitisation and internalisation, 3-arrestins also act as
a scaffold, recruiting other intracellular molecules and leading to a diverse range of
[B-arrestin-dependent signalling pathways (Lefkowitz and Shenoy, 2005, Xiao et al.,
2007, Xiao et al., 2010) including MAPKs (ERK, p38 kinases and c-Jun N-terminal
kinases (JNK)), non-receptor tyrosine kinases, Akt, P13 kinases and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB). The mechanism is that the
interaction of B-arrestin with the phosphorylated receptor results in conformational
changes and posttranslational modifications of B-arrestin including dephoshorylation
and ubiquitination, which facilitate the interaction with its binding partners including
endocytic partners and signalling effectors (Lefkowitz and Shenoy, 2005). Therefore,
the duration of B-arrestin-dependent signalling is dependent on the stability of the
receptor-f-arrestin complex. The phosphorylation profile of the receptor is dependent
on both the nature of the receptor and ligand. Different profiles of receptor
phosphorylation may establish different structures of B-arrestin which may lead to
specificity of [-arrestin-dependent signalling pathways. The signal transduction
mediated by B-arrestin has been shown to be critical for many physiological functions
such as cell proliferation, anti-apoptosis, cytoskeleton reorganization and protein

synthesis (Murphy et al., 2009).

1.6.1. ERK/CREB

In response to GLP-1, the GLP-1R recruits B-arrestinl (Sonoda et al., 2008). Although
B-arrestinl may not regulate GLP-1R internalisation (Sonoda et al., 2008) (section
1.4.4)), it does, however, play an important role in regulating GLP-1R signalling. For
example, in INS-1E cells, GLP-1 evoked rapid phosphorylation of both ERK1/2 and
CREB, and this was greatly inhibited by knockout of B-arrestinl (Sonoda et al., 2008).
Further, the ability of GLP-1 to evoke insulin secretion under either low glucose or high
glucose conditions was markedly inhibited in [B-arrestinl knockdown cells. This

B-arrestinl-regulated insulin secretion evoked by GLP-1 is mediated through a
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CAMP-dependent (see below), but PKA-independent mechanism (Sonoda et al., 2008).
GLP-1, therefore, mediates ERK1/2 activation through at least two mechanisms, a

PKA-dependent (section 1.3.3.2.3.) and B-arrestinl-dependent process (Fig 1.7.).

Interestingly, ERK activation through these two mechanisms shows temporal and
spatial differences which contribute to different physiological functions. The
GLP-1-evoked PKA-dependent ERK1/2 activation is rapid and transient. In contrast,
the B-arrestinl-dependent pERK1/2 response is later and more sustained. Moreover,
these activation mechanisms may result in different sub-cellular localization and
therefore different functional consequences of activated ERK. Rapid ERK1/2 activation
can be detected in both cytoplasm and nucleus in MING6 cells whereas the sustained
ERK1/2 activation is mainly cytosolic (Quoyer et al., 2010). The activated ERK1/2
translocated to the nucleus is mainly responsible for the activation of some transcription
factors such as Beta2 and PDX-1 in B-cells (Khoo et al., 2003). However, in MING6 cells
and pancreatic islets, B-arrestinl-regulated pERK1/2 activates p90 ribosomal S6 kinase
(p9ORSK) which further phosphorylates the pro-apoptotic protein Bad facilitating its
interaction with the scaffold protein 14-3-3 (Quoyer et al., 2010). The association of
Bad and 14-3-3 prevents the translocation of Bad to mitochondria and also prevents the
accumulation of apoptotic proteins on the mitochondrial membrane thereby inhibiting
apoptosis (Bergmann, 2002, Datta et al., 2000, Yang et al., 1995, Adams and Cory,
2007). Knockdown of B-arrestinl inhibited the anti-apoptotic effect of GLP-1 in MING
cells (Quoyer et al., 2010), which might therefore be related to the ability of GLP-1 to

enhance B-cell survival.

1.6.2. ¢-Src

It has been described above that one mechanism involving GLP-1-induced p-cell
proliferation is via the transactivation of the EGFR, which is dependent on the
activation of the non-receptor-type tyrosine kinase c-Src (Buteau et al., 2003). Both the
transactivation of the EGFR and cell proliferation were inhibited by inhibition of c-Src

(Buteau et al., 2003). Interestingly, a recent study from the same group showed that
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GLP-1-induced c-Src activation is dependent on B-arrestinl as c-Src activation was
abolished by knockdown of B-arrestinl and the expression of a 3-arrestinl mutant that is
unable to bind with c-Src impaired the proliferation in response to GLP-1(Talbot et al.,
2012). The regulatory role of c-Src in GLP-1-mediated B-cell proliferation was further
demonstrated by the expression of a kinase-dead c-Src mutant that abolished the

proliferative action of GLP-1.

1.6.3. cAMP

As described above, the activation of Gs-coupled receptors leads to the production of
cAMP. Although receptor phosphorylation, arrestin recruitment and internalisation are
possible ways in which the signal could be reduced or terminated, there is some
evidence to suggest that some GPCRs continuously generate CAMP even after receptor
endocytosis possibly resulting from the prolonged association between receptor and G
protein. This may also show some agonist specificity. For example, both parathyroid
hormone (PTH) and PTH-related peptide (PTHrP) show similar kinetics and
mechanisms of coupling and activation of Gasin HEK293 cells expressing recombinant
PTH receptor (PTHR). However, the disassociation and deactivation processes show
temporal differences. In PTHrP-treated cells, Gas rapidly disassociated from the
receptor after removal of the extracellular ligand. This was followed by deactivation of
Gos, whereas neither Gog disassociation nor deactivation was detected after removal of
PTH. PTH consistently evoked a more sustained CAMP response compared to PTHrP,
which was blocked by a dominant negative dynamin mutant (Ferrandon et al., 2009).
This cAMP response following endocytosis is also reported for other receptors
including the thyroid-stimulating receptor (Calebiro et al., 2009) and sphingosine
1-phosphate receptor (Mullershausen et al., 2009). Notably, there is some evidence
implying that the endocytosed GLP-1R may also be able to stimulate CAMP generation.
Firstly, the internalised GLP-1/GLP-1R complex co-localized with adenylate cyclase
(Kuna et al., 2013). Secondly, treatment with a dynamin inhibitor altered the

exendin-4-mediated PKA substrate phosphorylation profile, inhibited the cAMP

43



response and blocked insulin secretion in B-cells (Kuna et al.,, 2013). Moreover,
GLP-1-evoked cAMP production was also inhibited by B-arrestinl knockdown (Sonoda
et al., 2008). Taken together, these data suggest that the endocytosed GLP-1R may
mediate persistent CAMP generation (Fig 1.7.).
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Fig 1.7. GLP-1R-mediated G protein-independent signalling. Upon receptor
phosphorylation and B-arrestin recruitment, the receptor-p-arrestin complex targets to
endosomes to be either recycled to the plasma membrane or degradated in lysosomes.
B-arrestin acts as a scaffold to recruit ERK and c¢-Src leading to G
protein-independent/B-arrestin-dependent signalling which is responsible for p-cell
growth and survival. The endocytosed Gs may further activate AC leading to persistent
cAMP generation which is critical for insulin secretion. It has been suggested to depend
on [B-arrestin, however the mechanism is unclear. Mechanisms that have not been well

demonstrated are shown by dashed arrows.
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1.7. Allosteric ligands of the GLP-1R

Allosteric ligands bind to GPCRs at sites distinct to the orthosteric binding sites to
positively/negatively modulate the affinity and/or efficacy of endogenous agonists.
Allosteric ligands which have intrinsic effects are called ago-allosteric agonists. The
previously described small-molecule agonists for the GLP-1R, compound 2 and
compound B, are ago-allosteric agonists that neither compete with *I-GLP-1 for
binding nor are functionally inhibited by the orthosteric antagonist, exendin 9-39 amide.
N-terminal truncation of the GLP-1R markedly reduces GLP-1 agonism but not that of
either compound B (Sloop et al., 2010) or compound 2 (Huang, 2010) thereby
demonstrating that these agonists interact with allosteric binding site(s). Both compound
2 and compound B stimulate cAMP generation and insulin release in a
glucose-dependent manner, although show bell-shaped concentration-response curves
with effects declining at high concentrations (Knudsen et al., 2007, Coopman et al.,
2010, Sloop et al., 2010). This biphasic concentration-response curve may be due to
toxicity (Coopman et al.,, 2010). There is evidence to suggest that these two
ago-allosteric agonists activate the GLP-1R by different mechanisms. Indeed, the
compound B-mediated CAMP response was increased additively by compound 2 which
was also shown in cells expressing an N-terminally truncated GLP-1R (Cheong et al.,
2012). Compound 2 enhances the affinity of the GLP-1R for GLP-1 in a
concentration-dependent manner without changing the maximum efficacy of GLP-1
(Knudsen et al., 2007, Koole et al., 2010) although compound 2 can actually decrease
the potency of GLP-1, possibly due to the toxicity (Coopman et al., 2010). However
there is no evidence to suggest that compound B alters the affinity of the GLP-1R for
GLP-1, although it has been reported to enhances the efficacy of GLP-1 (Cheong et al.,
2012). Interestingly, the efficacy of compound 2-evoked cAMP generation is markedly
enhanced by the GLP-1R orthosteric antagonist, exendin 9-39 amide, which in contrast,
greatly inhibits the GLP-1-evoked cAMP response (Coopman et al., 2010, Cheong et al.,
2012). However this potentiation is not detected for compound B (Cheong et al., 2012).
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Furthermore, both compound 2 and compound B elevate Ca®** in a
concentration-dependent manner which show slower increases and longer-lasting
effects compared to the GLP-1-evoked Ca** response. Indeed, the compound B-evoked
Ca’* response lasts longer than that of compound 2 (Cheong et al., 2012). Thus, a
number of small-molecule agonists have been reported which interact with distinct
allosteric sites of the GLP-1R, particularly leading to different mechanisms of activation.
In addition, whether these ligands mediate GLP-1R trafficking through the same
mechanisms as the orthosteric agonist and whether they behavior similarly in regulating

B-arrestin-dependent signalling are unknown.
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1.8. Endothelin-converting enzyme-1 (ECE-1)

1.8.1. ECE expression

Endothelin-converting enzymes (ECESs) belong to a family of membrane-bound zinc
metalloproteases that are encoded by two distinct genes for ECE-1 and ECE-2 (Emoto
and Yanagisawa, 1995). ECE-1 has a broader tissue distribution and is expressed at
higher level than ECE-2. ECE-1 is abundantly expressed in endothelial cells in vivo and
it is also expressed in non-vascular cells of many tissues including brain, lung, pancreas
and adrenal gland (Xu et al., 1994, Takahashi et al., 1995, Korth et al., 1999) whereas
ECE-2 is mainly present in neuroendocrine tissues (brain, pituitary and adrenal medulla)
(Mzhavia et al., 2003). Furthermore, ECE-1 is active at both neutral and acidic pH and
present both at the plasma membrane and in the intracellular compartments. By contrast,
ECE-2 is optimally active at acidic pH and has an intracellular localization (Mzhavia et
al., 2003, Pacheco-Quinto et al., 2013). Given that ECE-1 has activity against a range of
substrates and has been suggested to regulate the signalling and trafficking of some

GPCRs (see below), the following sections will focus on ECE-1.

1.8.2. Sequence and distribution of ECE-1 isoforms

ECE-1 contains a single membrane-spanning region flanked by an N-terminal
cytoplasmaic tail and a C-terminal catalytic ectodomain. The catalytic site is within the
extracellular domain or within the lumen of organelles and vesicles (Pacheco-Quinto et
al., 2013). Human ECE-1 has four isoforms which have identical C termini but differ in
their N termini (Fig 1.8.). This results from the use of different promoters from the
same gene. The distinct sequence of each isoform in the N termini defines the
sub-cellular distribution. Previous studies using immunofluoresence in transfected CHO
cells have suggested that ECE-1la and ECE-1c are mainly targeted to the plasma
membrane while ECE-1b is expressed predominantly inside the cell (Schweizer et al.,

1997, Azarani et al.,, 1998) with ECE-1d displaying an intermediate distribution
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between the plasma membrane and the inside of the cell (Valdenaire et al., 1999).
Another study using AtT-20 neuroendocrine cells suggested the same distribution for
ECE-1a, b and ¢, whereas ECE-1d was detected weakly on the plasma membrane, being
present mainly inside the cells (Muller et al., 2003). This distribution of active ECE-1 is
further defined by activity measurement for cell-surface ECE-1 and total ECE-1 for
each isoform. When ECE-1 substrate McaBK2 was used, the percentages of the total
cellular activity that was intracellular were shown to be around 19% for ECE-1a, 75%
for ECE-1b, 53% for ECE-1c and 96% for ECE-1d in KNRK cells (Roosterman et al.,
2007).

Although both ECE-1b and ECE-1d are present in the cytosol, these two isoforms are
concentrated in different endosomal compartments (Muller et al., 2003). ECE-1d
completely co-localizes with the transferrin receptor or internalised transferrin receptor
(recycling endosome marker) whilst ECE-1b also partially co-localized with a
rab7-GFP chimera or mannose-6-phosphate receptor (late endosome marker). However,
neither ECE-1b nor ECE-1d co-localized with cathepsin D, Lamp-1 or lysotracker
which are lysosome markers. A recent study using transfected ECE-la-d with
N-terminal GFP tags in KNRK cells showed that all the isoforms especially ECE-1b
and ECE-1d co-localized with the early endosomal antigen 1 (EEA1) (Roosterman et al.,
2007). The relative proportions of co-localization in these four isoforms were not

compared and no other endosomal compartment marker was used.

ECE-1a, MRGVWPPPVSALLSALGMSTYKRATLDEEDLVDSLSEGDAYPNGLQVNFH

ECE-1b, MEALRESVLHLALQMSTYKRATLDEEDLVDSLSEGDAYPNGLQVNFH
ECE-1c, MPLQGLGLQRNPFLQGKRGPGLTSSPPLLPPSLQVNFH
ECE-1d, MMSTYKRATLDEEDLVDSLSEGDAYPNGLQVNFH

Fig 1.8. Sequences of human ECE-1a-d isoforms. Partial sequences of the N-termini
of human ECE-1a-d. The residues in black in isoforms b, ¢ or d are homologous to

ECE-1a. Residues in other colors highlight the different sequences.
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1.8.3. ECE-1 phosphorylation and trafficking
1.8.3.1. ECE-1 phosphorylation

In vitro evidence suggests that ECE-1 can be phosphorylated and that this is isoform
specific. ECE-1 isoforms also show constitutive phosphorylation. One group
immunopurified transfected N-terminal FLAG-tagged ECE-1 isoforms (FLAG-ECE-1)
from CHO cells which were then incubated with various kinases including casein
kinase-1 (CK-I), casein kinase-1I (CK-II), PKA or PKC in the presence of [y->>P]JATP
(MacLeod et al., 2002). FLAG-ECE-1c was strongly phosphorylated by CK-I which
was less active on FLAG-ECE-1b and FLAG-ECE-1d. Little or no phosphorylation was
detected for FLAG-ECE-1a. By contrast, CK-11, PKA and PKC did not phosphorylate
any of the isoforms (MacLeod et al., 2002). However, when wild-type ECE-1 isoforms
were used, the degree of phosphorylation among the isoforms was more uniform
compared to the FLAG-tagged versions although there was a phosphorylated form of
ECE-1 found in human umbilical vein endothelin cells (HUVECSs). This suggested that
the FLAG epitope tag at the cytosolic tail may influence the phosphorylation status of
the protein (MacLeod et al., 2002). As demonstrated in endothelial-like EA.hy926 cells,
PKC is responsible for phosphorylation of endogenous ECE-1c including under basal
conditions. In contrast, activation of PKA using di-butyryl cAMP did not affect ECE-1c
phosphorylation in this cell (Smith et al., 2006). In CHO cells, PKC was also shown to
phosphorylate C-terminal GFP-tagged ECE-1b (ECE-1b-GFP) and especially
ECE-1a-GFP (Jafri and Ergul, 2006). The PKA activator, forskolin, also resulted in
phosphorylation of ECE-1b-GFP but not ECE-1a-GFP illustrating that PKA may be
involved in ECE-1b phosphorylation in some circumstances. There is no evidence for
phosphorylation of wild-type ECE-1 a and b isoforms and limited research looking at

the phosphorylation of the ECE-1d isoform.

50



1.8.3.2. ECE-1 trafficking

There is evidence to suggest that the trafficking of ECE-1 may be influenced by its
phosphorylation status. Thus, treating EA.hy926 cells with PMA to activate PKC
increased the amount of plasma membrane-bound ECE-1 without changing the total
cellular amount (Kuruppu et al., 2010). Moreover, PMA treatment induced a significant
increase of the activity of ECE-1 in the cell membrane, but did not influence the ECE-1
activity of the cell lysate. In order to investigate which ECE-1 isoform(s) contribute(s)
to this effect, CHO cells were transfected with specific isoforms. Data suggested that
PMA mediated phosphorylation induces the trafficking of ECE-1c to the cell surface
(Kuruppu and Smith, 2012). In contrast, PMA treatment leads to a reduction of plasma
membrane immunoreactivity of ECE-la along with higher intracellular
immunoreactivity (Jafri and Ergul, 2006). The PKC influence on the trafficking of other

two isoforms, ECE-1b and ECE-1d, are less well investigated.

1.8.4. The regulation of ECE-1 expression level

1.8.4.1. Glucose

As the level of ET-1 is increased in hyperglycemia (Kuwaki et al., 1990) and ET-1 is
the product of ECE-1 action on big ET-1, it is a logical hypothesis that the glucose
concentration might influence the expression of ECE-1. This was first demonstrated in
both EA.hy926 and HUVEC in which culturing the cells in high glucose (22.2 mM) for
5 days significantly promoted ECE-1 mRNA and protein expression compared to low
glucose (5.5 mM) supplemented with 16.7 mM mannitol (Keynan et al., 2004). This
effect was both time-dependent and glucose concentration-dependent. Interestingly,
increasing the glucose concentration in the culture medium from 5.5 to 22.2 mM for 5
days increased the activity of PKC by 72% in EA.hy926 and 41% in HUVECs (Keynan
et al., 2004). Furthermore PMA significantly increased ECE-1 expression. Moreover,
the high glucose-induced increase in ECE-1 protein expression was abolished by a PKC
inhibitor in both cells types (Keynan et al., 2004). Isoform-specific RT-PCR for ECE-1a,
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b and ¢ demonstrated that only the expression of isoform c increased in response to the
increased glucose level (Keynan et al., 2004). The isoform of ECE-1d was not
investigated in that study. Therefore, high concentrations of glucose result in
up-regulation of ECE-1 expression possibly through a PKC-dependent mechanism. It
has been reported that the activation of PKC promotes the expression of Ets-1 mMRNA, a
transcription factor of the ETS family, in EA.hy926 cells which might be responsible
for the increased expression of ECE-1 (Orzechowski et al., 1998, Orzechowski et al.,

2001).
1.8.4.2. ET-1

A study illustrated that the catalytic product of ECE-1 action on big ET, ET-1, regulates
the expression of ECE-1. Thus, in SV-40-transformed rat pulmonary endothelial cells,
treatment with ET-1 for 6 h reduced ECE-1 mRNA and protein expression (Naomi et al.,
1998). Pre-incubation with endothelin receptor type B (ETg) antagonist, BQ788,
abolished the effect of ET-1 while endothelin receptor type A (ET,) antagonist, BQ123,
had no effect suggesting that the ETg receptor mediates the ET-1-induced reduction of
ECE-1 expression. This may be through PLC activation by ETg leading to the elevation
of [Ca®*]i as the effect was mimicked by the calcium ionophore ionomycin. The

regulation of specific isoforms by ET-1 was not investigated.
1.8.5. Catalytic function of ECE-1

The wide sub-cellular distribution of ECE-1 is consistent with a broad range of
physiological functions. Cell-surface ECE-1 has been considered primarily to be the
proteolytic cleavage of big ET to ET. The precursor of ET is synthesized in the ER.
After the removal of the signal peptide, the pro-endothelins (pro-ETs) then undergo a
two-step proteolytic process. Firstly, they are cleaved at conserved multibasic sites by
furin and furin-like enzymes (Denault et al., 1995, Blais et al., 2002) and an
intermediate, big ET, is then released. The second step is to convert the big ET to the 21

amino acid biologically active peptide, ET, by cleaving the Trp21-Val22 bond by
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cell-surface ECE-1. Additionally, cell-surface ECE-1 hydrolyzes and inactivates the
vasodilator peptide bradykinin in the extracellular fluid although ECE-1 has lower
affinity for bradykinin than either ACE or NEP (Hoang and Turner, 1997). Therefore,
cell-surface ECE-1 plays a role in the metabolism of some circulating peptides thereby

either initiating or terminating cellular functions.

An understanding of possible roles of ECE-1 in endosomes has started to emerge. Some
peptides including SP, bradykinin, angiotensin | (ATI), neurotensin and calcitonin
gene-related peptide (CGRP) can be cleaved by ECE-1 with an acidic pH optimum. In
contrast, peptides such as neuropeptide Y and angiotensin Il (ATII) are poorly cleaved
under acidic conditions (Johnson et al., 1999, Fahnoe et al., 2000, Roosterman et al.,
2007, Padilla et al., 2007). For example, incubation of 250 pM CGRP with 415 nM
recombinant human (rh) ECE-1 at either pH 7.4 or pH 5.5 for 0-720 min followed by
HPLC separation and mass spectrometry demonstrated that CGRP was not degraded at
pH 7.4 even at up to 360 min, but completely degraded within 240 min at pH 5.5
(Padilla et al., 2007) indicating the pH-dependence of ECE-1 function. Furthermore,
rhECE-1 degraded CGRP in a concentration-dependent manner and was inhibited by
the ECE-1 inhibitor, SM19712 (section 1.8.6.). In similar experiments, ATI was
degraded at pH 5.5 but there was no detectable degradation of ATII up to 480 min at
either pH 7.4 or pH 5.5. Bradykinin was degraded by rhECE-1 at both pH 7.4 and pH
5.5 with degradation being completely inhibited by SM19712. Therefore, the function
of ECE-1 is both peptide- and pH-dependent. Intracellular degradation was examined
by incubation of HEK293 cells expressing recombinant receptor for CGRP, a
heterodimer of the calcitonin receptor-like receptor (CLR) and receptor
activity-modifying protein 1 (RAMP1), with *I-His®-CGRP for 10 min to allow
internalisation followed by acid wash and further incubation. Fractionation of cell
lysates by HPLC demonstrated that the endocytosed CGRP was degraded and this was
sensitive to both SM19712 and bafilomycin A;, an inhibitor of vacuolar-type
H*-ATPase (Padilla et al., 2007) implying that the intracellular degradation of CGRP by
ECE-1 may occur in endosomes, particularly as ECE-1 is present in endosomes,
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co-localizing with endocytosed CGRP (Padilla et al., 2007). Moreover, inhibition of
either ECE-1 or endosomal acidification prolonged the interaction between B-arrestins
and CLR suggesting that ECE-1 regulated the recycling and re-sensitisation of the CLR
(Padilla et al., 2007).

Studies have shown that endocytosed receptors can continue to signal by a G
protein-independent or B-arrestin-dependent mechanism (Lefkowitz and Shenoy, 2005)
(section 1.6.). The degradation of endocytosed peptides in endosomes may facilitate
disassociation of the ligand-receptor-arrestin  complex thereby regulating
B-arrestin-mediated events such as ERK activation. SP is degraded by endosomal
ECE-1 and inhibition or knockdown of ECE-1 induced a prolonged interaction between
the NKjR and [-arrestins in endosomes (Roosterman et al., 2007). This may well
influence ERK activation as sustained ERK activation is enhanced by either SM19712
or bafilomycin A; (Cottrell et al., 2009). SM19712 promoted ERK activation in both the
cytosol and nucleus. In contrast, a C-terminally truncated NK;R resulted in a weak and
transient interaction with B-arrestins in response to SP and ECE-1 did not regulate ERK
activation (Cottrell et al., 2009) implying that endosomal ECE-1 regulates SP-induced
B-arrestin-mediated ERK activation. SP-induced ERK activation regulated a variety of
functions including proliferation and anti-apoptosis. These have been reported to be
facilitated by the formation of p-arrestin-dependent scaffolding complex (DeFea et al.,
2000). However, ERK can also mediate cell death in the nervous system (Lu and Xu,
2006) and SP phosphorylates the transcription factor and nuclear receptor, Nur77,
leading to cell death through B-arrestin-dependent ERK activation (Castro-Obregdn et
al., 2004). By terminating SP-induced B-arrestin-dependent ERK activation, ECE-1

prevents SP-mediated cell death of myenteric neurons (Cottrell et al., 2009).

1.8.6. Inhibition of ECE-1

ECE-1 degrades a number of peptides in either the extracellular fluid or endosomes
thereby regulating signalling from membrane located or endocytosed receptors.

Interestingly, elevated plasma ET-1 level is associated with heart disease,
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hyperglycemia or hypertension. Therefore, a number of ECE-1 inhibitors have been
developed. However, most are not selective. For example, the first ECE-1 inhibitor,
phosphoramidon (ICsp = 3.5 M for hrECE-1), inhibited the secretion of ET-1 from
cultured endothelin cells (Ikegawa et al., 1990, Sawamura et al., 1990), the pressor and
airway contractile responses of big ET-1 in vivo (Matsumura et al., 1990, Fukuroda et
al., 1990) and the pathophysiological effects of big ET-1 (Matsumura et al., 1991,
Grover et al., 1992, Vemulapalli et al., 1993). However, phosphoramidon has much
higher affinity for NEP and a relatively low affinity for angiotensin-converting enzyme
(ACE) (Kukkola et al., 1995). FR901533 is a selective ECE-1 inhibitor with an ICs of
0.14 pM (Tsurumi et al., 1995) but it is unable to inhibit endogenous ET-1 production
(Xu et al., 1994). Other inhibitors including PD 069185 and PD 159790 are cytotoxic
and inhibit the production of both ET-1 and big ET-1 (Ahn et al., 1998).

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 (Parent No. EP 885890). In an in vitro enzyme assay,
phosphoramidon gave ICso 0f 690 nM for rat ECE-1 while the 1Cso for SM19712 was 42
nM (Umekawa et al., 2000). Furthermore, SM19712 did not inhibit NEP, ACE or nine
other metalloprotease enzymes at up to 100 pM. Additionally, SM19712 did not
influence the radioligand binding of receptors including AT:R, AT,R, ETa, ETg, EGFR
and eight other receptors. In vivo studies showed that both phosphoramidon and
SM19712 successfully suppress the pressor response induced by big ET-1 in
anesthetized rats. Moreover, SM19712 inhibited the endogenous production of ET-1 in
endothelin cells with an 1Cso of 31 M compared to 27 M for phosphoramidon
(Umekawa et al., 2000). Therefore, SM9712 is a highly selective inhibitor of ECE-1 at

the concentrations used.
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1.9. Aim

The current study will examine GLP-1R desensitisation and the subsequent
re-sensitisation in both HEK-GLP-1R and INS-1E cells, looking at specific aspects of
the mechanisms involved. In particular role of ECE-1 in regulating GLP-1-mediated
signalling and re-sensitisation of the receptor will be investigated. Given that both
GLP-1 analogues and small-molecule agonists are considered as valuable alternative
strategies for the treatment of type 2 diabetes, in addition to investigating their activities,
GLP-1R desensitisation and re-sensitisation and its regulation by ECE-1 will be
examined, particularly to allow comparison with the endogenous ligand. The potential
interaction between orthosteric and allosteric ligands of the GLP-1R will also be

examined.
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CHAPTER 2 Material and Methods

2.1. Materials
2.1.1. General chemicals, reagents and consumables

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 plasticware and the cover-slips were from Nunc
(VWR International, Lutterworth, U.K.). Geiner ELISA strip-plates (96-well format)
were purchased from Scientific Laboratory Supplies (Willford Industrial Estate,
Nottingham, UK). All mammalian cell culture reagents including media, fetal calf
serum (FCS), phosphate buffered saline (PBS), Geneticin (G418), streptomycin and
penicillin sulphate were supplied by Invitrogen (Paisley, U.K.). Agarose powder was
from Geneflow Ltd (Fradley, U.K.). Sterile plastic loops, Sterilin petri dishes and
syringe filters were purchased from Appleton Woods (Birmingham, U.K.). Compound 2

was synthesised and provided by AstraZeneca UK (Alderley Edge, U.K.).
2.1.2. Peptides, antibodies, enzymes, primers, siRNA and cDNA

Peptides including GLP-1 7-36 amide, exendin-4 and exendin 9-39 amide were
purchased from Bachem (Weil am Rhein, Germany). GLP-1 9-36 amide is from Tocris
Bioscience (Bristol, U.K.). Rhodamine-labeled GLP-1 7-36 amide was purchased from
Phoenix Pharmaceuticals, Inc. (Burlingame, U.S.A.). **I-Exendin 9-39 amide (2200
Ci/mmol) was from PerkinElmer Life and Analytical Sciences Ltd. (Buckinghamshire,

U.K.).

Antibodies against phospho-ERK1/2, ERK1/2, ribosomal protein S6 were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibody against ECE-1 was
from GeneTex (Irvine, U.S.A). Antibody against EEA1l was obtained from BD

Biosciences (Oxford, U.K.). Antibody against mCherry was from Novus Biologicals
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(Cambridge, U.K.). Goat anti-rabbit 19G, HRP-linked antibody was from Cell Signaling
(Herts, U.K.). Goat anti-mouse 1gG, HRP-linked antibody was from Sigma-Aldrich
(Gillingham, U.K.). Goat anti-mouse Alexa fluor 488 antibody was from Invitrogen

(Paisley, U.K.)

The DNA polymerases, Tag and Phusion, restriction endonucleases (RE), T4 DNA
ligase and the relevant working buffers and supplements were purchased from New
England Biolabs (Hitchin, U.K.). SuperScript Il reverse transcriptase and all the
primers were supplied by Invitrogen (Paisley, U.K.). ON-TARGET plus SMART pool
consisted of four distinct SIRNA duplexes of siRNA targeted to knockdown of human
ECE-1 mRNA and the .M.A.G.E cDNA of ECE-1a is from ThermoFisher Scientific

(New Jersey, U.S.A.). Scrambled siRNA was from Invitrogen (Paisley, U.K.).
2.1.3. Specific reagents and kits

Fluo-4-acetoxymethyl ester (fluo-4-AM) and Lipofectamine RNAmaxi for siRNA
transfection was purchased from Invitrogen (Paisley, U.K.). DNA ladder, dNTPs and
pre-stained protein molecular size marker were from New England Biolabs (Hitchin,
U.K.). Bradford reagent for protein determination was purchased from Sigma-Aldrich
(Gillingham, U.K.). 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.).
[2,8-*H]-adenosine 3°, 5’-cyclic monophosphate, ammonium salt (*H-cAMP; 40
Ci/mmol) was from Amersham Biosciences (GE Healthcare U.K. Ltd, Bucks., U.K.).
Emulsifier Safe scintillation fluid was supplied by PerkinElmer Life and Analytical
Sciences Ltd. (Buckinghamshire, UK). All the inhibitors, PDBu, ATP and Hoechst
33258 dye were from Sigma-Aldrich (Gillingham, U.K.). QIAGEN plasmid mini Kkits
were obtained from QIAGEN (Crawley, U.K.). PCR clean-up gel extraction kits and

plasmid Midi-prep kit were purchased from Macherey-Nagel (Duren, Germany).
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2.2. Mammalian cell culture
2.2.1. Growth and maintenance

Wild-type HEK?293cells and HEK?293 cells expressing human recombinant GLP-1R
(HEK-GLP-1R) were grown in Dulbecco’s modified Eagle medium (DMEM)
containing 5.5 mM or 25 mM glucose supplemented with 10% (v:v) fetal calf serum
(FCS), 100 pg/mL streptomycin and 100 units/mL penicillin sulphate. Medium
containing 5.5 mM glucose was also supplemented with 19.5 mM mannitol to maintain
osmolarity. The C-terminal EGFP-tagged HEK-GLP-1R cells (HEK-GLP-1R-EGFP)
were maintained in the same medium but with 200 pg/mL G418. INS-1E cells were
cultured in RPMI1640 containing 11.1 mM glucose, supplemented with 5%
heat-inactivated FCS, 100 pg/mL streptomycin, 100 units/mL penicillin sulphate, 50
uM B-mercaptoethanol, 10 mM HEPES and 1 mM sodium pyruvate. All cells were
cultured at 37 <C in a 95% air/5% CO, humidified atmosphere.

2.2.2. Cell subculture

Adherent cells in either flasks or dishes were passaged at 70-100% confluence.
Following aspiration of the culture medium, cells were washed gently with an
appropriate volume of PBS to remove remaining FCS. Then 30 plL/cm? of
trypsin-EDTA (0.05% w:v trypsin, 0.04% w:v EDTA in PBS) were added onto the cells
to facilitate detachment. After being incubated at 37 €€ for ~2 min or longer until the
cells detached from the bottom, trypsination was terminated by adding growth medium.
The cell suspension was then used for seeding appropriate plasticware for either

continued culture or for experimental use.
2.2.3. Freezing cells for storage

Cells were grown to 70-80% confluence in flasks or dishes and harvested as described
in section 2.2.2. Following cell harvesting, the cells suspension was centrifuged at 140

g for 4 min at room temperature (RT). After removing the supernatant, cells were
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re-suspended in 1 mL of freezing medium (10% v:v dimethyl sulfoxide (DMSO) in FCS)
and transferred into 2 mL cryotubes. The cryotubes were then placed in a cell freezing

container for at least 4 h and then kept in liquid nitrogen until resuscitation.
2.2.4. Resuscitation of frozen cells

The frozen cells were immediately thawed at 37 <€ once removed from liquid nitrogen.
The 1 mL cell suspension was then transferred into a 30 mL sterile universal tube
containing 9 mL fresh medium and centrifuged (140 g, 4 min, RT). The cell pellet was
re-suspended in growth medium and transferred into a new flask or dish. The cells were
then incubated at 37C in a 95% air/5% CO, humidified atmosphere to allow

attachment and growth.
2.3. Poly-Dp-lysine coating

Where required, plasticware for cell growth was coated with 0.1% (w:v) poly-b-lysine
hydrobromide. Before plating the cells, the plates were incubated with 250 pl/cm? of
poly-p-lysine for at least 20 min at RT and then washed with 350 pi_/cm? of PBS. After

removing PBS, the plasticware was ready for use.
2.4. Transfection of cDNA plasmids or sSiRNA

2.4.1. cDNA plasmids transfection of HEK293 cells using the calcium phosphate
method

Cells were plated into poly-D-lysine-coated 8-well strips, 24-well plates or 6-well plates
with 25 mm cover-slips followed by incubation at 37<C in a 95% air/5% CO;
humidified atmosphere for 5-6 h to allow attachment (50-60% confluence). A mixture of
0.25 M Ca?* and an appropriate amount of DNA (0.2 pg/well for 8-well strips, 0.4
pg/cm? for the plates) in H,O was slowly added into an equal volume of 1.5 mM
phosphate in H,O drop by drop and mixed well. After 5-10 min incubation at RT, the
Ca2+-DNA-phosphate mixture was then added into each well (1:10 Vmixture:Vimedium). The
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cells were then incubated at 37<C in a 95% air/5% CO, humidified atmosphere. After
approximately 16 h, the medium was changed. After 36-48 h, the cells were used for

treatment or harvested for immunoblotting.

2.4.2. siRNA transfection of HEK293 cells by Lipofectamine RNAmaxi

Cells were plated into poly-D-lysine coated 8-well strips or 24-well plates and left to
attach for 5-6 h (50-60% confluence). The complete media (ie. with serum) was
replaced with Opti-MEM (without serum; 100 pL and 500 uL for 8-well strips and
24-well plates respectively). 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 (5 pmol/well for 8-well strips and 10 pmol/well for
24-well plate for HEK293 cells) was prepared. The diluted siRNA was then added into
the diluted reagent (1:1 v:v). After 20 min incubation at RT, the siRNA-lipid complex
was added into each well (50 pL for 8-well strips and 100 pL for 24-well plates). The
media was changed to fresh complete medium after approximately 16 h incubation.

After 36-48 h the cells were used for treatment or harvested for immunoblotting.

2.5. Determination of protein concentration by Bradford assay

Protein standards were prepared by diluting BSA (1 mg/mL) in 0.1 M NaOH to the
working concentrations of 0, 25, 50, 100, 125, 250, 375, 500, 625, 750 and 1000 pg/mL.
All the protein test samples were also appropriately prepared and diluted in 0.1 M
NaOH. A 2 L aliquot of standards or samples was added into a 96-well plate followed
by 200 L of Bradford reagent diluted in H,O (1:1, v:v). The reactions were incubated
in the dark for 5 min at RT. After automatic shaking (600 rpm, 1 s), the absorbance was
measured above 595 nm using a NOVOstar plate reader (BMG labtech, Aylesbury, UK).
Standard curves were fit using GraphPad Prism 6 (GraphPad Software Inc., San Diego,
CA, U.S.A) and the protein concentrations of samples were generated by interpolation

of the standard curve.
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2.6. Determination of cCAMP
2.6.1. Generation of CAMP by intact cells

Cells were seeded into 24-well plates pre-coated with 0.1% poly-p-lysine hydrobromide
and cultured in their specific medium at 37°C in a 95% air/5% CO, humidified
atmosphere until more than 90% confluent. After washing twice and equilibrating for 10
min in Krebs’-HEPES buffer (KHB; 10 mM HEPES, 4.2 mM NaHCO3, 11.7 mM
D-glucose, 1.18 mM MgSO, 7H,0, 1.18 mM KH,PO,, 4.69 mM KCI, 118 mM NaCl,
and 1.3 mM CaCl, 2H,0, pH 7.4), cells were stimulated with agonist at the required
concentration in KHB with 0.1% (w:v) BSA in either the presence or absence of 500
M 3-isobutyl-1-methylxathine (IBMX) for the required time. The response was
terminated by aspiration off the buffer and addition of 400 puL of 0.5 M ice-cold
trichloroacetic acid (TCA). The plate was then kept on ice for at least 20 min. The
aqueous phase was neutralized by adding 500 pL of a freshly prepared oil mixture (1:1
v:v tri-n-octyl-amine and 1, 1, 2-trichlorotrifluoroethane) with 50 pL of 10 mM EDTA
(pH 7.0). Samples were vortexed and left at RT for 12 min. After vortexing again,
samples were microfuged (16,100 g, 4 min) and 200 uL of the upper aqueous was
transferred to 50 L of 60 mM NaHCOj3;, which was used for subsequent determination

of cAMP or stored at 4 °C for up to 7 days.
2.6.2. CAMP Assay

The concentration of CAMP in samples was determined by a competitive radioreceptor
assay and calculated by comparison to a standard curve of 0 to 5 pM cAMP. A 50 L
aliquot of each standard and sample and 100 pL of [*H]-cAMP (specific activity 40
Ci/mmol, 1 piin 4 mL of 50 mM Tris HCI/4 mM EDTA, pH 7.5) were mixed with 150
pL of binding protein (1 mL in 11 mL 50 mM Tris HCI/4 mM EDTA) purified from
bovine adrenal glands as previously described (Brown et al., 1971). The mixture was
incubated on ice for at least 90 min. The free cCAMP and free [*H]-cAMP were absorbed

by 250 L charcoal solution (0.5% w:v charcoal, 0.2% w:v BSA, 50 mM Tris/4 mM
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EDTA, pH 7.5) for 12 min, followed by vortexing and centrifugation (16,100 g, 4 min)
at 4°C (Coopman et al., 2010). The [*H]-cAMP that was combined with the binding
protein in 400 P of the supernatant was counted by liquid-scintillation spectrometry in
4.2 mL Safeflour scintillant. The concentrations of CAMP in samples were calculated
through interpolation of the standard curve and related to the amount of cellular protein

as determined by Bradford assay (section 2.5).

2.7. Determination and calibration of changes in the intracellular Ca*

concentration ([Ca?*];)

Cells were grown to approximately 90% confluence in 8-well ELISA strip plates
pre-coated with 0.1% (w:v) poly-p-lysine. The standard protocol is that cells were
washed twice with 100 L KHB buffer and loaded with 2 M fluo-4 in this buffer for
40 min at 37 < (Coopman et al., 2010). The fluo-4 was then removed and the cells
were washed twice with 100 uL of KHB. 100 pL of KHB-BSA, with or without added
Ca”*, was added into each well, which were then incubated at 37 <C for a further 5 min.
Cells were then stimulated with ligands at 37 <C at the required concentrations and the
changes in fluorescence were measured as an index of [Ca?']; using a NOVOstar
microplate reader (Coopman et al., 2010). A 20 pL volume of KHB-BSA or ligand
(prepared in KHB-BSA with or without added Ca®*) was added into the well at 200 pL/s
using the liquid-handling capability of the machine. Fluorescence was determined by
excitation at 485 nm with emitted light collected at 520 nm. Data were collected at 0.5
or 1 s intervals. The protocol was modified according to each experiment as illustrated

in figures in each results chapter.

When required, the [Ca®]iwas calculated using equation 2.1. The cells were washed
twice with buffer and the fluorescence was measured in 120 L of KHB-BSA (Fpjank) at
37<C. The cells were then loaded with fluo-4 in the same way as described above. After
twice washing with buffer, cells were incubated in 120 pL of KHB-BSA at 37 <C and the
fluorescence was measured again (Fpasa). Calibration of the fluo-4 signal was performed

by adding ionomycin to a final concentration of 2 UM to equilibrate the concentration of
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intracellular and extracellular Ca**. The value of Frnax Was obtained firstly by manually
adding 120 pL of KHB-BSA buffer with a high concentration of Ca®* (4 mM),
measured for 10 min at 37 <C and the Fni, was then derived by replacing the buffer with
120 pL of Ca®*-free KHB-BSA buffer with 2 mM EGTA with measurement for at least
another 10 min at 37 <C (Bootman and Roderick, 2011). The calibration experiment was
performed with different passages of HEK-GLP-1R cells and at various cell densities to

ensure an appropriate calibration was available for use.

Equation 2.1:

[Ca2+]i = Ky (F’-F’nin)/(F’max-F’), where the Ky of fluo-4 was taken as 350 nM
(Yamasaki-Mann et al., 2009).

The data for F’ were generated from background subtraction of F. For example, F’yin =

I:min - I:background-

2.8. Radioligand binding assay

A radioligand binding assay was used to measure cell-surface GLP-1R binding. To
avoid ligand depletion, binding of the radioligand (**I-exendin 9-39) to cells at various
densities and using different volumes were tested. In the final assays, the proportion of
total added that was bound was < 20% in both HEK-GLP-1R and INS-1E cells.
HEK-GLP-1R cells were used at 80% confluence in 8-well strips pre-coated with
poly-D-lysine, along with 200 piL/well of 0.05 nM #I-exendin 9-39 amide. For INS-1E
cells at 80% confluence in 24-well plates pre-coated with poly-D-lysine, 350 piL/well of

0.05 nM *?°|-exendin 9-39 amide was used.

HEK-GLP-1R cells or INS-1E cells were treated as required. At the end of treatment,
cells were washed with acidified buffer (pH 4.0) followed by standard KHB and then
incubated with 200 pL (HEK-GLP-1R) or 350 pL (INS-1E) of 0.05 nM *?*l-exendin
9-39 amide either with or without 1 M exendin 9-39 amide for 16 h at 4 °C. Cells were
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then washed twice with 200 pL (HEK-GLP-1R) or 500 pL (INS-1E) of ice-cold buffer.
NaOH (0.1M) was then added to each well (100 pL for HEK-GLP-1R or 200 pL for
INS-1E). The plates were then washed with another 100 pL (HEK-GLP-1R) or 200 piL
(INS-1E) of 0.1 M HCI. The samples were counted by liquid-scintillation spectrometry
in 2 mL (HEK-GLP-1R) or 4 mL (INS-1E) Safefluor scintillant.

2.9. Western blot analysis

2.9.1. Treatment of cells and solubilisation

Cells were seeded into 24-well plates, pre-coated with 0.1% w:v poly-p-lysine, and
cultured in required growth medium until 70-90% confluent. For HEK293 cells, the
media was removed and the cells cultured in 500 piL of serum-free media for 20-24 h to
serum-starve cells. After washing twice with KHB-BSA buffer, cells were treated as
required at 37 <C as described. Reactions were terminated by placing the plates on ice
and aspirating the solution immediately. Cells were solubilised by adding 100 L of 1 x
Laemmli sample buffer (62.5 mM Tris-HCI, pH 6.8, 0.1% w:v bromophenol blue, 2%
w:v SDS, 10% v:v glycerol and 50 mM DTT) to each well. Samples were then collected
into 1.5 mL tubes followed by centrifugation at 16,100 g for 1 min at 4 °C. Samples
were boiled for 5 min at 100 <C followed by centrifugation at 16,100 g for another 1

min. Samples were then cooled down to RT and vortexed before use or stored at -20 <C.

2.9.2. SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotting

Samples were separated using SDS-PAGE BioRad minigels which were run at 100-170
V for 60-90 min. Proteins were transferred onto polyvinylidene fluoride (PVDF)
membranes at 15 V for 30 min by semi-dry blotting apparatus. When immunoblots
were for lower molecular weight proteins (<100 kDa) or ECE-1 (80-120 kDa), the
transfer buffer contained 48 mM Tris, 39 mM glycine, 1.3 mM SDS, 10% methanol.
When immunoblotting was for higher molecular weight proteins (eg. mCherry-tagged

versions of ECE-1 isoforms (100-150 kDa)), transfer buffer was used without methanol
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but with a high concentration of SDS (3.5 mM). The membranes were then blocked
with 5% non-fat milk powder/TBST buffer (50 mM Tris, 150 mM NaCl, 0.1%
Tween-20) for 1 h at RT. The blots were then incubated in primary antibody diluted in 5%
BSA/TBST buffer (Table 2.1.) overnight at 4 <C followed by 3 < 8 min washes with
TBST. They were then incubated with secondary antibody diluted in 5% (w:v) non-fat
milk powder/TBST buffer (Table 2.1.) for another 1 h at RT followed by another 3 %<8

min washes. Signals were developed using ECL and exposure to Film.

Table 2.1. Antibodies used in immunoblotting

Primary antibody Secondary antibody

Mouse IgG polyclonal anti-pERK1/2 Goat anti-mouse 1gG, HRP-linked
(1:2000 dilution ) (1:1000 dilution)

Rabbit 1gG polyclonal anti-ERK1/2 Goat anti-rabbit 1gG, HRP-linked
(1:3000 dilution) (1:3000 dilution)

Mouse IgG polyclonal anti-S6 Goat anti-mouse 1gG, HRP-linked
(1:20,000 dilution) (1:1000 dilution)

Rabbit 1gG polyclonal anti-ECE-1 Goat anti-rabbit 1gG, HRP-linked
(1:1000 dilution) (1:3000 dilution)

Mouse IgG monoclonal anti-mCherry Goat anti-mouse 1gG, HRP-linked
(1:1000 dilution) (1:1000 dilution)

66



2.10. Immunocytochemistry

2.10.1. Sample preparation

Cells at ~80% confluence in poly-D-lysine-coated 96-well plates (for ERK detection) or
24-well plates with 12 mm cover-slips (for EEAL detection) were washed twice with
KHB-BSA and treated at 37 <C as required. The reactions were stopped by aspirating off
the buffer or ligand and adding 50 L (96-well plates) or 300 pL (24 well plates) of 4%
paraformaldehyde immediately. After 10 min incubation at RT, the paraformaldehyde
solution was removed and cells were then exposed to 50 L (96-well plates) or 300 uL
(24-well plates) of methanol (pre-cold to -20 °C) for 2 min at -20 °‘C for
permeabilization. After immediately aspirating off the methanol, cells were washed
twice with 100 pL (96-well plates) or 500 pL (24-well plates) of PBS. The cells were
blocked for 90 min with 50 pL (96-well plates) or 300 pL (24-well plates) of 2% BSA
in PBS on the shaker at RT. For detecting pERK, cells were incubated with mouse 1gG
polyclonal anti-pERK1/2 primary antibody (1:400 in PBS with 2% BSA, 30 pi/well).
The wells for detecting the signal noise (ie. non-specific binding) from the secondary
antibody were incubated with PBS containing 2% BSA only. For detecting EEAL, 100
pL/well of mouse IgG monoclonal anti-EEA1 primary antibody (1:500 in PBS with 2%
BSA) was added in the middle of each well in a dry 24-well plate. The cover-slips from
the culture plate were gently put into the dry plate inverted with cells facing to the

antibody.

Following overnight incubation at 4 °C with shaking, the primary antibody was
removed and the cells were washed three times with 100 L (96-well plates) or 500 uL
(24 well plates) of PBS. Cells were then incubated with Alexa fluor 488 anti-mouse 1gG
antibody (1:500 in PBS with 2% BSA, 30 piL/well for 96-well plates or 100 pL/well for
24-well plates using the method described above) or Alexa fluor 568 anti-mouse 1gG
antibody (1:500 in PBS with 2% BSA, 100 piL/well for 24-well plates using the method
described above) for 90 min at RT with shaking. The plates were covered with foil. For

PERK detection, the cells were washed once with 100 pL of PBS and then incubated
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with Hoechst staining solution (1:10,000 in PBS, 50 pL/well) for 10 min at RT followed
by washing twice with 100 plL of PBS. 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 > 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. In total, 16 images/well (equal to a total area of
217165 pm) were captured using a CCD camera. The exposure time was 4 s/image or
1 s/image for the Alexa flour 488 and Hoechst channels respectively. For EEAl
detection, the cells were then washed three times with 500 piL of PBS. The cover-slips
were inverted onto mounting solution (10 pL/cover-slip) on glass slides and then sealed
with nail polish. The fixed cells were either kept at -4<C covered with foil until use or

directly imaged following Method 2.11.1..

2.10.2. Data analysis the detection of ERK activation and distribution

The images were analysed by the Olympus scan”R analysis software. The area of
nucleus was determined 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 either
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.
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2.11. Confocal imaging

2.11.1. Two dimensional (2D) images

HEK?293 cells with either stable or transient expression of EGFP- or mCherry-tagged
proteins were grown in monolayers on 0.1% w:v poly-D-lysine-coated cover-slips for
24-48 h. Cover-slips were then washed with KHB at 37<€ at least twice and mounted in
a perfusion chamber containing 500 L of KHB heated to 37 <C with a Peltier unit. The

100 i of ligand at 6 ><the required concentration was manually injected using pipet.

Both fixed and live cells were imaged using an UltraVIEW confocal microscope
(PerkinElmer LAS, Beaconsfield, Bucks., U.K.) with a 60 > oil-immersion objective
lens and either a 488 nm or 568 nm Kr/Ar laser line for EGFP or Alexa fluor 488 nm
and mCherry, rhodamine or Alexa fluor 568 nm respectively. Emitted light was
collected above 510 nm for the fluorescent emission of EGFP or Alexa fluor 488 nm or
above 560 nm for mCherry, rhodamine or Alexa fluor 568 nm and images were

captured using a CCD camera.

For determining receptor internalisation, in an individual cell, an area in both the plasma
membrane and cytosol was selected for measuring the integrated density with
background correction by Fiji (free download from http://fiji.sc/Downloads) as an index
of fluorescence intensity (Fig 2.1). At least 2 individual cells for each experiment were
measured. An index of internalization was then generated by using the following

Equation 2.2..
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Equation 2.2

Internalisation (%) = [1-(Fmt/Fct)/(Fmb/Fcb)]><100%

where Fm is background-corrected membrane fluorescence, Fc is background-corrected
cytoplasmic fluorescence, t is time and b is basal (Omin). Fmb and Fcb represent these

parameters under basal conditions at the start of the experiment (Huang, 2010).

0 min GLP-1 7-36 amide, t = 60 min

Fig 2.1. Analysis of confocal images. HEK-GLP-1R-EGFP cells were challenged with
buffer (0 min) or 100 nM GLP-1 7-36 amide for 60 min. The red lines and the red
circles indicate the areas on the plasma membrane and in the cytosol respectively that
were used for measuring the integrated density with background correction as an index
of membrane fluorescence (Fm) and cytoplasmic fluorescence (Fc). Scale bar (in the

bottom left of image), 5 um.

Where required, images were analysed (using Fiji) to determine Pearson correlation
coefficients to allow the degree of co-localization between fluorophores to be

quantified.

2.11.2. Three dimensional (3D) images

HEK-GLP-1R-EGFP cells were separately transfected with mCherry-tagged ECE-1
isoforms for 36-48 h. The whole cells were scanned by a Leica TCS SP5 confocal laser
scanning microscope at 0.3 pm intervals using excitation at both 488 nm and 561 nm
every 2 min over a 60 min period during which cells were stimulated with 100 nM

GLP-1 7-36 amide. The stacks were then used for making the 3D images using Fiji.
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2.12. Bacterial cell culture

2.12.1. Growth and multiplication

E. coli were cultured at 37 <€ either on LB agar (1% w:v tryptone, 0.5% w:v yeast
extract, 1% w:v NaCl and 1.5% w:v agar) plates or in Luria-Bertani (LB) broth (1% w:v
tryptone, 0.5% w:v yeast extract and 1% w:v NaCl) with shaking at 220-230 rpm. The
antibiotics, ampicillin (100 pg/mL) or kanamycin (50 g/mL) as appropriate were used

for selection following transformation of bacteria.

2.12.2. E. coli stock

For each Escherichia coli (E.coli) stock, 600 L of fresh overnight culture in LB broth
was gently mixed with 300 L of 50% v:v glycerol in sterile 2 mL cryotubes and then
stored at -80 €.

2.12.3. Resuscitation of E. coli

To resuscitate E. coli, the frozen glycerol stocks were scraped with a sterile plastic
inoculating loop, which was then used to streak onto an LB agar plate containing
appropriate antibiotic. The plate was transferred inverted into an incubator at 37 <€

overnight and then stored inverted at 4 <€ until use.

2.13. Colony polymerase chain reaction (PCR)

Colony PCR was performed by slightly touching the single colony (at least 3 individual
colonies were selected) with a 200 L of pipette tip and pipetting up and down in the
pre-prepared 20 L of standard Tag polymerase reaction mixture following the
manufacturer’s instruction. The reactions were then quickly transferred to a
thermocycler following brief centrifugation (1,500 g, 1 s). The initial denaturation was
performed at 96 €€ for 1 min and 15 s for the subsequent 33 cycles. The annealing step
following each cycle was set to 62 € for 30 s. The extension was carried out at 68 €

for 30 s (1 min/kb) without final extension. The reactions were then held at 4 €. In this
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case, the primer pair was designed to enable selection of an interested colony by simply
amplifying a small fragment (322 bp), which is common to all the isoforms of ECE-1

(within the central region). The sequences of these primers are shown in Fig 2.2.

a. 5’~ primer for all isoforms of ECE-1
5’- GACAGATGCCTGCTCAACAA -3’

b. 3’~ primer for all isoforms of ECE-1
5’-CTGATTTTCGGGTTTCCTCA -3’

Fig 2.2. Primers for colony PCR. This pair of primers is able to amplify a 322 bp of

ECE-1, which is located in the central region of all isoforms.

2.14. Preparation of plasmid DNA from E. coli

Following the colony PCR, the colony containing the interested gene was selected and
grown in 3 mL of LB broth at 37°C for 16-20 h with shaking at 220 rpm. The E. coli
stock for the colony was made as described in Method 2.12.2. and kept in -80<C. The
plasmid DNA was prepared using a commercial plasmid Mini-prep kit (~20 pg DNA
product; Qiagen) for diagnostic digestion, sequencing or PCR. After each plasmid was
confirmed, the frozen E. coli were resuscitated as described in Method 2.12.3. and a
single colony was picked and grown in 3 mL of LB broth containing antibiotics at 37°C
for 16-20 h with shaking at 220 rpm. A 250 pL aliquot from 3 mL of LB broth was
added into 100 mL of LB broth with appropriate antibiotics. It was incubated at 37°C
for 16-20 h with shaking at 220 rpm. A Midi-prep kit (Macherey-Nagel) was then used
to generate 800~1000 g DNA for in-vitro transfection into wild-type HEK293 cells or
HEK-GLP-1R cells.

2.15. Quantification of DNA by absorbance

The amount and quality of plasmid DNA were determined by measuring the optical

density (OD) at wavelengths of 260 nm and 280 nm. The maximum absorption of
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nucleic acids is at 260 nm while that of protein is at 280 nm. According to the Beer
Lambert Law, an ODysonm Of 1 corresponds to a concentration of 50 pg/mL for
double-stranded DNA. The samples were diluted appropriately to make sure that the
value of ODgzsonm Was within the linear range of 0.1-1.0 units. The ratio of
OD260nm/OD2gonm  Was used as an indication of nucleic acid purity. Each plasmid
preparation was used for transfection, when the OD2g0nm/OD2gonm Was between 1.8-1.9

units indicating a relatively high quality of the DNA preparation.

2.16. Polymerase chain reaction (PCR) cloning of ECE-1a and ECE-1d sequences
from ECE-1la |. M.A.G.E. DNA.

The frozen ECE-1a in pCR4-TOPO vector in E.coli was resuscitated and grown as
described in Method 2.12.3.. Three colonies were tested by colony PCR (Method
2.13.). A positive colony was then selected and grown in 3 mL of LB broth followed by
the preparation in 20 pL of H,O using a Miniprep kit as shown in Method 2.14. The
amount of DNA was determined as in Method 2.15. For amplifying full length ECE-1a
and ECE-1d, 20 ng DNA template was added into 20 L of reaction containing 0.4 U
Phusion polymerase, 0.5 pM gene-specific primers as below, 0.2 mM dNTPs and an

appropriate amount of H,0.

2.16.1. Primer design

The sequences of primers for cloning full-length ECE-1a and ECE-1d genes are shown
in Fig 2.3. 13-16 bp of the primer sequences encode a region of ECE-1a or ECE-1d
containing either the start codon (ATG) or stop codon (TAA). Start codons were flanked
by a Kozak sequence, ‘GCCACC’ (Kozak, 1987), to increase the efficiency of
translation, a restriction enzyme site and finally 2-3 additional bases. The stop codon in

the common 3’-primer was flanked by a restriction enzyme site and 3 additional bases.
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a. 5’~ primer for ECE-la

Spel Kozak ECE-1a (76-88)

b. 5’~ primer for ECE-1d

Spel  Kozak ECE-1d (164-178)

C. 3’~ primer for both ECE-laand d

EcoRl ECE-1 a (2373-2488)
or d (2413-2428)

Fig 2.3. Primers for cloning full length ECE-1a and d. The bases with dashed
underline are the specific coding sequences of ECE-1 a or ECE-1 d, in which the start
codon and stop codon are in a hollow or shaded box. Bases in italic represent the Kozak
sequence and those on a solid underline represent the RE sites as indicated. The extra

bases are present on a waved underline.

2.16.2. Setting up PCRs

The reactions were set up on ice and following a brief centrifugation (1,500 g, 1 s) were
quickly transferred to a thermocycler with a heated lid. The initial denaturation was
performed at 98 <€ for 30 s and subsequent for 10 s for 33 cycles. The annealing step
for each cycle was 71 <€ for 30 s based on the Ty of the primer pair for phusion
polymerase calculated using the NEB T, calculator online. The extension was carried
out at 72 € for 1.5 min (15-30 s/kb) for each cycle and 10 min for the final extension.
The reactions were then held at 4 <€ before identification by agarose gel or kept at -20

<€ until use.
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2.17. Agarose gel electrophoresis of DNA

To separate and identify the size of DNA fragments, agarose gel electrophoresis was
carried out. Depending on the size of DNA, 0.8-2% w:v agarose in TBE buffer (89 mM
Tris-borate, 890 mM boric acid, 2 mM EDTA) containing 0.005% w:v ethidium
bromide was used to make the gels. Samples mixed with 10 = loading buffer (50 % v:v
glycerol, 2 % v:v Ficoll (hydrophilic polysaccharide), 50 mM EDTA and 5 % w:v
bromophenol blue prepared in sterile water). A 100 bp or 1.0 kb Plus DNA ladder (0.5
lo/lane) was used to estimate the size of the DNA fragments. The gel was run at
100-120 V for 60-100 min. The DNA in the gel was then visualized by a UV

trans-illuminator and where required photographed using a digital camera.

2.18. Purification of DNA fragments from solution or agarose gel

PCR clean-up gel extraction kits (Macherey-Nagel) were used to purify DNA fragments
(50 bp-~20 kb) from either solution (e.g., RE digestion reactions) or agarose gel (e.g.,
digested DNA fragments and PCR products). To extract DNA from an agarose gel, the
band of interest was excised using a clean scalpel under low-power UV
trans-illumination. DNA in the cut gel or solution was then dissolved and purified
following the manufacturer’s protocol. The purified DNA was finally eluted with H,O

in preparation for ligation or re-PCR reactions (using the PCR product as the template).

2.19. Restriction digests of plasmids and DNA fragments

In order to prepare samples for ligation, vectors and inserts were digested by restriction
enzymes. DNA (2-3 |g of plasmid or purified PCR product) were digested at 37<€ for
16 h in a 50 L reaction containing 10 U of each restriction enzyme, the recommended
buffer and BSA (0.1 mg/ml) when required and an appropriate volume of H,O. After
digestion, the target DNA fragments were either directly extracted from the reaction
mixture following the manufacturer’s protocol or identified and separated by agarose

gel electrophoresis (Method 2.17.) and subsequently extracted from the gel (Method
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2.18.). Dependent of the conditions required for both of the restriction enzymes, either a
double digest or sequential digest was performed. The sequential digest was carried out

with a DNA separation and purification step between the two digestions.

Diagnostic digestion was performed at 37 €€ for 2 h in a 20 pL reaction containing 0.5
g of DNA, 2 L 10 xbuffer and 0.2 L of 100 < BSA (10 mg/mL) where required, 4
U of enzyme and an appropriate amount of H,O. The digested DNA was then identified
by agarose gel electrophoresis (Method 2.17.).

2.20. DNAligation

The cohesive end termini of vectors and inserts digested with restriction enzymes were
ligated using T4 DNA ligase with a molar ratio from 1:3 to 1:10 of vector to insert. For
example, in a 10 pL of ligation reaction, ~30 ng of vector and ~120 ng of insert
(estimated from DNA ladder; 2:1 of MW1 ratio) were mixed with 200 U of ligase, 1 pL
of 10 xligase buffer and appropriate amount of H,O. The mixture was mixed by gently
tapping the tube and collected to the bottom by brief centrifugation (1500 g, 1 s). The

reaction was carried out at RT for 3 h.

2.21. Bacterial transformation

Competent DH5a cells were prepared using the pre-established method (Willars and
Challiss, 2011) and stored at -80 <€. For each transformation, a 50 pL aliquot of
competent DH5a. cells was thawed on ice for ~7 min. A 5-10 ng aliquot of plasmid DNA
or 8 pL of ligation reaction was added followed by gently tapping the tube and
incubation on ice for 10 min. The DNA/cell mixture was then heat-shocked at 42 <€ for
90 s and immediately transferred to ice for 3 min incubation. The cells were then
incubated at 37 € for 1 h in 800 pL SOC medium (0.5% w:v yeast extract, 2% w:v
tryptone, 10 mM NacCl, 2.5 mM KCI, 10 mM MgClz, 10 mM MgSOs4, 20 mM glucose).
Following incubation, 50 L of cells transformed with 5-10 ng of plasmid DNA were

spread onto a 10 cm LB agar plate containing an appropriate antibiotics and incubated
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inverted at 37 € overnight. For cells transformed with the products of a ligation
reaction, cells were centrifuged (140 g, 4 min) followed by removal of 600 uL of
supernatant. The cell pallet was then resuspended and spread onto an agar plates.
Following overnight incubation, colony PCR was performed (Method 2.13.) or the

plates were sealed with Nescofilm and stored inverted at 4 <€ until use.

2.22. Reverse-transcription polymerase chain reaction (RT-PCR) of ECE-1 and

PCR cloning of full-length ECE-1b and ECE-1c

2.22.1. Preparation of ECE-1 cDNA by RT-PCR

Following the manufacturer’s instruction (Invitrogen), the first-strand cDNA of ECE-1
was synthesized by SuperScript Il reverse transcriptase (200 U) and 2 pmol ECE-1
gene-specific reverse primer (Figure 2.4.) in 20 L of reaction from 400 ng of mRNA

of HEK-GLP-1R cells as template.

2.22.2. PCR cloning of full-length ECE-1b and ECE-1c

For amplifying full-length ECE-1b and ECE-1c, 2 L of cDNA as the template was
added into 20 pL of reaction containing 0.4 U of Phusion polymerase, 0.5 pM gene
specific primers as designed below, 0.2 mM dNTPs and an appropriate amount of H,O.
For ECE-1c, re-PCR was performed using ~100 ng of PCR product as template and

another pair of gene specific primers as shown below (Fig 2.4.).
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a. 3’~ primer for RT-PCR and first PCR cloning of ECE-1c

5’-CATTTG ACACAG TGGTAT TTGTGG-3°

Spel Kozak ECE-1b (76-88)

c. 5~ primer for first PCR cloning of ECE-1c

5’-GGCTGAATCTGT GGGAAC CAGA-3’

ECE-1c (208-229)

d. 5’~ primer for re-PCR cloning of ECE-1c

Spel Kozak ECE-1c (257-268)

e. 3’~ primer for ECE-1b and re-PCR cloning of ECE-1c

EcoRl  ECE-1b (2364-2379) or
ECE-1c (2518-2533)

Fig 2.4. Primers for RT-PCR and cloning full length ECE-1b and ECE-1c. The
bases with dashed underline are the specific coding sequences of ECE-1b or ECE-1c, in
which the start codon and stop codon are in a hollow or shaded box. Bases in italic
represent the Kozak sequence and those on a solid underline represent the RE sites as

indicated. The extra bases are present on a waved underline.

2.23. The cloning of ECE-la-d sequences to remove the stop codons and the
mCherry sequence to remove start codon for generation of C-terminal

mCherry-tagged ECE-1 a-d plasmids

In order to express mCherry tagged on the C-terminal of ECE-1 protein, the sequences

of stop codon truncated ECE-1 a-d and start codon truncated mCherry were amplified.
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2.23.1. The cloning of stop codon truncated ECE-1a-d sequences and start codon

truncated mCherry sequence

Using the ECE-1a-d plasmids as templates, the same forward primers that were used for
full length ECE-la-d (Fig 2.3. and Fig 2.4.) and the reverse primer without a stop
codon shown below (Fig 2.5.) were used. The same conditions for PCR were set up as
used previously (Fig 2.16.2. and Fig 2.22.2.) to generate ECE-1a-d sequences minus
the stop codons. The plasmid of full-length mCherry was used as the template for
amplifying the mCherry sequence without a start codon by using the primers shown

below (Fig 2.5.).

a. 3’~ primer for stop codon truncated ECE-1a-d

Kpnl ECE-1

b. 5°~ primer for start codon truncated mCherry

Kpnl mCherry

c. 3’~ primer for mCherry

EcoRl mCherry

Fig 2.5. Primers for cloning stop codon-truncated ECE-1 a-d and start
codon-truncated mCherry. The bases with dashed underline are the stop
codon-truncated coding sequences common for all the ECE-1 isoforms. Bases on a solid
underline represent the RE sites as indicated. The extra bases are present on a waved

underline.

2.23.2. Generation of C-terminal mCherry-tagged ECE-1a-d plasmids

The stop codon-truncated ECE-1a-d PCR products were digested and ligated into the
digested pcDNA3.1 vector. The Miniprep from the single colony was made as described

before (Method 2.14.). This group of ECE-1a-d plasmids without a stop codon were
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then digested at the sites after the C-terminal of ECE-1 and the start codon-truncated

mCherry sequence was inserted into it.

2.24. Automated DNA sequencing

The sequences of the inserts in all recombinant plasmids were confirmed by automated
DNA sequencing (Protein and Nucleic Acid Characterisation Laboratory, University of
Leicester, Leicester, UK). The automated DNA sequencing was performed by a
Biosystems 3730 Squencer based on fluorescently labelling DNA fragments with a
circle sequencing protocol. The primers were designed to recognize the sequence
located at least 50 nucleotides away from the insert in pcDNA3.1(+) as there is s poor

quality of recognition in the first 15-40 bases (Table 2.2).

Table 2.2. Primers for automated DNA sequencing

Sequencing

AR Sequence Vector and location
direction

5t03" | 5’-AGGCGTTTTGCGCTGCTTCGC-3’ | pcDNA3.1(+) (409-433)

3t05 | 5-ACTAGAAGGCACAGTCGAGGC-3> | pcDNA3.1(+) (1220-1201)

2.25. Data analysis.

All data obtained were analysed using Prism 6.0 (GraphPad Software Inc., San Diego,
CA). Concentration-response curves were analysed using a four parameter non-linear
regression analysis. Data are representative of n > 3 and are presented as mean +/£S.E.M.,
unless otherwise stated. Statistical analysis was performed by unpaired Student’s t-test
(two-tailed) for only two datasets. One-way or two-way analysis of variance (ANOVA) with
Bonferroni’s post-test for multiple comparisons, or Dunnett’s post-test to compare each
group with a single control group were used where more than two datasets were compared.
All analysis was performed using Prism 6. Statistical significance was accepted at p < 0.05.
Where statistical comparisons are shown for normalised data, the statistical analyses

were performed on the raw data and shown on the normalised data for clarity.
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CHAPTER 3 Desensitisation and Re-sensitisation of the

GLP-1R
3.1. Introduction

GLP-1 has a variety of anti-diabetic effects including stimulating insulin release from
pancreatic B-cells in a glucose-dependent manner, promoting proinsulin transcription
and insulin biosynthesis, anti-apoptotic and proliferative effects on f-cells and
inhibiting glucagon secretion from a-cells, reducing gastric emptying and suppressing
appetite (Drucker, 2006, Doyle and Egan, 2007, Garber, 2010). These effects are
mediated by binding to its receptor, the GLP-1R, which is a validated target for the
treatment of type 2 diabetes. It is important therefore to understanding the function and
regulation of the GLP-1R. Although G protein-coupling and aspects of the signalling of
the GLP-1R have been well documented, information about desensitisation,

re-sensitisation and particularly the trafficking of GLP-1R are less well explored.

During continuous subcutaneous infusion of native GLP-1 for 6 or 12 weeks to type 2
diabetic patients in order to maintain elevated levels of circulating GLP-1, the activity
of GLP-1 including satiety and postprandial blood glucose-lowering and weight
reduction suggest that the chronic activation of the GLP-1R is not associated with
detectable receptor desensitisation (Zander et al., 2001, Meneilly et al., 2003). However,
studies have demonstrated that in vitro, the GLP-1R undergoes both homologous and
heterologous desensitisation. This has been shown for Ca** signalling and related to
receptor phosphorylation in response to agonist stimulation (Widmann et al., 1996b).
The phosphorylated GLP-1R may internalise with GLP-1 bound, entering into
intracellular compartments through clathrin- or caveolin-1-dependent machinery
dependent on the cell type (Widmann et al., 1995, Alvarez et al., 2005, Syme et al.,
2006). Following desensitisation, GLP-1R-mediated Ca®* signalling re-sensitises after
removal of the extracellular ligand. The recovery of the GLP-1R to the cell surface

shows a similar pattern to receptor re-sensitisation and appears to be independent of de
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novo receptor synthesis in CHL fibroblast cells expressing recombinant GLP-1R
(Widmann et al.,, 1995). However, the intracellular compartment(s) that the
ligand-receptor complex targets to after internalisation and the actual mechanism of

GLP-1R re-sensitisation are less clear.

The work described in this chapter extended previous work and examined the
desensitisation and re-sensitisation of both cAMP and Ca** signalling pathways in either
HEK293 cells stably expressing the recombinant human GLP-1R or in a pancreatic

B-cell line, INS-1E, expressing native GLP-1Rs.
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3.2. Results

3.2.1. Activation and desensitisation of GLP-1 7-36 amide-mediated cAMP signalling
in HEK-GLP-1R cells.

In the absence of the PDE inhibitor, IBMX, challenge of HEK-GLP-1R cells with 100
nM of GLP-1 7-36 amide stimulated an increase of cAMP which increased to a
maximum at 15 min. The level of cAMP was then sustained up until at least 30 min

after which time there was evidence of a decrease (Fig 3.2.1.1).

The GLP-1 7-36 amide-mediated CAMP response was concentration-dependent with a
PECso 0f 9.24 +0.07 and Hill slope of 0.82 +=0.17 (Fig 3.2.1.2. A;). Pre-challenge of
cells with 100 nM GLP-1 7-36 amide for 30 min in the absence of IBMX was used in
order to study the potential desensitisation of the GLP-1R. However, even after a 1 h
recovery period following removal of GLP-1 7-36 amide, cCAMP levels remained
elevated above basal (Fig 3.2.1.2.A;). Under these conditions, re-challenge of cells with
GLP-1 7-36 amide resulted in levels of cAMP that were higher than the control (without
pre-treatment), although ECs, values were similar. However, basal subtraction revealed
that the CAMP response to the second addition of GLP-1 7-36 amide was reduced in
cells pre-exposed to the agonist (Fig 3.2.1.2.A;).

The markedly elevated cAMP levels that were sustained following agonist removal
presented a difficulty in determining receptor desensitisation and the Ca** response was

therefore used as an index of receptor activation to study GLP-1R desensitisation.
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Fig 3.2.1.1. Time-course of the 100 nM GLP-1 7-36 amide-stimulated cAMP
response. HEK-GLP-1R cells were stimulated with 100 nM GLP-17-36 amide for the

required times (0-60 min) in the absence of IBMX. Data are mean £S.E.M., n = 3.
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Fig 3.2.1.2. GLP-1 7-36 amide-mediated cAMP concentration-response curves in
nawe cells or cells pre-exposed to GLP-1 7-36 amide. A;. HEK-GLP-1R cells were
pre-stimulated with buffer (control) or 100 nM GLP-1 7-36 amide (pre-treatment) for 30
min in the absence of IBMX followed by washing with KHB. After a 60 min period of
recovery, cells were stimulated or re-stimulated with GLP-1 7-36 amide at the indicated
concentrations (0-100 nM) for 15 min in the absence of IBMX. Aji. Data from graph A
with basal (0) subtraction. The pECsoand Hill slope under control conditions were 9.24
+ 0.07 and 0.82 £ 0.17 respectively and 9.39 +=0.17 and 0.75 =* 0.13 respectively
following pre-treatment. All data are mean £S.E.M., n = 3. *** p < 0.001 (two-way

ANOVA).
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3.2.2. GLP-1 7-36 amide-mediated Ca?* responses,

In  fluo-4-loaded HEK-GLP-1R cells, GLP-1 7-36 amide produced a
concentration-dependent increase in fluorescence as an index of [Ca®*]. Higher
concentrations of GLP-1 7-36 amide evoked a greater and more rapid increase in [Ca®*];
compared with lower concentrations. For example, 10 nM GLP-1 7-36 amide evoked a
Ca’* response that reached a peak at ~5 s after stimulation while it took ~10 s for 1 nM
GLP-1 7-36 amide and ~20 s for 0.01 nM GLP-1 7-36 amide (Fig 3.2.2.1.A). The
maximum increases in fluorescence were determined and used to generate
concentration-response curves, which showed a pECs of 10.03 +0.14 (Fig 3.2.2.1.B).
Changes in fluorescence were calibrated as described in Methods 2.7. and increases in
[Ca?*]; calculated (Fig 3.2.2.1.C, D). The peaks of calibrated Ca®* traces were sharper
than uncalibrated ones. Also the calibrated concentration-response curve showed GLP-1
7-36 amide to have a pECsy of 9.63 =+ 0.24, which was numerically lower but not
significantly different to the pECso calculated from the uncalibrated fluorescence
changes. The Hill slope of the calibrated curve was 1.10 £0.23 while it was 0.74 £0.15
for the uncalibrated curve (p > 0.05). This calibration also illustrated that the maximum
concentration of GLP-1 7-36 amide (10 nM) produced an elevation of [Ca®']i from a

resting value of 75 6 nM to 602 +41 nM in HEK-GLP-1R cells (Fig 3.2.2.1.C).

Removing the extracellular Ca®* at 5 min before stimulation did not affect the response
to GLP-1 7-36 amide, but pre-incubating the cells with an ER Ca®* ATPase inhibitor,

thapsigargin (2 M, 5 min) essentially abolished the response (Fig 3.2.2.2.).
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Fig 3.2.2.1. GLP-1 7-36 amide-mediated Ca®* responses. Fluo-4-loaded
HEK-GLP-1R cells were challenged with buffer (0) or GLP-1 7-36 amide at the
indicated concentrations (0-10 nM). The changes in fluorescence were measured by a
microplate reader as an index of [Ca®']i. A. Representative traces from a single
experiment showing increases in fluorescence units (basal subtracted for each trace).
Fluorescence was measured for 51 s with the injection at 11 s. B. The maximum
changes in fluorescence units (FU) were determined to generate concentration-response
curves. From these, the pECsy was determined as 10.03 +0.14 with a Hill slope of 0.74
+0.15. C, D. The [Ca?*];was calculated by calibration of the fluo-4 signal as described
in Methods 2.7.. The concentration-response curves of GLP-1 7-36 amide-induced
elevation of [Ca*']; demonstrated a pECs, value of 9.63 +0.24 and Hill slope of 1.10 +

0.23. Data are representative or mean =S.E.M., n = 3.
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Fig 3.2.2.2. GLP-1 7-36 amide-mediated Ca®* responses in HEK-GLP-1R cells are
from intracellular Ca®" stores. Fluo-4-loaded cells were stimulated with 10 nM GLP-1
7-36 amide in buffer either with or without extracellular Ca** (Ca®*e). Alternatively, cells
were pre-incubated with 2 M thapsigargin for 5 min followed by stimulation with 10
nM GLP-1 7-36 amide in buffer with Ca*’.. A. Representative traces from a single
experiment showing changes in fluorescence with basal subtraction for each trace.
Fluorescence was measured for 51 s with injection of ligand at 11 s. B. Maximum
changes in fluorescence were determined in each experiment. Data are representative or

mean + S.E.M., n = 3. *** p <0.001 (Bonferroni’s test following one-way ANOVA).
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3.2.3 Exposure of GLP-1 7-36 amide induces desensitisation of GLP-1R-mediated

Ca®* responses.

Pre-treatment with 10 nM (Emax concentration) GLP-1 7-36 amide for 1 min, followed
by washing with standard KHB (pH 7.4) and a 5 min recovery period (protocol shown
in Fig 3.2.3.1.A), resulted in a markedly reduced [Ca?*]; response to re-stimulation (Fig
3.2.3.1.B). In an attempt to ensure all of the GLP-1 7-36 amide was removed from the
receptor before re-challenge, acidified buffers at different pH values were used to wash
the cells for 20 s followed by 5 min recovery. Acid wash has been used in many studies
to remove cell-surface bound ligand (Widmann et al., 1997, Haugh et al., 1999, Li et al.,
2008). The response to the re-challenge increased as the pH of the washing buffer
decreased (Fig 3.2.3.1.C) and there was no effect of the acid washes on GLP-1 7-36
amide responses in nawe cells. Washing the cells with buffer at pH 4.0 resulted in a
numerical but not significant increase (~10%) in response to re-challenge with GLP-1
7-36 amide compared to the response in cells washed with standard KHB (pH 7.4) (Fig
3.2.3.1.C;j). Moreover, washing with buffer at pH 2.0 (20 s) resulted in a further but still
not significant increase (~30%) in the response to re-challenge with GLP-1 7-36 amide

(Fig 3.2.3.1.Cy).

Typically, acidified buffer at around pH 4.0 has been used to remove peptide ligands
from receptors (Yu and Hinkle, 1998, Kiess et al., 1994). It is of course possible that pH
2.0 acid might damage cells, particularly on extended exposure and so, prolonging the
period of washing with acidified buffer at pH 4.0 was performed in an attempt to
remove more ligand from receptors. When the time of washing with acidified buffer
(pH 4.0) was extended beyond 20 s up to 50 s following a 1 min pre-challenge with
GLP-1 7-36 amide (protocol shown in Fig 3.2.3.2.A), there was a tendency for the
responses to re-challenge to increase, reaching a maximal following a 40 s wash (Fig
3.2.3.2. B, C). Although there were no statistically significant differences, the data
normalised to controls (without pre-treatment) showed consistently that cells washed

with pH 4.0 buffer for 40 s gave a maximum response to GLP-1 7-36 amide
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re-challenge (Fig 3.2.3.2.D). The response was, however, still significantly decreased
compared to the control (without pre-treatment). Moreover, washing with acidified
buffer at pH 4.0 for 40 s resulted in a response to the re-challenge with GLP-1 7-36
amide that was similar to the response following a pH 2.0 wash for 20 s or 40 s (Fig
3.2.3.3.B). Washing the cells with the buffer at pH 2.0 for 40 s significantly decreased
the response in nawe cells, potentially highlighting the damaging impact of a pH 2.0

wash.

Based on the data above, washing with acidified buffer at pH 4.0 for 40 s was used in
the following experiment to detect the time-course of GLP-R desensitisation in the
absence of continued ligand binding to the plasma membrane GLP-1Rs. Pre-exposure to
10 nM GLP-1 7-36 amide for a range of times (from 0-30 min) followed by washing
with acidified buffer (pH 4.0) for 40 s (protocol shown in Fig 3.2.3.4.A) induced a
time-dependent reduction in response to GLP-1 7-36 amide re-challenge following a 5
min recovery period. Pre-treatment for either 10 or 30 min gave similar responses on
re-challenge suggesting that 10 min pre-treatment mediated a maximum desensitisation

of the Ca?* response (Fig 3.2.3.4.B, C).
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Fig 3.2.3.1. Recovery of GLP-1 7-36 amide-mediated Ca®* responses following
pre-challenge after washing with either standard or acidified buffer. A.
Experimental protocol. B. Representative Ca®* traces. Fluo-4-loaded cells were
pre-treated with buffer (control) or 10 nM GLP-1 7-36 amide for 1 min (pre-treatment)
followed by washing with standard KHB (pH 7.4) for 20 s. After 5 min recovery, cells
were then challenged or re-challenged with 10 nM GLP-1 7-36 amide and the changes
in fluorescence were monitored and calibrated to [Ca*];. Responses were measured for
51 s with injection at 11 s. C;. Fluo-4-loaded cells were pre-treated with buffer (control)
or 10 nM GLP-1 7-36 amide for 1 min and then washed with buffer at different pH
values (7.4, 4.0 or 2.0) for 20 s. The maximum increases in fluorescence were measured
and converted to [Ca®']; when cells were challenged or re-challenged with 10 nM
GLP-1 7-36 amide, following 5 min recovery. C;. Data were normalised to controls
(without pre-treatment). Data are representative or mean + S.E.M., n = 3. ** p<0.01
(Bonferroni’s test following two-way ANOVA. For clarity, the significance of

differences between the different pH washes is not shown).
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Fig 3.2.3.2. GLP-1 7-36 amide-induced desensitisation of GLP-1R-mediated Ca**
responses after washing with standard buffer or pH 4.0 buffer for various times. A.
Experimental protocol. B. Fluo-4-loaded HEK-GLP-1R cells were pre-treated with
buffer (control) or 10 nM GLP-1 7-36 amide for 1 min, followed by washing with
standard KHB (pH 7.4) for 20 s or acidified buffer (pH 4.0) from 20 to 50 s as indicated.
After 5 min recovery, cells were challenged or re-challenged with 10 nM GLP-1 7-36
amide and the increases in fluorescence monitored and converted to [Ca*'];. C. The data
from panel B were grouped to untreated (control) and GLP-1 7-36 amide pre-treated. D.
The data in panel B were normalised to controls (without pre-treatment). All data are
mean + S.E.M., n > 3. *** p < 0.001 (Bonferroni’s test following one-way ANOVA.

Only the differences within a pair are shown for clarity).
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Fig 3.2.3.3. GLP-1 7-36 amide-induced desensitisation of GLP-1R-mediated Ca**
responses after washing with acidified buffer at either pH 4.0 or pH 2.0. A.
Experimental protocol. B. Fluo-4-loaded cells were pre-treated with buffer (control) or
10 nM GLP-1 7-36 amide for 1 min, followed by washing with acidified buffer at pH
4.0 for 40 s or pH 2.0 for either 20 s or 40 s. After 5 min recovery, cells were then
challenged or re-challenged with 10 nM GLP-1 7-36 amide and the increases in
fluorescence were determined and calibrated to [Ca®'];. All data are mean + S.E.M., n >
3. *** p < 0.001. (Bonferroni’s test following one-way ANOVA. The differences
between the pre-treatment and the controls (without pre-treatment) in different groups

are not shown).
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Fig 3.2.3.4. Time-dependence of GLP-1 7-36 amide-mediated desensitisation of
GLP-1R signalling. A. Experimental protocol. Fluo-4-loaded cells were pre-treated
with buffer (0 min) or 10 nM GLP-1 7-36 amide for 1, 5, 10 or 30 min and then washed
with acidified buffer (pH 4.0) for 40 s. Cells were then challenged or re-challenged with
10 nM GLP-1 7-36 amide following 5 min recovery and changes in fluorescence were
monitored and converted to [Ca®*];. Responses were measured for 46 s with injection at
11 s. Both representative traces (B) and mean data (C) are shown. Data are mean +
SEM, n=3.%*% p<0.05 ** p<0.01;, *** p < 0.001 (Bonferroni’s test following
one-way ANOVA).
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3.2.4. GLP-1R re-sensitisation.

To mimic a more physiological environment, standard buffer (pH 7.4) instead of
acidified buffer (pH 4.0) was used to wash the cells after pre-treatment to determine the
time-course of GLP-1R re-sensitisation. After desensitisation induced by a 10 min
pre-treatment (giving maximum desensitisation as shown in Fig 3.2.3.4.) with 10 nM
GLP-1 7-36 amide and subsequent washing with KHB (protocol shown in Fig 3.2.4.A),
GLP-1R-mediated Ca** signalling showed a time-dependent recovery. The response to
re-challenge with GLP-1 7-36 amide was almost absent at 5 min recovery (Fig 3.2.4.B,
F). The Ca?* response then recovered with increasing recovery times (Fig 3.2.4.C, D, E,
F). Indeed, after a 3 h recovery period, the response was not significantly different from
the control without pre-treatment (Fig 3.2.4.F), and a full concentration-response curve
at this point showed a pECs and Hill slope of 8.78 £0.26 and 0.60 £0.06 respectively,
which were numerical lower but not significantly different compared to the control
without pre-treatment (9.40 £0.13 and 0.79 £0.08 respectively), although the curves

did show a significant difference overall (Fig 3.2.4.G).
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Fig 3.2.4. Re-sensitisation of GLP-1R-mediated Ca®*" responses. A. Experimental
protocol. B-E. Representative traces. Cells were pre-treated with buffer (control) or 10
nM GLP-1 7-36 amide for 10 min followed by washing with KHB. After a 5 min (B), 1
h (C), 2 h (D) or 3 h (E) period of recovery, fluo-4-loaded cells were challenged or
re-challenged with 10 nM GLP-1 7-36 amide. The fluorescence was monitored and
calibrated to [Ca?*]i. Responses were measured for 46 s with the injection at 11 s. The
mean data were generated (F). G. Cells were pre-treated with buffer (control) or 10 nM
GLP-1 7-36 amide (pre-treatment) for 10 min followed by washing with KHB. After 3 h
recovery, fluo-4-loaded cells were stimulated or re-stimulated with GLP-1 7-36 amide at
the required concentrations (0-10 nM). The pECs, values were 9.40 +0.13 (control) and
8.79 +£0.26 (pre-treatment) and Hill slopes were 0.79 +0.08 (control) and 0.60 £0.06
(pre-treatment). Data in F are mean + S.E.M., n = 4, *** p < 0.001 (Bonferroni’s test
following two-way ANOVA. Only the differences between groups at each time point are
shown for clarity). Data in G are mean =S.E.M., n = 3. *** p < 0.0001 (two-way

ANOVA).
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3.2.5. GLP-1R re-sensitisation is not dependent on protein synthesis, but dependent

on receptor internalisation and endosomal acidification.

The generally accepted mechanism of receptor re-sensitisation involves receptor
internalisation and receptor recycling and/or the recruitment of new receptors from the
cytoplasm to the plasma membrane and/or the de novo synthesis of new receptors (Fig
1.6.). To detect the potential mechanisms of GLP-1R re-sensitisation, a range of
inhibitors were used at the concentrations previously shown to be effective in HEK293
cells (Hagen et al., 2003, Stoneham et al., 2012, Law et al., 2000). Cycloheximide (17.5
uM), a protein synthesis inhibitor, was used to inhibit new receptor synthesis. Dynasore
(80 uM), an inhibitor of dynamin, was used to inhibit dynamin-dependent receptor
internalisation. Monensin (50 puM) collapses proton gradients and was used as an
inhibitor of endosomal acidification. The experimental protocol is shown in Fig 3.2.5.A.
Treatment with 17.5 uM cycloheximide did not affect GLP-1R re-sensitisation (Fig
3.2.5.B). This concentration of cycloheximide has previously been shown in our
laboratory to block protein synthesis in HEK293 cells (Alhosaini, 2011). However,
treating cells with 80 uM dynasore (Fig 3.2.5.C) or 50 uM monensin (Fig 3.2.5.D)
significantly inhibited GLP-1R re-sensitisation without affecting the responses of nawe

cells.
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Fig 3.2.5. GLP-1R re-sensitisaton is not dependent on protein synthesis, but
dependent on receptor internalisation and endosomal acidification. A. Experimental
protocol. Cells were pre-incubated for 30 min with either buffer or buffer with inhibitors,
17.5 pM cycloheximide (B), 80 M dynasore (C) or 50 M monensin (D) (which were
then included throughout). Cells were then pre-treated with buffer (control) or 10 nM
GLP-1 7-36 amide for 10 min followed by washing with KHB. After a 90 min period of
recovery, fluo-4-loaded cells were stimulated or re-stimulated with 10 nM GLP-1 7-36
amide. Responses were measured for 46 s with injection at 11 s. Data are representative
or mean + S.EM., n > 3. ** p < (.01 (Bonferroni’s test following one-way ANOVA,

only the differences in pre-treated cells are shown here for clarity).
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3.2.6. GLP-1 7-36 amide-mediated GLP-1R internalisation with ligand bound,

co-localizing with the early endosomes.

It has been reported previously in our laboratory that the signalling of a C-terminal
EGFP-tagged GLP-1R (GLP-1R-EGFP) is similar to that wild-type GLP-1R when
expressed in HEK293 cells. Indeed, in the HEK-GLP-1R-EGFP cell line used here to
examine the real-time movement of GLP-1Rs, GLP-1 7-36 amide has similar potency
on cCAMP generation to that in HEK-GLP-1R cells although the Emax is reduced
(Coopman et al., 2010). Real-time confocal imaging of live HEK-GLP-1R-EGFP cells
revealed intense, continuous plasma membrane fluorescence and relatively weak
intracellular fluorescence (Fig 3.2.6.1.A, B) demonstrating that receptors are mainly
expressed on the plasma membrane with low expression in the interior of cell.
Challenging cells for 60 min with GLP-1 7-36 amide at 10 nM (Fig 3.2.6.1.A) or 100
nM (Fig 3.2.6.1.B) induced the loss of this membrane fluorescence. That was associated
with an increase of intracellular fluorescence in discrete puncta or large patches.
Quantification of changes in both plasma membrane and intracellular fluorescence as
described in Methods 2.11.1. indicated that GLP-1 7-36 amide induced GLP-1R
internalisation in a time- and concentration-dependent manner. For example, both 10
nM and 100 nM GLP-1 7-36 amide gave maximum internalisation at ~60 min and the
latter gave higher internalisation than the former (Fig 3.2.6.1.C). However,
pre-treatment with dynasore (80 M, 30 min) blocked both the GLP-1 7-36
amide-induced loss of membrane fluorescence and the increase in intracellular

fluorescence (Fig 3.2.6.2.).

To detect whether ligand would internalise along with the GLP-1R, rhodamine-labelled
GLP-1 7-36 amide (Rho-GLP-1 7-36 amide) was used along with cells expressing
GLP-1R-EGFP. Treatment with 100 nM Rho-GLP-1 7-36 amide for 60 min resulted in
the internalisation of both GLP-1R-EGFP and Rho-GLP-1 7-36 amide, which showed
co-localization at both the plasma membrane and within the cytosol (Fig 3.2.6.3.A).

Internalisation of both ligand and receptor was successfully blocked by 80 M dynasore
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(Fig 3.2.6.3.B). Following addition of 100 nM Rho-GLP-1 7-36 amide to HEK-GLP-1R
cells, fluorescence was observed both at the cell surface and within the cytosol.
Cell-surface binding and the appearance of fluorescence inside the cells were blocked

by co-addition of 100 nM unlabelled GLP-1 7-36 amide (Fig 3.2.6.3.C).

In a functional assay, Rho-GLP-1 7-36 amide stimulated cCAMP accumulation but with a
reduced potency and different Hill slope compared to GLP-1 7-36 amide in
HEK-GLP-1R cells. The pECsoand Hill slope for Rho-GLP-1 7-36 amide were 7.97 &
0.04 and 1.20 =+ 0.04 respectively (Fig 3.2.6.3.D), both of which were significantly
different to these of GLP-1 7-36 amide (pECs09.67 £0.02 and Hill slope 0.86 +0.12).
In a radioligand binding assay using intact HEK-GLP-1R cells at 4°C, 10 nM GLP-1
7-36 amide or 10 nM Rho-GLP-1 7-36 amide was used to compete with 0.05 nM
%]_exendin 9-36 amide. Both ligands inhibited '*l-exendin 9-36 amide binding.
However, the inhibition by GLP-1 7-36 amide was significantly higher than that of
Rho-GLP-1 7-36 amide (Fig 3.2.6.3.E) indicating a higher affinity of GLP-1 7-36
amide. Importantly, previous research has shown that the C-terminal EGFP-tagged
version of GLP-1R gives a similar potency in GLP-1 7-36 amide-mediated cCAMP
generation compared to the wild-type GLP-1R (Coopman et al., 2010).

The co-localization of GLP-1R-EGFP and early endosomes was then determined using
immunocytochemistry of an early endosome marker, EEAl1 in fixed
HEK-GLP-1R-EGFP cells. As shown in live cells, in fixed cells the fluorescence of
GLP-1R-EGFP was present mainly at the cell surface although some was present within
the cytosol (Fig 3.2.6.4.). EEA1 was present mainly in the cytosol (based on
GLP-1R-EGFP defining the plasma membrane location). Under basal conditions, there
was some evidence of co-localization of GLP-1R-EGFP with EEAL within the cytosol
(Fig 3.2.6.4.). Consistent with the data in live cells (Fig 3.2.6.1.B), after 60 min
stimulation with 100 nM GLP-1 7-36 amide, GLP-1R-EGFP accumulated in the interior
of cells with very weak fluorescence remaining at the plasma membrane (Fig 3.2.6.4.).

GLP-1R-EGFP fluorescence inside of the cells was co-localized with EEALl (Fig
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3.2.6.4.). The Pearson correlation coefficient (r) shows that there are more

co-localization between the GLP-1R-EGFP and EEA1 after simulation.
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Fig 3.2.6.1. GLP-1 7-36 amide-mediated GLP-1R internalisation determined using
an EGFP-tagged GLP-1R. Live HEK-GLP-1R-EGFP cells were imaged by confocal
microscopy over 0-60 min period during which time they were challenged with either
10 nM GLP-1 7-36 amide (A) or 100 nM GLP-1 7-36 amide (B). C. Images were
analysed as described in Methods 2.11.1.. Arrowheads and arrows indicate the
distribution of GLP-1R-EGFP at the plasma membrane and in the cytosol respectively.
Data are mean =S.E.M., n = 3 (2-5 cells were analysed in each individual experiment;
10 cells in total for each data-point). ***, p < 0.001 (two-way ANOVA). Scale bar (in

the bottom left of each image), 5 um.
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Fig 3.2.6.2. GLP-1 7-36 amide-mediated GLP-1R internalisation is blocked by
dynasore. A. HEK-GLP-1R-EGFP cells were imaged by confocal microscopy over
0-30 min period during which time they were challenged with 100 nM GLP-1 7-36
amide with or without 80 M dynasore pre-incubation for 30 min and in its continued
presence or absence as appropriate. Arrowheads and arrows indicate the distribution of
GLP-1R-EGFP at the plasma membrane and in the cytosol respectively. B. Data are
mean =£S.E.M., n = 3 (2-5 cells were analysed in each individual experiment; 9 cells in
total for each data-point). ***, p < 0.001 (two-way ANOVA). Scale bar (in the bottom

right of each image), 5 um.
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Fig 3.2.6.3. Rhodamine-labelled GLP-1 7-36 amide internalises with the
GLP-1R-EGFP. HEK-GLP-1R-EGFP cells were stimulated with 100 nM Rho-GLP-1
7-36 amide for 60 min in either the absence (A) or presence (B) of 80 M dynasore.
The cells were imaged by confocal microscopy either before (0 min) or after stimulation
(60 min). C. HEK-GLP-1R cells were challenged with 100 nM Rho-GLP-1 7-36 amide
alone or with 100 nM GLP-1 7-36 amide for 60 min. The cells were then imaged. D.
HEK-GLP-1R cells were stimulated with GLP-1 7-36 amide or Rho-GLP-1 7-36 amide
at the required concentrations (0-100 nM) for 15 min in the presence of IBMX. The
CAMP production was then determined showing a pECs and Hill slope of 9.67 £0.02
and 0.86 #+0.12 respectively for GLP-1 7-36 amide and 7.97 +0.04 and 1.20 +=0.04
respectively for Rho-GLP-1 7-36 amide. E. HEK-GLP-1R cells were incubated with
0.05 nM *®l-exendin 9-36 amide alone (basal) or with 10 nM GLP-1 7-36 amide, 10
nM Rho-GLP-1 7-36 amide or alternatively with 1 M exendin 9-36 amide to
determine non-specific binding (NSB) for 16 h at 4 °C. The binding of **I-exendin 9-39
amide was then assessed. The images are representative of 3 independent experiments.
The arrowheads and arrows indicate the fluorescence at the plasma membrane and in
the cytosol respectively. The Pearson correlation coefficient (r) was used to quantify the
degree of co-localization between GLP-1R-EGFP and Rho-GLP-1 7-36 amide. Scale
bar (in the bottom left or right of each image), 5 um. Data in D are mean =S.E.M., n =
3. *** p < 0.001 (two-way ANOVA). Data in E are mean + SEM., n=3.*, p <0.05
(Bonferroni’s test following one-way ANOVA; only the GLP-1 7-36 amide vs.

Rho-GLP-1 7-36 amide comparison is shown for clarity).
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Fig 3.2.6.4. GLP-1 7-36 amide causes internalisation of the GLP-1R into early
endosomes. HEK-GLP-1R-EGFP cells were un-stimulated (O min) or challenged with
100 nM GLP-1 7-36 amide for 60 min. The cells were then fixed and permeabilized for
immunostaining with anti-EEAL antibody as described in Methods 2.10.1.. Cells were
imaged in mounting solution using confocal microscopy. The expression of
GLP-1R-EGFP or EEAL at the plasma membrane or in the cytosol are indicated by
arrowheads and arrows respectively. Representative images of 2 independent
experiments. The Pearson correlation coefficient (r) was used to quantify the degree of
co-localization between GLP-1R-EGFP and EEAL. Scale bar (in the bottom right of

each image), 5 pm.
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3.2.7. GLP-1 7-36 amide-induced reduction of cell-surface GLP-1R binding

This time- and concentration-dependent loss of cell-surface GLP-1R binding was
determined using a radioligand binding assay in intact HEK-GLP-1R cells. GLP-1 7-36
amide at either 10 nM or 100 nM induced maximal reductions in binding of **I-exendin
9-39 amide at around 60 min with 100 nM causing a much greater loss than 10 nM (Fig
3.2.7.A)). For example, simulation for 60 min with 10 nM GLP-1 7-36 amide reduced
binding to ~70% of that seen in the controls while it was only ~35% following 100 nM

GLP-1 7-36 amide (Fig 3.2.7.A).
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Fig 3.2.7. GLP-1 7-36 amide-mediated loss of cell-surface GLP-1R binding
determined by radioligand binding assay. A;. HEK-GLP-1R cells were stimulated
with 10 nM or 100 nM GLP-1 7-36 amide for 0-60 min as indicated. Cell-surface
receptor binding was then assessed as described in Methods 2.8.. Aji. GLP-1R binding
was normalised to that of basal (0). Data are mean =S.E.M., n = 3. *** p < 0.001

(two-way ANOVA).
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3.2.8. The recovery of GLP-1R binding at the cell surface is not dependent on protein

synthesis, but dependent on endosomal acidification.

To ensure that there was a reasonable window in which to detect the time-course of
recovery of cell-surface GLP-1R binding using the radiobinding assay, especially when
inhibitors were applied to assess their impact on recovery, 100 nM GLP-1 7-36 amide
was used to induce receptor internalisation. In these experiments (protocol shown in Fig
3.2.8.1.A), HEK-GLP-1R cells were treated with 100 nM GLP-1 7-36 amide for 10 min
which caused ~50% reduction in radioligand binding (Fig 3.2.8.1.B). After removing
the ligand and washing cells with KHB, GLP-1R binding recovered in a time-dependent
manner. During the first one hour after ligand removal, GLP-1R binding increased
rapidly from ~50% to ~75% of basal (Fig 3.2.8.1.D). There was then a gradual increase
in GLP-1R binding to ~80% of basal after 3 h and ~90% after 6 h recovery. Measuring
the re-sensitisation of the Ca®* response under the same conditions (ie 100 nM GLP-1
7-36 amide pre-treatment for 10 min), the GLP-1R response initially desensitised (~10%
response of the control). The response then recovered with increasing recovery periods

up to 6 h in the absence of ligand (Fig 3.2.8.1.C, D).

Consistent with the functional assay demonstrating that re-sensitisation of the
GLP-1R-mediated Ca®* response was independent on protein synthesis (Fig 3.2.5.B),
cycloheximide did not inhibit the recovery of GLP-1R binding after GLP-1 7-36 amide
(100 nM, 10 min) pre-challenge followed by KHB wash and 90 min recovery (Fig
3.2.8.2.A). Furthermore, cycloheximide did not affect receptor binding on nawe cells.
The functional assay also suggested that GLP-1R re-sensitisation is dependent on
endosomal acidification (Fig 3.2.5.D) and the effect of monensin on the recovery of
cell-surface GLP-1R binding was determined. The potential of monensin to block
receptor recycling by inhibition of endosomal acidification was assessed in intact
HEK-GLP-1R-EGFP cells by real-time confocal imaging. Incubation with 50 M
monensin resulted in the loss of cell-surface fluorescence and an increase in

intracellular fluorescence that appeared in discrete puncta despite the absence of
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receptor ligand (Fig 3.2.8.2.B). However, in cells pre-treated with 80 uM dynasore,
monensin did not influence either cell-surface or intracellular fluorescence (Fig
3.2.8.2.B). Quantification of changes in both plasma membrane and intracellular
fluorescence also illustrated that dynasore significantly inhibited the monensin-induced
accumulation of GLP-1R-EGFP inside the cells (Fig 3.2.8.2.C). This suggested that
GLP-1R was constitutively internalised and that monensin could be used as a tool for

trapping receptors within the cell.

In the radioligand binding assay, pre-treatment of HEK-GLP-1R cells with monensin
and subsequent challenge with GLP-1 7-36 amide (100 nM, 10 min) followed by
washing with KHB and then recovery dramatically inhibited the recovery of cell-surface
binding (Fig 3.2.8.2.D). The basal level of radioligand binding was also significantly
reduced by ~20% following treatment with monensin which may have been a

consequence of the inhibition of GLP-1R constitutive cycling (Fig 3.2.8.2.B, C).
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Fig 3.2.8.1. The recovery of cell-surface GLP-1R binding and Ca®* signalling
following treatment with GLP-1 7-36 amide. A. Experimental protocol. B.
HEK-GLP-1R cells were stimulated with 100 nM GLP-1 7-36 amide for 10 min
followed by washing with KHB. After 5 min-6 h recovery in serum-free DMEM,
cell-surface GLP-1R binding was assessed as described in Methods 2.8.. C. Cells were
treated as above but rather than determination of cell-surface binding,
GLP-1R-mediated Ca** signalling was assessed. After 5 min-6 h recovery, fluo-4-loaded
cells were stimulated or re-stimulated with a maximum concentration of GLP-1 7-36
amide (10 nM) and the increases in fluorescence were monitored and calibrated to
[Ca?*]i. The mean data of maximum increase in [Ca®"]i (M) were generated. D. Both
GLP-1R binding and the maximum increase in [Ca®*']i (nM) were normalised to their
controls (-10 min). All data are mean £S.E.M., n = 4. * p <0.05; **, p < 0.01; *** p <
0.001 vs. control (0) (Dunnett’s test following one-way ANOVA).
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Fig 3.2.8.2. The recovery of cell-surface GLP-1R binding is independent of protein
synthesis but reduced by the inhibition of endosomal acidification. HEK-GLP-1R
cells were pre-incubated in the absence or presence of 17.5 M cycloheximide (A) or 50
MM monensin (D) which was then included throughout the experiment. Cells were then
stimulated with buffer (basal) or 100 nM GLP-1 7-36 amide for 10 min followed by
washing with KHB. After a 5 min or 90 min period of recovery, cell-surface GLP-1R
binding was measured as described in Methods 2.8.. GLP-1R binding was normalised
to that of na'we cells (Ajand D;). B. Representative images from a single experiment.
HEK-GLP-1R-EGFP cells were imaged by confocal microscopy at 0, 15 and 30 min
during which time they were incubated with 50 M monensin either with or without 80
UM dynasore. Arrowheads and arrows indicate the localization of GLP-1R-EGFP at the
cell surface and in the cytosol respectively. Scale bar (in the bottom left of each image),
5 um. C. The images were analysed as described in Methods 2.11.1.. The data are mean
+ S.E.M., n = 3 (2-5 cells were analysed in each individual experiment.). All other data
are mean + SEEM., n> 3. * p < 0.05; *** p < 0.001 (Bonferroni’s test following
two-way ANOVA. Only the differences between groups at each time point are shown

for clarity).
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3.2.9. GLP-1 7-36 amide-induced loss of cell-surface GLP-1R binding and; GLP-1R

desensitisation and re-sensitisation in the rat pancreatic p-cell line, INS-1E.

In INS-1E cells, 100 nM GLP-1 7-36 amide induced a rapid loss of GLP-1R binding
from the cell surface in the first 5 min (reduced to ~60% of basal) (Fig 3.2.9.1.A).
Receptor binding then slowly decreased during further incubation reaching ~50% of
basal at 60 min. Removing the ligand after 10 min of stimulation allowed recovery of
GLP-1R binding at the cell surface. After 60 min recovery, receptor binding was ~80%
of basal (Fig 3.2.9.1.B).

The measurement of Ca?* signalling using a microplate reader lacks sensitivity with
these particular cells and cAMP signalling was therefore assessed to study
desensitisation of the GLP-1R (protocol shown in Fig 3.2.9.2.A). GLP-1 7-36 amide
stimulated a concentration-dependent increase in cCAMP with a pECs of 9.67 +0.13 and
Hill slope of 2.99 % 1.14 in the presence of IBMX (Fig 3.2.9.2.B). The maximum
concentration of 10 nM GLP-1 7-36 amide produced an increase in CAMP to 543 +13
pmol/mg protein from a basal of 71 =3 pmol/mg protein. Pre-treatment with 100 nM
GLP-1 7-36 amide (the concentration used in the radioligand binding assay to assess
receptor loss from the cell surface) for 10 min resulted in desensitisation of the cAMP
response on subsequent re-challenge. In contrast to HEK-GLP-1R cells (Fig 3.2.1.2.A),
here there was no remaining CAMP elevation from the pre-treatment (Fig 3.2.9.2.B).
After a 60 min period of recovery, the GLP-1 7-36 amide-mediated cCAMP
concentration-response curve in the pre-treated cells had a pECsp of 9.55 #0.11 and Hill
slope of 1.59 +0.28 in the presence of IBMX. These values were not significantly
different compared to the control conditions (without pre-treatment) (Fig 3.2.9.2.B).
However, the En.x was significantly reduced in pre-treated cells. For example,
re-challenge with 10 nM GLP-1 7-36 amide generated 430 £ 39 pmol/mg protein of
CAMP from a basal of 62 6 pmol/mg protein in the pre-treated cells compared to 543
+ 13 pmol/mg protein from a basal of 71 £ 3 pmol/mg in the control (without

pre-treatment).
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Following the protocol (Fig 3.2.9.3.A), the cAMP response to re-challenge with GLP-1
7-36 amide after pre-challenge (100 nM GLP-1 7-36 amide, 10 min) and recovery (60
min) was not influenced by 17.5 M cycloheximide (Fig 3.2.9.3.B). However, treatment
with 80 M dynasore abolished cAMP responses in either na'we cells or pre-challenged
cells (Fig 3.2.9.3.C), thereby complicating interpretation. Treating cells with 50 piM
monensin inhibited the cCAMP response to re-stimulation by ~60% although monensin

also reduced responses in nawe cells by ~30% (Fig 3.2.9.3.D).
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Fig 3.2.9.1. GLP-1 7-36 amide-mediated loss of cell-surface GLP-1R binding and
subsequent recovery after ligand removal. A;. INS-1E cells were stimulated with 100
nM GLP-1 7-36 amide for 0-60 min as indicated. Cell-surface GLP-1R binding was
then assessed as described in Methods 2.8.. Aii. GLP-1R binding was normalised to that
of basal (0 min). B;. INS-1E cells were stimulated with buffer (basal) or 100 nM GLP-1
7-36 amide for 10 min followed by washing with KHB. After a 5 min or 60 min period
of recovery, cell-surface GLP-1R binding was measured as described in Methods 2.8..
Bii. GLP-1R binding was normalised to that of basal. Data are mean + S.E.M., n = 3.
Statistical analysis was performed only for data or graph B;. **, p < 0.01; ***, p < 0.001

(Bonferroni’s test following one-way ANOVA).
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Fig 3.2.9.2. GLP-1 7-36 amide-induced cAMP responses in the absence or presence
of GLP-1 7-36 amide pre-stimulation. A. Experimental protocol. B. In the absence of
IBMX, INS-1E cells were pre-treated with buffer (control) or 100 nM GLP-1 7-36
amide (pre-treatment) for 10 min followed by washing with KHB. Following a 60 min
period of recovery, cells were stimulated or re-stimulated with GLP-1 7-36 amide at the
indicated concentrations (0-100 nM) for 15 min in the presence of IBMX. The cAMP
generation was then determined. The concentration-response curve of the control has a
PECs of 9.67 +0.13 and Hill slope of 2.99 #+1.14 compared to 9.55 £0.11 and 1.59 +
0.28 respectively in the pre-treated cells. Data are mean =S.E.M., n = 4, *** p < 0.001

(two-way ANOVA).
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Fig 3.2.9.3. GLP-1R re-sensitisation is not dependent on protein synthesis, but
reduced by the inhibition of endosomal acidification in INS-1E cells. A.
Experimental protocol. Cells were pre-incubated for 30 min without or with the
inhibitors, cycloheximide (17.5 M, B), dynasore (80 M, C) or monensin (50 M, D)
which were then included throughout the experiment. Cells were then pre-stimulated
with buffer or 100 nM GLP-1 7-36 amide for 10 min in the absence of IBMX followed
by washing with KHB. After a 60 min period of recovery, cells were stimulated or
re-stimulated with GLP-1 7-36 amide in the presence of 500 LM IBMX. All data are
mean + S.EM., n > 3. * p < 0.05; **, p < 0.01; ***, p < 0.001 (Bonferroni’s test

following one-way ANOVA).
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3.3. Discussion

Given that the chronic activation of GLP-1R may occur in patients with type 2 diabetes
in order to provide therapeutic blood glucose control and energy homeostasis, studying
the potential desensitisation and subsequent re-sensitisaton of the GLP-1R is of
particular importance in both understanding the pharmacological properties and
informing clinical use. The present data demonstrated that after receptor activation, the
GLP-1R undergoes a process of desensitisation that is both time- and
concentration-dependent. Furthermore, GLP-1 7-36 amide co-internalises with the
receptor as a complex into early endosomes. The endocytosed GLP-1Rs then recycle
back to the plasma membrane for a new cycle of activation after removal of the
extracellular ligand. The process of GLP-1R re-sensitisation is independent of de novo

receptor synthesis (Fig 3.3).
3.3.1. GLP-1R activation

The current data show that GLP-1 7-36 amide activates the GLP-1R and stimulates both
cAMP and Ca** signalling in a time- and concentration-dependent manner in HEK293
cells stably expressing recombinant human GLP-1Rs (Fig 3.2.1.1, Fig 3.2.1.2, Fig
3.2.2.1). Such signalling has been reported for the GLP-1R expressed in a variety of
cells, including pancreatic p-cell lines as also shown here. This suggests the
HEK-GLP-1R cell line may be a suitable model to explore the desensitisation,
re-sensitisation and potential trafficking of the GLP-1R. Key experiments from these
studies in HEK-GLP-1R cells were confirmed in INS-1E cells expressing native

GLP-1Rs, again supporting the validity of the model.
3.3.2. Constitutive cycling of the GLP-1R

Some GPCRs cycle constitutively between the cell surface and intracellular
compartments in the absence of agonist. For example, in unstimulated fibroblasts and

endothelial cells, PAR1 cycles between the cell surface and a cytosolic pool of receptors
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which is required for receptor expression at the plasma membrane (Shapiro et al., 1996,
Paing et al., 2006). The present study suggests that the GLP-1R may also undergo
constitutive cycling through a dynamin-dependent mechanism (Fig 3.2.8.2.B, C). This
has been suggested in a previous study which also highlighted an interaction between
the GLP-1R and caveolin-1 that was required for targeting the intracellular GLP-1Rs to
the plasma membrane in the absence of ligand, thereby allowing efficient GLP-1R

signalling (Syme et al., 2006).

3.3.3. GLP-1R desensitisation.

Although there is limited reduction of biological activity of GLP-1R upon chronic
activation in vivo (Zander et al., 2001, Meneilly et al., 2003), consistent with previous
studies the current data clearly demonstrate GLP-1R desensitisation in cellular systems.
The desensitisation of GLP-1R-mediated cCAMP signalling has been previously explored
in pancreatic B-cell line, INS-1E (Baggio et al., 2004). In contrast to that study which
showed GLP-1R desensitisation only upon prolonged GLP-1 stimulation (> 1 h), the
present data indicated rapid GLP-1R desensitisation upon GLP-1 7-36 amide exposure
in INS-1E cells (Fig 3.2.9.2.). In HEK-GLP-1R cells, cAMP production in response to
GLP-1 7-36 amide (100 nM) was sustained even after removal of the extracellular
ligand making it difficult to assess any receptor desensitisation at the level of CAMP
(Fig 3.2.1.2.). Sustained cAMP production may be a consequence of a large number of
cell-surface receptors in these cells compared with the endogenous level of expression
in B-cells. Indeed, it has been indicated that in CHL cells expressing recombinant
GLP-1R, there is a positive linear relationship between cell-surface receptor number
and the activation of AC in the range of ~10,000-270,000 receptors/cell (Fehmann et al.,
1998). It is also possible that there may be differences in the intracellular environment
between two types of cell. For example, levels of AC and PDE, which produces and
hydrolyzes cCAMP respectively, may be expressed at different levels in the different cell
types, thereby providing cell-specific signalling patterns. Given that the persistent

CAMP response occurred in the present study, even following removal of ligand, it is
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also possible that persistent signalling arose from endocytosed GLP-1Rs (see Chapter
4). Despite difficulties in assessing desensitisation of cAMP signalling in HEK-GLP-1R
cells, challenge with GLP-1 7-36 amide did mediate a rapid desensitisation of
GLP-1R-mediated Ca®* signalling in a time-dependent manner (Fig 3.2.3.4.). As
demonstrated, the desensitisation of GLP-1R is mediated by agonist-stimulated GLP-1R
phosphorylation by GRK and/or PKC at the C-terminal tail of GLP-1R (Widmann et al.,
1996a, Widmann et al., 1996b, Widmann et al., 1997). Details regarding the
phosphorylation sites of the GLP-1R that critical for mediating desensitisation can be

found in the General Introduction 1.4.3..
3.3.4. GLP-1R internalisation.

The phosphorylated receptors recruit endocytic proteins such as p-arrestin to form an
endocytotic vesicle leading to receptor internalisation (Gurevich and Gurevich, 2006)
(see General Introduction 1.4.2.). Compared with phosphorylation, internalisation is
considered a slower process and has limited effect on the initiation of receptor
desensitisation. However, it clearly defines the pattern of desensitisation by reducing the
cell-surface receptor number and provides a route for either recycling or degradation
(Ferguson, 2001). For the GLP-1R, it has been reported that phosphorylation not only
mediates desensitisation but also directs internalisation in CHL fibroblast cells
expressing recombinant receptors (Widmann et al., 1997). The extent to which
internalisation contributes to the process of desensitisation and over what time-frame is
unclear. The data presented here showed time- and concentration-dependent GLP-1R
internalisation upon GLP-1 7-36 amide stimulation in both HEK-GLP-1R cells and
INS-1E cells (Fig 3.2.6.1., Fig 3.2.7. and Fig 3.2.9.1.A). Particularly that in
HEK-GLP-1R cells the process of GLP-1R internalisation is slower than that of
desensitisation. For example, GLP-1R desensitisation occurs within 1 min upon GLP-1
stimulation when internalisation is minimal (Fig 3.2.3.4., Fig 3.2.6.1. and Fig 3.2.7.)
suggesting that at least the initial rapid desensitisation is unlikely to be through

internalisation, but highly possibly to be through phosphorylation. Furthermore,
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inhibition of internalisation did not prevent desensitisation (Fig 3.2.5.C), again

highlighting that internalisation is not required to initiate the desensitisation process.

The mechanisms mediating internalisation of the GLP-1R have not been fully
elucidated although in line with other GPCRs this is generally thought to be through
clathrin-dependent or -independent mechanism (see General Introduction 1.4.2.). The
present data highlight that the GLP-1R internalises through a dynamin-dependent
mechanism upon activation by GLP-1 7-36 amide (Fig 3.2.6.2). Given that both
clathrin- and caveolin-1-dependent pathways have been reported for GLP-1R
internalisation and that both require dynamin (Widmann et al., 1995, Vazquez et al.,
2005, Syme et al., 2006), it is unclear which of the pathways is involved. Evidence has
suggested that the pathway engaged to mediate receptor endocytosis may be determined
by the pattern of receptor phosphorylation. For example, GRK-mediated
phosphorylation induces a clathrin-dependent internalisation of B;AR whilst
PKA-mediated phosphorylation  triggers  B:AR  internalisation  through a
caveolin-associated pathway (Rapacciuolo et al., 2003). The GLP-1R can be
phosphorylated by both GRK and PKC upon activation but it has been suggested that
PKC-dependent phosphorylation may not mediate internalisation in CHL-GLP-1R cells
(see above). Given that receptor phosphorylation is cell-type specific (Tobin, 2008) and
indeed may be agonist-specific (Zidar et al., 2009), the mechanism of receptor
endocytosis could be both cell- and ligand-dependent. Furthermore, the pathway of
receptor internalisation may also depend on ligand availability. For example, when the
EGFR, a receptor tyrosin kinase, is challenged with a low concentration of EGF, the
receptor internalises through a clathrin-dependent mechanism and recycles back to the
plasma membrane (Sigismund et al., 2005). By contrast, a high concentration of EGF
triggers receptor ubiquitination, and endocytosis through both clathrin-dependent and

-independent mechanisms and causes receptor degradation (Sigismund et al., 2005).
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3.3.5. GLP-1R re-sensitisation requires receptor internalisation and recycling, but not

de novo receptor synthesis.

Following desensitisation, GPCRs re-sensitise after removing the extracellular ligand
(Anborgh et al., 2000, Tsao and von Zastrow, 2000). Receptor re-sensitisation may
involve one or more of three mechanisms: receptor recycling following internalisation;
de novo receptor synthesis or; the mobilization from a receptor pool within the cytosol
(see General Introduction, Fig 1.6). The present study demonstrates that
re-sensitisation of the GLP-1R is independent of de novo receptor synthesis (Fig 3.2.5.B,
Fig 3.2.8.2.A), which is entirely consistent with a previous study (Widmann et al.,
1995). Although under some circumstance phosphorylated receptors can be rapidly
dephosphorylated at or near the cell surface (Ghosh and Schonbrunn, 2011, Murphy et
al., 2011, Kliewer and Schulz, 2013), receptor internalisation is essential for many
receptors dephosphorylation and therefore subsequent re-sensitisation (see General
Introduction 1.5.1.). For some receptors, for example the B,AR, the internalised
receptors target to endosomes where they undergo dephosphorylation by GRP(s) and are
then recycled back to the plasma membrane. The inhibition of internalisation blocks
B2AR dephosphorylation and recovery (Pippig et al.,, 1995). Given that the
dephosphorylation did not occur at pH 7.0, endosomal acidification is most likely
required for such recycling process (Krueger et al., 1997). This requirement may be a
consequence of the acid-induced conformational change of the protein leading to
potentiated sensitivity to GRP (Davis et al., 1987, Krueger et al., 1997) and/or the low
pH-induced dissociation of the ligand and receptor allowing the receptor to adopt a
different conformation. The present data suggest that although internalisation may not
be critical for GLP-1R desensitisation (see above), it is clearly required for efficient
GLP-1R re-sensitisation (Fig 3.2.5.C). Moreover, endosomal acidification is also
required for both GLP-1R re-sensitisation and re-expression of the GLP-1Rs at the
cell-surface (Fig 3.2.5.D, Fig 3.2.8.2.D). These data strongly suggest that GLP-1R
re-sensitisation is dependent on recycling. Thus, following agonist exposure, receptors
internalise in a dynamin-dependent manner and subsequent acidification of the
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endosomal compartment facilitates the disassociation of ligand-receptor complex and

promotes receptor dephosphorylation, recycling and re-sensitisation.

The role of an intracellular receptor pool in regulating recovery of cell-surface receptors
has been shown for a thrombin receptor, PAR1 which directly targets to lysosomes for
degradation following activation (Trejo and Coughlin, 1999) thereby implying
mechanisms other than recycling are responsible for re-sensitisation. Indeed, in the
same cell line there was a distinct distribution of the PAR1 and B,AR with the former
present at both the cell surface and within the Golgi and the latter present almost
exclusively at the cell membrane (Hein et al., 1994). This implies that the intracellular
receptors are located in preparation for recruitment to the cell surface and their
mobilization from this reserve pool to the plasma membrane is responsible for the
efficient re-sensitisation (Hein et al., 1994). PARs, for example PAR1, are cleaved by
proteolytic activity of, for example, thrombin, revealing a tethered ligand which is able
to interact with the receptor and provide agonism (Trejo and Coughlin, 1999). The
PARs therefore represent special cases as recycling would not present an intact receptor
at the plasma membrane ready for proteolysis and another round of signalling. For other
receptors, it would make sense that they are able to be re-used and recycling provides a
mechanism for this. Exceptions may be when receptors are subject to a high level of
stimulation and as a homeostatic mechanism are trafficked for degradation to maintain a
reduced cellular sensitivity and/or responsiveness to agonist. In the
HEK-GLP-1R-EGFP cell line, although in the absence of agonist, GLP-1Rs were
present mainly at the cell surface, there was some intracellular expression. The relative
proportions in each sub-cellular compartment are unclear as is how this may be
influenced by potentially artificially high expression levels. It is unclear therefore
whether there is an intracellular reserve pool of GLP-1R that are able to replenish those

lost from the cell-surface upon agonist stimulation.

The pattern of cell-surface GLP-1R recovery does not exactly match but is similar to

that of re-sensitisation. A difference is that during the first hour of recovery period, there
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is a greater proportional recovery of cell-surface receptors but a more limited
proportional re-sensitisation of the Ca®* response (Fig 3.2.8.1.D). Given that Ca** is a
much amplified signal which should provide receptor reserve for the response, receptor
desensitisation should in theory shift the concentration-response curve to the right and
then fall in the maximum. However, Ca®* response is a non-equilibrium assay and many
studies show a direct fall in the maximum without a right-shift of the curve (Gromada et
al., 1996, He et al., 2002). This makes it difficult to directly correlate re-sensitisation of
the Ca** response with the recovery of binding. The recycling-based mechanism of
GPCR re-sensitisation suggests that dephosphorylation of the receptor generally
induced by the disassociation of ligand-receptor-p-arrestin complex in endosomes
which then allows receptor recycling and re-sensitisation (see General Introduction
Fig 1.5.). However, there are exceptions suggesting receptor dephosphorylation occurs
after recycling. For example, upon exposure to SP, the NK;R is rapidly recycled back to
the cell surface in an inactive form. The re-activation of these recycled receptors
requires dephosphorylation by the phosphatase, PP-2A, which occurs at the plasma
membrane (Murphy et al.,, 2011). The location at which the GLP-1R is
de-phosphorylated is, however, unclear. It is of course possible that the GLP-1R
recycles back to the plasma membrane in an inactive form, which is then
dephosphorylated at the cell surface therefore leading to a delayed process of
re-sensitisation compared with the recovery of cell-surface receptor binding, although as

mentioned above, it is difficult to address this issue using the current data.

A previous study indicated that removal of extracellular GLP-1 following receptor
activation induced GLP-1R re-sensitisation within 1 h and that this was independent of
ligand concentration (Gromada et al., 1996). This is somewhat counter-intuitive and
indeed the present data demonstrated that a high concentration (100 nM) of agonist was
associated with less efficient receptor re-sensitisation compared to a low concentration
(10 nM) (Fig 3.2.4. and Fig 3.2.8.1.C). Given that the proportion of receptors
internalised is also dependent on the concentration of ligand (Fig 3.2.6.1. and Fig

3.2.7.), it may be that the concentration-dependence of the recovery period required is
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simply a consequence of the different amounts of receptor internalised. It may well be
that the more receptors that are endocytosed, the longer the period required for complete
recovery. However, it must be noted that at any one moment, plasma membrane
receptor expression is in equilibrium between internalisation and recycling and a larger
reduction of cell-surface receptor number may equate to less recycling rather than the
endocytosis of more receptors. The Kp value for the binding of GLP-1 7-36 amide is
around 1 nM (Schmidtler et al., 1994, Xiao et al., 2000). So there would be already ~90%
of cell-surface GLP-1Rs occupied by 10 nM GLP-1 7-36 amide. However, we
determined a big increase of cell-surface receptor reduction from 10 nM to 100 nM (Fig
3.2.7.). It is therefore possible that different processes of recycling occur under the low
and high concentrations of ligand. Particularly, different mechanisms of receptor
endocytosis have been indicated for the low and high concentrations of ligand for some
receptors (see above). Furthermore a high concentration (10 nM) of SP induces the
sequestration of NK;R into the prenuclear sorting endosomes (long recycling pathway).
By contrast, a low concentration (1 nM) of SP induces receptor internalisation into
endosomes located beneath the plasma membrane (short recycling pathway) possibly

due to a low level of receptor phosphorylation (Roosterman et al., 2004).

Continuous treatment of type 2 diabetic patients with either GLP-1 or exendin-4 does
not result in a detectable loss of biological activity in vivo (Zander et al., 2001, Meneilly
et al., 2003, Fineman et al., 2003). However, the present study and indeed most other
studies on desensitisation of GPCRs in vitro are based on relatively high concentrations
of agonist to investigate the potential mechanisms involved. For example, in the present
study, nanomolar concentrations of GLP-1 have been used, which do not equate to those
in vivo where for the active forms of GLP-1 circulate at picomolar levels (Henriksen et
al., 1986, Henriksen et al., 1987, Bendtsen et al., 1991). Thus, the fasting plasma
concentration of GLP-1 7-36 amide is < 10 pM and it rises to ~40 pM after a meal
(Orskov et al., 1994, Meneilly et al., 2003), although it must be noted that the
concentration of ligand at its site of action is unknown. Importantly, the level of receptor
phosphorylation depends on the concentration of agonist (Tobin et al., 1995, Liu and
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Schonbrunn, 2001). The extent of receptor phosphorylation in vivo is unknown and
whether this is sufficient to generate a significant receptor desensitisation is not clear. In
the present study, both receptor internalisation and re-sensitisation were
concentration-dependent (see above) suggesting that limited receptor phosphorylation
could occur in vivo in response to the endogenous agonist and this may result in minor
desensitisation followed by rapid re-sensitisation which may not manifest as a reduction
in the ability of exogenous ligands to regulate blood glucose levels. It might be worth
considering whether aspects of GLP-1R function in addition to blood glucose control

are equally resistant to desensitisation in vivo.
3.3.6. GLP-1 internalises with GLP-1R as a complex into endosomes

Many GPCRs have been shown to internalise with ligand bound (Weissman et al., 1986,
Smalley et al., 2001, Pelayo et al., 2011). By using a fluorescently-tagged ligand the
present data clearly show that GLP-1 co-internalises with the GLP-1R targeting to
endosomes. It must be noted that this was despite the fact that the N-terminal
rhodamine-labelled GLP-1 7-36 amide had both reduced affinity for the GLP-1R
binding and reduced potency on cAMP generation (Fig 3.2.6.3.). This is perhaps not too
surprising given the critical role of the N-terminal His’ of GLP-1 for both affinity and
efficacy. Given that such peptides internalise with their receptors, the ligand has to be
either recycled with the receptor or alternatively processed by the cell. Current models
of receptor recycling do not adequately address the fate of the ligand. Although a
number of ligands such as transforming growth factor and somatostatin-14 have been
reported to recycle back to the plasma membrane (Lenferink et al., 1997, Koenig et al.,
1998), it perhaps makes sense for ligands to be processed such that they are unable to
re-initiate continued rounds of receptor signalling by re-binding to re-sensitised
receptors at the plasma membrane when the pH returns to more favourable conditions.
Indeed, the endosomal processing of a small number of peptide ligands has been
reported. Thus, the zinc metalloprotease, ECE-1, has been reported to cleave SP and

CGRP only in the acidic environment of the endosomal compartment, thereby
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promoting disassociation of the receptor-p-arrestin complex leading to efficient receptor
recycling (Roosterman et al., 2007, Padilla et al., 2007). Given that GLP-1 and its
receptor internalise as a complex and target to early endosomes and that endocytosed
GLP-1 has been reported to be continuously degraded in intracellular compartments
(Widmann et al., 1995), it is possible that recycling of the GLP-1R and receptor
re-sensitisation require such ligand processing. This will be investigated in the next

Chapter.
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Fig 3.3. Potential mechanisms of GLP-1 7-36 amide-mediated GLP-1R
re-sensitisaton. The binding of GLP-1 7-36 amide induces the activation and
phosphorylation of the GLP-1R. The phosphorylated receptors recruit p-arrestin and
internalise through a dynamin-dependent manner. Whether phosphorylation and
B-arrestin recruitment lead to G protein disassociation is unclear (see Chapter 4). The
endocytosed receptors with ligand bound target to early endosomes where the pH is
acidified inducing ligand disassociation which results in B-arrestin disassociation and
subsequently receptor recycling. Whether the phosphorylated GLP-1R s
dephosphorylated in the endosome following ligand disassociation or at the plasma
membrane after recycling is unclear. The re-sensitisation of the GLP-1R is independent
of the de novo receptor synthesis although whether it is dependent on the mobilization
of a reserve pool of receptors within the cytosol is unclear. B-ARR, B-arrestin. Pathways

that are unclear are shown by dashed arrows.
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CHAPTER 4 ECE-1 Reqgulates the Signalling and Recovery

of the GLP-1R

4.1. Introduction

As described in the previous chapter, there is a possibility that the processing of ligand,
internalised along with the receptor, is required for the intracellular trafficking of
receptors, allowing recycling back to the plasma membrane and thereby re-sensitisation.
Such processing of internalised peptide ligands has been suggested to be the role of
endosomally located ECE-1. In this chapter, the role of ECE-1 in regulating GLP-1R
re-sensitisation will be explored. The early stage of receptor processing following
agonist stimulation requires p-arrestin recruitment to the phosphorylated receptor which
then mediates receptor internalisation. However, in addition to that, B-arrestin also acts
as a scaffold for other intracellular effectors leading to G-protein-independent signalling.
It is possible, therefore, that the stability of the receptor-B-arrestin association, which
may be governed by ligand availability or stability, may influence such
G-protein-independent events. It has been shown, for example, that ECE-1 regulates
SP-evoked p-arrestin-dependent ERK activation which plays an important role in cell
death (Cottrell et al., 2009). The recruitment of B-arrestinl to the GLP-1R in response to
GLP-1 stimulation has been demonstrated (Sonoda et al., 2008) and GLP-1R-mediated
B-arrestin-dependent signalling including ERK activation and possibly cAMP
generation has been shown (Sonoda et al., 2008, Quoyer et al., 2010, Kuna et al., 2013).
In this chapter, the role of ECE-1 activity in regulating GLP-1R-mediated signalling has

also been assessed.
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4.2. Results

4.2.1. Re-sensitisation of GLP-1R-mediated Ca*" signalling is promoted by washing
with acidified buffer.

GLP-1 7-36 amide internalises with the receptor (Fig 3.2.6.3.) leading to the hypothesis
that ligand processing, for example proteolysis, within the cell may be responsible for
regulating GLP-1R re-sensitisation. In that case, endocytosed GLP-1Rs without ligand
bound should traffic differently to those with ligand bound leading to differential rate of
GLP-1R re-sensitisation. To test this hypothesis, following stimulation with GLP-1 7-36
amide, cells were washed with acidified buffer (pH 4.0) to remove cell-surface bound
ligand and re-sensitisation determined (protocol shown in Fig 4.2.1.A). After 90 min
recovery, cells washed with standard KHB following pre-treatment with GLP-1 7-36
amide (10 nM, 10 min) produced a Ca®* response to re-challenge that was ~60% of
control. However, this response was significantly promoted by washing with acidified
buffer (pH 4.0, 40 s) (90% of control response) (Fig 4.2.1.B, C). Washing na'we cells
with acidified buffer (pH 4.0, 40 s) did not influence the Ca** response to GLP-1 7-36

amide.
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Fig 4.2.1. Washing with acidified buffer promotes GLP-1R re-sensitisation. A.
Experimental protocol. HEK-GLP-1R cells were pre-treated with either buffer (control)
or 10 nM GLP-1 7-36 amide (pre-treatment) for 10 min followed by either standard
buffer (pH 7.4) wash or acidified buffer (pH 4.0) wash for 40 s. After 90 min recovery,
fluo-4-loaded cells were stimulated or re-stimulated with 10 nM GLP-1 7-36 amide.
The changes in fluorescence were monitored and calibrated to allow calculation of
[Ca?*]i. Responses were measured for 36 s with injection of agonist at 11 s. Data are
either representative (B) or mean + S.E.M. n =5 (C). **, p < 0.01 (Bonferroni’s test

following two-way ANOVA; only the difference within a group is shown for clarity).
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4.2.2. ECE-1 activity regulates the re-sensitisation of signalling by the GLP-1R in
both HEK-GLP-1R cells and INS-1E cells.

Experiments in Chapter 3 highlighted that in HEK-GLP-1R cells, pre-challenge with 10
nM GLP-1 7-36 amide for 10 min induced maximum desensitisation of the Ca**
response (Fig 3.2.3.4) and that removing the extracellular ligand facilitated GLP-1R
re-sensitisation (Fig 3.2.4). The 90 min recovery period allowed the subsequent
re-application of GLP-1 7-36 amide to stimulate a response of ~50% of that seen in
nawe cells (Fig 3.2.5). In the present experiment (protocol shown in Fig 4.2.2.1.A),
pre-incubation with the highly selective ECE-1 inhibitor, SM19712 at 10 uM
(Umekawa et al., 2000), before GLP-1 7-36 amide pre-treatment (10 nM, 10 min)
markedly inhibited the Ca®* response to re-challege after a 90 min period of recovery
(Fig 4.2.2.1.B, D). Given that ECE-1 is present both at the plasma membrane and in the
endosomes (Roosterman et al., 2007), it is possible that inhibition of ECE-1 at the cell
surface could protect extracellular peptide from breakdown, which might in some way
enhance desensitisation or prevent recovery. Thus, in these experiments, the inhibitor
was added only after pre-treatment and subsequent removal of GLP-1 7-36 amide.
Under these conditions SM19712 still significantly reduced the extent of re-sensitisation
(Fig 4.2.2.1.C, D). SM19712 did not affect the response of nawe cells to GLP-1 7-36

amide.

In further experiments, the impact of SM19712 on re-sensitisation of the GLP-1R
following stimulation with exendin-4 was assessed. Exendin-4 has approximately 50%
homology to GLP-1 7-36 amide and is used clinically in the treatment of type 2 diabetes,
particularly as it is resistant to cleavage by DPP-IV (Sinclair and Drucker, 2005).
Exendin-4 produced a concentration-dependent increase in [Ca®']; with a pECso of
10.41 £0.03 and Hill slope of 2.37 £0.12 (Fig 4.2.2.2.A, B). Pre-treatment with 1 nM
(Emax) exendin-4 for 10 min followed by wash and 5 min recovery (protocol shown in
Fig 4.2.2.2.C) resulted in a markedly reduced Ca®" increase to the re-challenge with 1

nM exendin-4 compared with that in na'we cells (without pre-treatment) (Fig 4.2.2.2.D,
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E). After a 6 h period of recovery, the response to re-challenge significantly increased
but was still much lower than that in na'we cells (without pre-treatment). Treatment with
SM19712 did not influence the response in nawe cells or in the re-challenge protocol

after either 5 min or 6 h recovery (Fig 4.2.2.2.D, E).

HEK-GLP-1R cells were transfected with either scrambled siRNA (control) or ECE-1
SiRNA. As determined by immunoblotting, ECE-1 expression was markedly reduced
after 36-48 h transfection with ECE-1 siRNA (Fig 4.2.2.3.A). In assessment of the
functional consequences of reducing ECE-1 expression (protocol shown in Fig
4.2.2.3.B), the reduced expression did not affect the Ca®* response of nawe cells to 10
nM GLP-1 7-36 amide (Fig 4.2.2.3.C). However, knock-down markedly inhibited the
response to a re-challenge with GLP-1 7-36 amide after 90 min recovery in cells

pre-stimulated with GLP-1 7-36 amide (10 nM, 10 min) (Fig 4.2.2.3.C).

In experiments to assess the consequences of overexpression of ECE-1, HEK-GLP-1R
cells were transfected with either vector alone (control) or plasmids containing one of
the ECE-1 isoforms. The expression of the ECE-1 isoforms was assessed by
immunoblotting with an ECE-1 antibody but which was unable to distinguish between
the different isoforms. A single band at ~115 kDa was detected in the control
(untransfected) cells, at which size, the overexpressed ECE-1 isoforms were also
detected (Fig 4.2.2.4.A). Interestingly, when either ECE-1a, b or d (but not c) were
overexpressed, an additional band at ~87 kDa was detected, which is the predicted
molecular size of ECE-1. The overexpression of each isoform of ECE-1 significantly
enhanced the Ca* response to re-challenge with 10 nM GLP-1 7-36 amide after 60 min
recovery compared to the control (without ECE-1 overexpression) (protocol shown in
Fig 4.2.2.4.B). The 60 min recovery period was selected to provide a large window to
detect the promotion of re-sensitisation by the overexpression of ECE-1. In each case
this enhanced recovery was sensitive to SM19712, which reduced recovery to levels
that were numerically but not significantly lower than that seen in untransfected cells

(Fig 4.2.2.4.C-F).
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In INS-1E cells, as previously demonstrated (Fig 3.2.9.2), pre-treatment with 100 nM
GLP-1 7-36 amide for 10 min in the absence of IBMX followed by 60 min recovery
(protocol shown in Fig 4.2.2.5.A) induced a reduction of CAMP in response to GLP-1
7-36 amide re-challenge in the presence of IBMX (Fig 4.2.2.5.B, C). In cells
pre-incubated with 10 M SM19712, the cAMP concentration-response curve after 60
min recovery had a pECsg of 9.64 =+ 0.15, which was not significantly different from
either the control (without pre-treatment, 9.67 =+ 0.13) or in cells that had been
pre-stimulated in the absence of SM19712 (9.55 £0.11, Fig 4.2.2.5.B). However, in
cells that had been pre-stimulated with GLP-1 7-36 amide, the reduced Emax following
the 60 min recovery period was further reduced by SM 19712 (Fig 4.2.2.5.B, C).
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Fig 4.2.2.1. SM19712 inhibits re-sensitisation of GLP-1R-mediated Ca’* signalling.
A. Experimental protocol B. HEK-GLP-1R cells were pre-incubated for 30 min without
or with SM19712 (10 pM, which was then included throughout). Cells were then
pre-treated with buffer (control) or 10 nM GLP-1 7-36 amide for 10 min (pre-treatment)
followed by washing with KHB. After a 90 min period of recovery, fluo-4-loaded cells
were stimulated or re-stimulated with 10 nM GLP-1 7-36 amide and the changes in
fluorescence were monitored and converted to [Ca®*];. Responses were measured for 41
s with the injection of agonist at 11 s. C. Cells were treated in the same way as shown in
B but SM19712 was only added after GLP-1 7-36 amide pre-treatment and a KHB wash
to remove free ligand. D. Mean data of the maximum increases in [Ca®*]ifrom B and C.
Data are either representative or mean + S.E.M., n = 3. **, p < 0.01 (Bonferroni’s test
following two-way ANOVA,; only the differences between agonist-pre-treated cells are

shown for clarity).
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Fig 4.2.2.2. SM19712 has no effect on re-sensitisation of GLP-1R-mediated Ca®*
signalling following stimulation with exendin-4. A. Fluo-4-loaded HEK-GLP-1R cells
were challenged with buffer (0) or exendin-4 at the indicated concentrations (0-1 nM).
The changes in fluorescence were measured and calibrated to [Ca®*];. Responses were
measured for 51 s with the injection of agonist at 11 s. B. The maximum changes in
[Ca?*]; were determined to generate concentration-response curves which had a pECso
of 10.41 £0.03 and Hill slope of 2.37 +0.12. C. Experimental protocol for D and E. D.
HEK-GLP-1R cells were pre-incubated for 30 min without or with SM19712 (10 M,
which was then included throughout). Cells were then pre-treated with buffer (control) or
1 nM exendin-4 for 10 min followed by washing with KHB. After a 5 min or 6 h period

of recovery in KHB or serum-free medium respectively, fluo-4-loaded cells were
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stimulated or re-stimulated with 1 nM exendin-4 and the changes in fluorescence were
monitored and converted to [Ca?'];. Responses were measured for 51 s with the
injection at 11 s. E. Mean data of the maximum increases in [Ca®"];. Data are either
representative or mean + S.EEIM., n = 3. * p < 0.05; *** p < 0.001 (Bonferroni’s test

following two-way ANOVA. Only the differences within a group are shown for clarity).
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Fig 4.2.2.3. Knockdown of ECE-1 inhibits re-sensitisation of GLP-1R-mediated
Ca®* signalling. A. HEK-GLP-1R cells were transfected with scrambled SiRNA
(control) or ECE-1 siRNA as described in Methods 2.4.2.. The expression of ECE-1
was determined by immunoblotting. Blotting of ERK1/2 was used as a loading control.
C. HEK-GLP-1R cells were transfected with scrambled SiRNA or ECE-1 siRNA.
Following the protocol (B), transfected cells were pre-treated with either buffer (control)
or 10 nM GLP-1 7-36 amide (pre-treatment) for 10 min followed by washing with KHB.
After a 90 min period of recovery, cells were stimulated or re-stimulated with 10 nM
GLP-1 7-36 amide. Responses were measured for 41 s with the injection at 11 s. Both
the representative Ca** traces (C;) and the mean data (C;i) are shown. Data are either

representative or mean + S.E.M., n> 3. ** p < 0.01 (Student’s t test).
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Fig 4.2.2.4. Overexpression of ECE-1 a-d promotes re-sensitisation of
GLP-1R-mediated Ca** signalling. A. Representative blot. HEK-GLP-1R cells were
transfected with either vector alone (pcDNAS3.1, control) or individually with the ECE-1
isoforms as described in Methods 2.4.1.. The expression of ECE-1 was determined by
immunoblotting using a pan-isoform antibody. B-F. HEK-GLP-1R cells were
transfected with either vector alone or ECE-1a (C), ECE-1b (D), ECE-1c (E) or ECE-1d
(F). As shown in the protocol (B), the transfected cells were pre-incubated without or
with 10 pM SM19712 for 30 min (which was then included throughout). Cells were
then pre-treated with either buffer (control) or 10 nM GLP-1 7-36 amide for 10 min
followed by washing with KHB. After a 60 min period of recovery, fluo-4-loaded cells
were stimulated or re-stimulated with 10 nM GLP-1 7-36 amide. Responses were
measured for 36 s with the injection at 11 s. Representative Ca®* traces (Bi, Ci, Di, Ej)
and the mean data (Bii, Cii, Dii, E;;) are shown. Data are mean + SSEM.,n>3. * p <
0.05; **, p < 0.01; ***, p < 0.001 (Bonferroni’s test following one-way ANOVA. Only

the differences in GLP-1 7-36 amide pre-treated cells are shown for clarity).
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Fig 4.2.2.5. ECE-1 regulates re-sensitisation of the GLP-1R-mediated cAMP
response in INS-1E cells. A. Experimental protocol. B. Cells were pre-incubated for 30
min in buffer with or without 10 M SM19712 (which was then included throughout).
Cells were then pre-treated in the absence of IBMX with either buffer (control) or 100
nM GLP-1 7-36 amide (pre-treatment) for 10 min followed by washing with KHB.
After a 60 min period of recovery, cells were challenged or re-challenged with GLP-1
7-36 amide at the required concentrations (0-100 nM) for 15 min in the presence of
IBMX. The generation of CAMP was then determined. The pECsy was 9.67 %0.13 for
the control, 9.55 +0.11 for pre-treated cells in the absence of SM19712 and 9.64 £0.15
for pre-treated cells in the presence of SM19712. Data are mean =S.E.M., n =3. ** p <
0.01; ***, p < 0.001 (two-way ANOVA). C. The maximum increases (Emax - Ebasal) in
cAMP were generated. Data are mean + S.E.M., n = 3. ** p < 0.01; ***, p < 0.001

(Bonferroni’s test following one-way ANOVA).
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4.2.3. High concentrations of glucose promote both ECE-1 expression and

re-sensitisation of the GLP-1R.

There is evidence suggesting that the expression level of ECE-1 increases under high
glucose conditions (Keynan et al., 2004). In the present experiment, HEK-GLP-1R cells
cultured in low glucose medium (5.5 mM) for at least 7 days had a detectable level of
ECE-1 expression which increased in a time-dependent manner (0-72 h) following an
increase in the concentration of glucose to 25 mM (Fig 4.2.3.1.A, B). A similar
experiment in INS-1E cells was inconclusive as multiple bands were present on the

Western blot making it difficult to determine which, if any, was ECE-1.

Given the ability of a high glucose concentration to increase ECE-1 expression in
HEK-GLP-1R cells, the impact of high glucose on GLP-1R re-sensitisation was
determined. Thus, cells were cultured in either low glucose (5.5 mM) or high glucose
(25 mM) for 48 h and the re-sensitisation of the GLP-1R-mediated Ca* response
determined following desensitisation with GLP-1 7-36 amide (protocol shown in Fig
4.2.3.2.A). Cells cultured in low glucose (5.5 mM) displayed a small Ca®* response to
re-challenge with 10 nM GLP-1 7-36 amide (~30 % of control) (Fig 4.2.3.2.B, D) after
pre-treatment (10 nM GLP-1 7-36 amide, 10 min) and recovery (90 min). However, in
cells cultured at a high glucose concentration (25 mM) for 48 h, the response to
re-challenge was ~60 % of control (Fig 4.2.3.2.C, D). The recovery of these responses
in cells cultured in either low or high glucose medium was significantly inhibited by

SM19712.
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Fig 4.2.3.1. The expression level of ECE-1 is increased by culturing cells at a high
glucose concentration. A, B. HEK-GLP-1R cells were grown in low glucose (5.5 mM)
for at least 7 days. Cells were then either cultured in the same conditions or transferred
to high glucose medium (25 mM) for 24-72 h. The protein concentrations were
normalised and the expression of ECE-1 was determined by immunoblotting. ERK1/2
was used as a loading control. Data are either representative of 3 independent
experiments (A) or mean + S.E.M., n =3 (B). *, p <0.05; **, p <0.01 (Bonferroni’s test

following one-way ANOVA).
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Fig 4.2.3.2. Culturing cells in a high glucose concentration promotes
re-sensitisation of GLP-1R-mediated Ca?* signalling. HEK-GLP-1R cells were
grown in low glucose (5.5 mM) for at least 7 days. Cells were then either cultured in
this medium (B) or transferred to a high glucose medium (25 mM, C) for 48 h. On the
day of assay, standard KHB containing 11.7 mM glucose was used throughout. Cells
were pre-incubated with buffer with or without 10 piM SM19712 for 30 min (which was
then included throughout). Cells were then pre-treated with buffer (control) or 10 nM
GLP-1 7-36 amide (pre-treatment) for 10 min followed by washing with KHB. After a
90 min period of recovery, fluo-4-loaded cells were stimulated or re-stimulated with 10

nM GLP-1 7-36 amide and the changes in fluorescence were monitored to allow
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determination of [Ca®'];. Responses were measured for 41 s with the injection at 11 s.
Data are either representative (B, C) or mean + S.E.M., n = 4 (D). ***, p < 0.001

(Bonferroni’s test following two-way ANOVA. Not all the differences are shown for

clarity).
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4.2.4. mCherry-tagged ECE-1 isoforms localize with early endosomes.

Given that the commercial ECE-1 antibody is not isoform-specific, C-terminal
mCherry-tagged versions of ECE-1 isoforms were generated to enable detection of
distribution and potential trafficking. The expression of the ECE-1-mCherry isoforms
was assessed by immunoblotting with a commercial mCherry antibody. A non-specific
band was detected at around 80 kDa in non-transfected cells (Fig 4.2.4.1.A). A band at
around 28 kDa (predicted size of mCherry) was also detected in the cells overexpressing
mCherry alone. For the cells overexpressing ECE-1-mCherry isoforms, 2-3 bands from
100-150 kDa were apparent, indicating the expression of ECE-1-mCherry isoforms (Fig
4.2.4.1.A). To check the function of the mCherry-tagged ECE-1 isoforms, their ability
to enhance re-sensitisation of GLP-1R-mediated Ca®** signalling was determined
(protocol shown in Fig 4.2.4.1.B). The overexpression of ECE-1b-mCherry or
ECE-1c-mCherry significantly enhanced GLP-1R re-sensitisation (Fig 4.2.4.1.D, E). In
cells overexpressing ECE-la-mCherry or ECE-1d-mCherry, the Ca”* response to
re-stimulation was ~40% greater than controls (without ECE-1-mCherry
overexpression), although this did not quite reach statistical significance (Fig 4.2.5.3.C,
F). Table 4.1. summarizes the findings with the wild-type and mCherry-tagged ECE-1

isoforms.

As the expression level of ECE-1 increased in response to culturing the cells at a high
glucose concentration (Fig 4.2.3.1.), we cultured the cells in low glucose (5.5 mM)
medium to minimize the expression of endogenous ECE-1 and maximize the possibility
of detecting the expression and distribution of ECE-1-mCherry isoforms. Previously we
have shown that GLP-1Rs co-localized with EEA1, an early endosome marker (Fig
3.2.6.4.). In the present experiment, each isoform of ECE-1-mCherry co-localized with
EEAL. This was particularly apparent for ECE-1b-mCherry and ECE-1d-mCherry in
HEK?293 cells (in the absence of GLP-1R expression) cultured in low glucose (5.5 mM)
medium (Fig 4.2.4.2.).
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Fig 4.2.4.1. Overexpression of mCherry-tagged ECE-1 isoforms enhances
re-sensitisation of GLP-1R-mediated Ca®** signalling. A. Representative blot.
HEK-GLP-1R cells were transfected with mCherry alone or ECE-1-mCherry isoforms
as described in Methods 2.4.1.. The expression of proteins was determined by
immunoblotting. B. Experimental protocol. C-F. HEK-GLP-1R cells were transfected
with mCherry alone or ECE-1a-mCherry (C), ECE-1b-mCherry (D), ECE-1c-mCherry
(E) or ECE-1d-mCherry (F). Following the protocol (Fig 4.2.2.4.B), transfected cells
were pre-incubated without or with 10 uM SM19712 for 30 min (which was then
included throughout). The cells were then pre-treated with either buffer (control) or 10
nM GLP-1 7-36 amide for 10 min followed by washing with KHB. After a 60 min
period of recovery, fluo-4-loaded cells were stimulated or re-stimulated with 10 nM
GLP-1 7-36 amide. Data are either representative or mean + S.E.M., n> 3. *, p < 0.05;
** p < 0.01; *** p < 0.001 (Bonferroni’s test following one-way ANOVA. Only the

differences between pre-treated cells are shown for clarity).
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Table 4.1. Summary of the findings with the wild-type and mCherry-tagged ECE-1

isoforms. The upward arrow indicates the promotion of re-sensitisation by the

overexpression of ECE-1-mCherry isoforms and the downward arrow indicates the

inhibition of re-sensitisation by SM19712. The stars indicate the level of statistical

significance compared to the controls (without overexpression or SM19712 treatment).

* p <0.05; ** p <0.01; *** p < 0.001; ns, no significant difference (Bonferroni’s test

following one-way ANOVA).
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Fig 4.2.4.2. ECE-1-mCherry isoforms co-localized with early endosomes. HEK293
cells cultured under low glucose (5.5 mM) conditions for at least 7 days were
transfected separately with mCherry-tagged versions of the ECE-1 isoforms. At 36-48 h
following transfection, cells were washed with KHB and then fixed and permeabilized
for immunostaining with EEAL. The cells were imaged in the mounting solution using
confocal microscopy. The expression of ECE-1-mCherry or EEAL at the plasma
membrane or in the cytosol is indicated by arrowheads and arrows respectively.
Representative images of 2 independent experiments. Scale bar (in the bottom left of

image), 5 pm.
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4.2.5. The co-localization of GLP-1R-EGFP and ECE-1-mCherry isoforms and the
influence of GLP-1R-EGFP activation on the sub-cellular localization of

ECE-1-mCherry.

In order to examine the sub-cellular distribution of GLP-1R and ECE-1,
ECE-1-mCherry isoforms were imaged either before or after stimulation with GLP-1
7-36 amide in live HEK-GLP-1R-EGFP cells cultured under low glucose conditions
(5.5 mM). Under basal conditions, ECE-1la-mCherry was present both at the plasma
membrane and in the cytosol. ECE-1b-mCherry and ECE-1d-mCherry were distributed
mainly in the cytosol and ECE-1c-mCherry was mainly at the cell surface (Fig 4.2.5.1.).
ECE-1a-mCherry showed little co-localization with GLP-1R-EGFP under basal
(unstimulated) conditions. In contrast all the other isoforms showed substantial
co-localization with GLP-1R-EGFP. ECE-1c-mCherry mainly co-localized with
GLP-1R-EGFP at the plasma membrane. ECE-1b-mCherry and ECE-1d-mCherry
co-localized with the receptor both at the plasma membrane and in the cytosol (Fig

4.2.5.1).

As shown previously (Fig 3.2.6.1.), challenge of HEK-GLP-1R-EGFP cells with GLP-1
7-36 amide (100 nM, 60 min) resulted in the loss of plasma membrane EGFP
fluorescence and an increase in intracellular EGFP fluorescence (Fig 4.2.5.1.). Here,
this GLP-1 7-36 amide stimulation also resulted in the accumulation of all
mCherry-tagged ECE-1 isoforms into large cytosolic fluorescent patches, which
co-localized with the increased intracellular fluorescence of GLP-1R-EGFP (Fig
4.25.1.). Also the Pearson correlation coefficient (r) shows that there is more
co-localization between the GLP-1R-EGFP and each ECE-1-mCherry isoform after
simulation. In the absence of ECE-1-mCherry expression, but in cells expressing
GLP-1R-EGFP, no fluorescence was detected using 568 nm excitation (used to image
mCherry), demonstrating that these two signals did not overlap. Furthermore, in cells
only expressing ECE-1-mCherry and not GLP-1R-EGFP, fluorescence was not

observed using 488 nm excitation (used to image GLP-1R-EGFP) (Fig 4.2.5.1.C, D).
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Although the intracellular fluorescence of ECE-1-mCherry increased in response to
GLP-1 7-36 amide stimulation, there was no obvious loss of fluorescence elsewhere. In
order to further examine the re-distribution of ECE-1-mCherry isoforms, 3D
reconstructions were made. There is some evidence of loss of cell-surface
ECE-1-mCherry after 60 min stimulation with GLP-1 7-36 amide compared to basal (0
min) (Fig 4.2.5.2). And the analysis of Pearson correlation coefficient (r) shows that
there is more co-localization between the GLP-1R-EGFP and each ECE-1-mCherry
isoform after simulation. However, it is difficult to localize the cell-surface ECE-1

based only on GLP-1R-EGFP in the 3D images.
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Fig 4.25.1. Co-localization of GLP-1R-EGFP and mCherry-tagged ECE-1
isoforms before and after challenge with GLP-1 7-36 amide. HEK-GLP-1R-EGFP
cells, cultured in low glucose (5.5 mM) for at least 7 days, were transfected separately
with either ECE-la-mCherry (A), ECE-1b-mCherry (B), ECE-1c-mCherry (C) or
ECE-1d-mCherry (D). Cells were challenged with 100 nM GLP-1 7-36 amide for 60
min in KHB at 37 °C. The images of GLP-1R-EGFP and ECE-1-mCherry were
captured using confocal microscopy either before (0 min) or after stimulation with
GLP-1 7-36 amide (60 min). The arrowheads and arrows indicate the localization of
GLP-1R-EGFP or ECE-1-mCherry at the plasma membrane and in the cytosol
respectively. The circles in images C and D indicate cells expressing only either
ECE-1-mCherry or GLP-1R-EGFP. Representative images of 3 independent
experiments. The Pearson correlation coefficient (r) was used to quantify the degree of
co-localization between GLP-1R-EGFP and ECE-1-mCherry isoforms. Scale bar (in the

bottom left of image), 5 um.
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Fig 4.2.5.2. 3D images of GLP-1R-EGFP and ECE-1-mCherry before and after
treatment of cells with 100 nM GLP-1 7-36 amide. HEK-GLP-1R-EGFP cells
cultured in low glucose (5.5 mM) for at least 7 days were transfected with either
ECE-la-mCherry  (A), ECE-1b-mCherry (B), ECE-1c-mCherry (C) or
ECE-1d-mCherry (D). Image stacks were generated by imaging at 0.3 pm intervals
every 2 min over the 60 min period of stimulation with 100 nM GLP-1 7-36 amide. 3D
images were then made as described in Methods 2.11.2.. Only the images of basal (0
min) and GLP-1 7-36 amide stimulation (60 min) are shown here. The arrowheads and
arrows indicate the localization at the plasma membrane and in the cytosol of
GLP-1R-EGFP or ECE-1-mCherry respectively. n = 1. The Pearson correlation
coefficient (r) was used to quantify the degree of co-localization between

GLP-1R-EGFP and ECE-1-mCherry isoforms.
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4.2.6. ECE-1 activity regulates the recovery of cell-surface binding of GLP-1R in both
HEK-GLP-1R cells and INS-1E cells.

Radioligand binding was conducted to assess the impact of ECE-1 activity on changes
in cell-surface GLP-1R binding. Treatment with 100 nM GLP-1 7-36 amide for 10 min
(a concentration used to induce a marked loss of cell-surface GLP-1R binding as
assessed by radioligand binding assay (Fig 3.2.7.)) followed by washing with KHB and
a 5 min period of recovery (protocol shown in Fig 4.2.6.1.A) induced ~50% reduction
in GLP-1R binding in HEK-GLP-1R cells (Fig 4.2.6.1.B). After a 90 min period of
recovery, binding had recovered to ~80% of basal levels (Fig 4.2.6.1.B). Treating cells
with SM19712 significantly reduced cell-surface GLP-1R binding following either a 5
min or a 90 min period of recovery (Fig 4.2.6.1.B). SM19712 did not affect binding to

nawe cells (without GLP-1 7-36 amide treatment).

Previous experiments showed that SM19712 inhibited recovery of GLP-1R-mediated
Ca®* signalling following treatment with 10 nM GLP-1 7-36 amide (Fig 4.2.2.1). To
assess whether this was also true for 100 nM GLP-1 7-36 amide, Ca** signalling was
determined (protocol shown in Fig 4.2.6.1.A). Pre-treating the cells with 10 M
SM19712 largely inhibited the Ca®* response to re-challenge with GLP-1 7-36 amide
after 90 min recovery following GLP-1 7-36 amide pre-treatment (100 nM, 10 min)

with no inhibition in na'we cells (without pre-treatment, Fig 4.2.6.1.C, D).

As both ECE-1 expression and re-sensitisation of GLP-1R-mediated Ca”" signalling
were enhanced by culturing cells in a high glucose medium (Fig 4.2.3.1. and Fig
4.2.3.2.), radioligand binding was performed in cells grown in either low glucose (5.5
mM) medium or high glucose (25 mM) medium for 48 h to determine the influence of
glucose concentration on the recovery of cell-surface GLP-1R binding. In these
experiments, cells grew faster under high glucose (25 mM) conditions than under the
low glucose (5.5 mM). Therefore, here the raw data were normalised to minimize the
impact of different cell numbers. In the cells grown in low glucose (5.5 mM), 100 nM
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GLP-1 7-36 amide treatment for 10 min followed by a 90 min period of recovery
resulted in ~80% GLP-1R binding compared to basal (without GLP-1 7-36 amide
treatment) (Fig 4.2.6.2.). This was enhanced to ~90% in cells grown under high glucose
(25 mM) conditions although this did not reach statistical significance (Fig 4.2.6.2.).
SM19712 treatment markedly inhibited the recovery of cell-surface GLP-1R binding in

cells grown in either low or high glucose concentrations (Fig 4.2.6.2.).

In INS-1E cells, as shown previously (Fig 3.2.9.1), challenge with 100 nM GLP-1 7-36
amide for 10 min followed by 5 min recovery evoked ~50% reduction of GLP-1R
binding at the cell surface which increased after removal of the ligand (Fig 4.2.6.3.A).
Treatment with SM19712 significantly inhibited recovery of GLP-1R binding at the
plasma membrane after 60 min recovery without changing the binding in nawe cells

(without GLP-1 7-36 amide treatment).
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Fig 4.2.6.1. ECE-1 regulates recovery of cell-surface GLP-1R binding and GLP-1
7-36 amide-mediated Ca®* responses. A. Experimental protocol. B. HEK-GLP-1R
cells were pre-incubated without or with 10 M SM19712 for 30 min (which was then
included throughout). Cells were then challenged with buffer (control) or 100 nM
GLP-1 7-36 amide for 10 min followed by washing with KHB. After either a 5 min or
90 min period of recovery, cell surface GLP-1R binding was assessed. GLP-1R binding
was normalised to nawe cells (B;}). C. Representative Ca®* traces. HEK-GLP-1R cells
were pre-incubated with or without 10 pM SM19712 for 30 min (which was then
included throughout). Cells were then pre-treated with buffer (control) or 100 nM
GLP-1 7-36 amide (pre-treatment) for 10 min followed by washing with KHB. After 90
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min recovery, fluo-4-loaded cells were stimulated or re-stimulated with 10 nM GLP-1
7-36 amide (maximum concentration for GLP-1 7-36 amide-mediated Ca?* response)
and the changes in fluorescence were monitored and calibrated to [Ca'];. Responses
were measured for 41 s with the injection at 11 s. D. The mean data of the maximum
increase in [Ca®*]; (M) were generated. Data are representative or mean + S.E.M., n > 3.
** p <0.01; *** p < 0.001 (Bi. Bonferroni’s test following two-way ANOVA,; only the
differences between groups at each time point are shown for clarity. D. Bonferroni’s test
following one-way ANOVA,; only the difference in pre-treated cells is shown for

clarity).
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Fig 4.2.6.2. Effects of high glucose on cell-surface GLP-1R binding. HEK-GLP-1R
cells were grown in low glucose medium (5.5 mM) for at least 7 days. Cells were then
either cultured in the same medium (5.5 mM glucose) or exposed to high glucose
medium (25 mM) for 48 h. On the day of assay, standard KHB containing 11.7 mM
glucose was used throughout. Cells were pre-incubated with buffer with or without 10
pPM SM19712 for 30 min (which was then included throughout). Cells were then
challenged with buffer or 100 nM GLP-1 7-36 amide for 10 min followed by washing
with KHB. After a 90 min period of recovery, the cell-surface GLP-1R binding was
assessed. GLP-1R binding was normalised to basal (without pre-treatment). The data are

mean + S.E.M., n = 3.
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Fig 4.2.6.3. ECE-1 activity regulates the recovery of cell-surface GLP-1R binding
in INS-1E cells. A;i. Cells were pre-incubated for 30 min without or with 10 M
SM19712 (which was then included throughout). Cells were then challenged with buffer
(basal) or 100 nM GLP-1 7-36 amide for 10 min followed by washing with KHB. After
a 5 min or 60 min period of recovery, cell-surface GLP-1R binding was assessed. Aji.
GLP-1R binding was normalised to basal. Data are mean + S.E.M.,n=3. ** p < 0.01
(Bonferroni’s test following two-way ANOVA. Only the differences between groups at

each time point are shown for clarity).
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4.2.7. Sustained cAMP generation mediated by GLP-1 7-36 amide is regulated by
ECE-1 in both HEK-GLP-1R and INS-1E cells.

In HEK-GLP-1R cells, in the absence of IBMX, treatment with 100 nM GLP-1 7-36
amide produced a time-dependent cAMP response which increased in the first 30 min
and then slowly decreased (Fig 4.2.7.1.A, Fig 4.2.7.2.A). However, in the presence of
IBMX, 100 nM GLP-1 7-36 amide stimulated a marked cAMP response which was
sustained for up to 60 min (Fig 4.2.7.1.A). Dynasore inhibited the GLP-1 7-36
amide-stimulated cAMP response in the absence of IBMX whereas it promoted it in the
presence of IBMX (Fig 4.2.7.1.A). Nevertheless, the potentiation of the cCAMP response
by dynasore in the presence of IBMX was prevented by stimulating with and removal of
GLP-1 7-36 amide (Fig 4.2.7.1.B). In fact, under these conditions, dynasore prevented
the continuous increase of CAMP level seen after washing (Fig 4.2.7.1.B). Additionally,
in the presence of IBMX, the endosomal acidification inhibitor, monensin, enhanced the
100 nM GLP-1 7-36 amide-evoked cAMP response at 60 min in the absence of
dynasore without influencing the basal (0 min) or the initial stimulation (10 min). This

effect was absent in the presence of dynasore (Fig 4.2.7.1.C).

Treatment with SM19712 did not influence the time-course of the GLP-1 7-36
amide-mediated CAMP response (Fig 4.2.7.2.A). Following removal of the extracellular
GLP-1 7-36 amide after 10 min stimulation of HEK-GLP-1R cells in the absence of
IBMX, cAMP production continued to increase during the next 10 min and then
decreased such that at 60 min after washing, the response had decreased to ~75% of the
level at 10 min stimulation. Treatment with SM19712 did not affect the response over
the initial 10 min stimulation period but significantly enhanced the cAMP response
following removal of the extracellular ligand (Fig 4.2.7.2.B). Moreover, the reduced
CAMP production after removal of ligand was also promoted by monensin without

influencing the initial response (Fig 4.2.7.1.D).

Similarly, in INS-1E cells, treatment with SM19712 did not influence the response of
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nawe cells, but significantly enhanced the cCAMP level at 60 min following removal of

the extracellular ligand (Fig 4.2.7.2.C).
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Fig 4.2.7.1. Effect of internalisation or endosomal acidification on GLP-1 7-36
amide-induced cAMP production. A. HEK-GLP-1R cells were pre-incubated without
or with 80 uM dynasore for 30 min (which was then included throughout). Cells were
then stimulated with 100 nM GLP-1 7-36 amide for the indicated times (0-60 min) in
either the absence or presence of 500 uM IBMX. The cellular cAMP production was
then determined. B. Cells pre-treated without or with 80 uM dynasore were challenged
with buffer (basal) or 100 nM GLP-1 7-36 amide for 10 min in the presence of 500 uM
IBMX followed by washing with acidified buffer (pH 4.0, 40 s). The cellular cAMP
generation was then determined after 0-60 min incubation in KHB with IBMX
(+/-dynasore as indicated). C. Cells were pre-incubated in KHB without or with 80 uM
dynasore in either the absence or presence of 50 uM monensin for 30 min (which were
then included throughout). Cells were then stimulated with buffer (0) or 100 nM GLP-1
7-36 amide for 10 or 60 min in the presence of 500 uM IBMX. The cellular cAMP
production was then determined. D. Cells pretreated without or with 50 uM monensin

for 30 min were challenged with buffer (basal) or 100 nM GLP-1 7-36 amide
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(pre-treatment) for 10 min in the absence of 500 uM IBMX followed by washing with
acidified buffer (pH 4.0, 40 s). After a 60 min period of recovery, the cellular cAMP
level was determined. Data in B are n=3. *** p < 0.001 (Bonferroni’s test following
two-way ANOVA. Only the differences between groups at each time point are shown

for clarity). Other data are n=1.
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Fig 4.2.7.2. Sustained cAMP generation mediated by GLP-1 7-36 amide is
regulated by ECE-1 activity. A. HEK-GLP-1R cells were pre-incubated without or
with 10 M SM19712 for 30 min (which was then included throughout). In the absence
of IBMX, cells were stimulated with 100 nM GLP-1 7-36 amide for the required times
(0-120 min) and cellular cAMP levels determined. B. HEK-GLP-1R cells, either
pre-incubated with or without 10 M SM19712, were challenged with buffer (basal) or
100 nM GLP-1 7-36 amide for 10 min in the absence of IBMX followed by washing
with KHB to remove the extracellular ligand. After 0-60 min incubation (+/-SM19712),
the reactions were stopped and the cellular cAMP determined. C. INS-1E cells were
pre-incubated without or with 10 pM SM19712 for 30 min (which was then included
throughout). In the absence of IBMX, the cells were stimulated with buffer (basal) or
100 nM GLP-1 7-36 amide for 10 min followed by washing with KHB. After a further
60 min incubation (+/- SM19712), the reactions were stopped and the cellular cAMP
determined. All data are mean + S.E.M., n > 3. *, p < 0.05; **, p < 0.01 (Bonferroni’s
test following two-way ANOVA. Only the differences between groups at each time

point are shown for clarity).
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4.2.8. Sustained ERK activation mediated by GLP-1 7-36 amide is regulated by
ECE-1 activity in both HEK-GLP-1R cells and INS-1E cells.

In HEK-GLP-1R cells, challenge with 10 nM GLP-1 7-36 amide evoked a rapid
activation of ERK as determined by immunoblotting of pERK1/2. The response was
maximal at 2 min and then decreased in the continued presence of agonist, returning to
basal levels at 60 min. Treating the cells with SM19712 did not influence this
time-course of 10 nM GLP-1 7-36 amide-mediated ERK activation (Fig 4.2.8.1).

In an alternative protocol, cells were stimulated for 10 min with 10 nM GLP-1 7-36
amide, which was then removed by washing with KHB. In these circumstances, the
level of pERK reduced following the wash but this reduction was significantly
attenuated by SM19712 such that at 30 min, 60 min or 90 min after washing, the ERK
activation in SM19712-treated cells was significantly higher than the control (without

SM19712) (Fig 4.2.8.2.).

In INS-1E cells, the pERK response evoked by 10 nM GLP-1 7-36 amide was more
sustained than that in HEK-GLP-1R cells. A5 min stimulation evoked a robust signal
that slowly decreased over the subsequent 60 min (Fig 4.2.8.3) but was then relatively
sustained even to 120 min (Fig 4.2.8.4). Treating the cells with SM19712 did not
influence the time-course of GLP-1 7-36 amide-mediated ERK activation (Fig 4.2.8.4).

The sustained pERK response was prevented by removing the extracellular ligand after
10 min stimulation (Fig 4.2.8.5.). Under these circumstances, the signal quickly
decreased to basal levels. In cells treated with SM19712, the signal also decreased to
basal levels after removing the extracellular ligand but increased again with prolonged
incubation (Fig 4.2.8.5.). At 90 min after washing, the ERK activation in the presence
of SM19712 was significantly higher than that in the absence of SM19712 (Fig
4.2.8.5.B).
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Fig 4.2.8.1. ECE-1 activity did not affect the time-course of GLP-1 7-36
amide-mediated ERK activation. HEK-GLP-1R cells were pre-incubated without or
with 10 pM SM19712 for 30 min (which was then included throughout). Cells were
then challenged with 10 nM GLP-1 7-36 amide for the required time (0-60 min). The
expression of pERK1/2 was detected by immunoblotting. Total ERK1/2 was used as a

loading control. Data are either representative (A) or mean =£S.E.M., n = 3 (B).
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Fig 4.2.8.2. ECE-1 activity regulates the duration of ERK activation following
removal of the extracellular ligand. Following pre-treatment with or without 10 M
SM19712 for 30 min (which was then included throughout), cells were challenged with
buffer (0) or 10 nM GLP-1 7-36 amide for 10 min. The extracellular free ligand was
then removed by washing with KHB. Cells were then incubated in buffer in the
continued absence or presence of SM19712 as appropriate for the indicated times (0-90
min). The expression of pERK1/2 was then determined by immunoblotting. Ribosomal
protein S6 was used as a loading control. Data are either representative (A) or mean +
SEM, n=4(B). * p <0.05 *** p < 0.05 (Bonferroni’s test following two-way
ANOVA. Only the differences between the groups at each time point are shown for

clarity).
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Fig 4.2.8.3. Time-course of GLP-1 7-36 amide-mediated ERK activation in INS-1E
cells. Cells were pre-incubated in KHB for 120 min. Cells were then stimulated with 10
nM GLP-1 7-36 amide for the required times (0-60 min). The expression of pERK1/2
was determined by immunoblotting. S6 was used as a loading control. Data are either

representative (A) or mean =S.E.M., n = 3 (B).
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Fig 4.2.8.4. ECE-1 activity had no effect on the time course of 10 nM GLP-1 7-36
amide-induced ERK activation. INS-1E cells were pre-incubated in KHB for 90 min
and then pre-treated with or without 10 M SM19712 for another 30 min (which was
then included throughout). Cells were challenged with 10 nM GLP-1 7-36 amide for the
required times (0-120 min). The expression of pERK1/2 was then determined by
immunoblotting. S6 was used as a loading control. Data are either representative (A) or

mean + S.E.M., n =3 (B).
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Fig 4.2.8.5. ECE-1 activity regulates ERK activation after removal of the
extracellular ligand in INS-1E cells. Cells were pre-incubated in KHB for 90 min and
then pre-treated with or without 10 pM SM19712 for 30 min (which was then included
throughout). Cells were challenged with buffer (0) or 10 nM GLP-1 7-36 amide for 10
min followed by washing with KHB. After 30, 60 or 90 min incubation in buffer in the
continued absence or presence of SM19712, the expression of pERK1/2 were detected
by immunoblotting. S6 was used as a loading control. Data are either representative (A)
or mean + S.E.M., n =3 (B). **, p < 0.01 (Bonferroni’s test following two-way ANOVA.

Only the differences between groups at each time point are shown for clarity).
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4.2.9. GLP-1 7-36 amide-evoked ERK activation and sub-cellular distribution.

An immunostaining method was developed to detect both ERK activation and the
sub-cellular distribution of activated ERK using HEK-GLP-1R cells (Methods 2.10.).
Images demonstrated that under basal conditions, pERK was present at low levels and
distributed mainly in the cytoplasm (Fig 4.2.9.1.). In cells stimulated with the activator
of PKC, phorbol 12, 13-dibutyrate (100 nM; PDBu), for 5 min the increased intensity of
fluorescence indicated an increased level of pERK. Under these conditions the
fluorescence was equally distributed between the cytoplasm and nucleus. In cells
stimulated with GLP-1 7-36 amide (10 nM, 5 min), levels of pERK were again elevated
in both the cytoplasm and nucleus. However, in contrast to PDBu stimulation, following
stimulation with GLP-1 7-36 amide the fluorescence was stronger in the cytosol
compared to the nucleus. The background-corrected mean fluorescent intensity of either
the whole cell, the cytoplasm or the nucleus and the ratio of background-corrected mean
fluorescent intensity of cytoplasm to nucleus were generated. Quantification of the
images demonstrated patterns of change that were consistent with the images (Table

4.2.).

Using the same immunostaining method in INS-1E cells, pERK levels were shown to
be low and mainly in the cytosol under basal conditions (Fig 4.2.9.2.A). Addition of 10
nM GLP-1 7-36 amide activated ERK rapidly within 5 min and the response was
sustained over 60 min (Fig 4.2.9.2.A, B). Both cytosolic and nuclear pERK were
increased in response to GLP-1 7-36 amide stimulation and the ratio of cytosolic
fluorescence versus nuclear fluorescence declined in the first 20 min suggesting that the
increase in the level of nuclear pERK was greater than that of cytosolic pERK during

this time. The ratio was then sustained after 20 min (Fig 4.2.9.2.C).

Following 10 min stimulation with 10 nM GLP-1 7-36 amide, extracellular ligand was
removed and the cells were washed with KHB. At 90 min after removal of the ligand,
the level of pERK and the sub-cellular distribution was returning to those seen under
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basal conditions (0 min). Treatment with SM19712 did not affect the ERK activation
and distribution under basal conditions or during the initial response (10 min). There
was some evidence of enhanced ERK activation in both cytosol and nucleus at 90 min
following removal of the ligand although this did not reach statistical significance (Fig

4.2.9.3).
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Alexa fluor 488 Alexa fluor 488+Hoechst

basal

Fig 4.2.9.1. Immunostaining of pERK1/2. HEK-GLP-1R cells were challenged with
buffer (basal), 100 nM PDBu or 10 nM GLP-1 7-36 amide for 5 min. Cells were fixed
and permeabilized for immunostaining with a pERK1/2 antibody and nuclear staining
with Hoechst as described in Methods 2.10.1.. 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
(Alexa fluor 488 + Hoechst) and its distribution under each condition is presented here

to directly compare the quantification alongside the image.
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Whole cell (FU) | Cytoplasm (FU) | Nucleus (FU) | Cytosolic/nuclear
Basal 121 +4 138 +6 106 +5 1.40 +0.04
PDBu 241 7 237 £6 247 %9 1.01 +0.03
GLP-17-36 amide 188 +7 220 9 165 +8 1.47 +0.07

Table 4.2. Analysis of images from immunostaining. These values were generated

from the cells in the three representative images in Fig 4.2.9.1 as described in Methods

2.10.2.. The cell numbers are 75, 83 and 90 for basal, PDBu stimulation and GLP-1

7-36 amide stimulation respectively. The data show the mean fluorescent intensity of

the whole cell, the cytoplasm, the nucleus and the ratio of cytoplasmic to nuclear

fluorescence (cytosolic/nuclear). FU = fluorescence units. Data are mean £S.E.M.
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Fig 4.2.9.2. GLP-1 7-36 amide-evoked ERK activation in INS-1E cells determined
by immunostaining. Cells were pre-incubated with KHB for 120 min and then
stimulated with 10 nM GLP-1 7-36 amide for the required times (0-60 min). The cells
were then fixed and permeabilized for immunostaining with a pERK1/2 antibody and
nuclear staining with Hoechst as described in Methods 2.10.. A. Representative images
from a single experiment. B. The background-corrected mean fluorescent intensity of
either the whole cell, the cytoplasm or the nucleus were generated. C. The ratio of
background-corrected mean fluorescent intensity of cytoplasm to nucleus. Data are
either representative or mean £S.E.M., n = 3 (with a total of at least 1,000 cells from 16

images/well for each condition in each of three independent experiments).
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Fig 4.2.9.3. The impact of ECE-1 activity on GLP-1R-mediated ERK activation
and sub-cellular distribution following ligand removal. INS-1E cells were
pre-incubated with KHB for 90 min and then pre-treated with or without 10 M
SM19712 for another 30 min (which was then included throughout). Cells were then
stimulated with 10 nM GLP-1 7-36 amide for 10 min prior to immunostaining of pERK
or alternatively the ligand was removed after 10 min stimulation and the cells incubated
for a further 90 min (+/-SM19712) prior to immunostaining for pERK. The fixation and
permeabilization of cells for immunostaining with a pERK1/2 antibody and nuclear
staining with Hoechst was as described in Methods 2.10.. A. Representative images
from a single experiment. The background-corrected mean fluorescent intensity of
either the whole cell (B), the cytoplasm (C) or nucleus (D) were generated. E. The ratio
of background-corrected mean fluorescent intensity of the cytosolic to nuclear
fluorescence was generated. Data are either representative or mean + S.E.M., n = 3
(with a total of at least 1,000 cells from 16 images/well for each condition in each of

three independent experiments).
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4.3. Discussion

Data presented in this chapter demonstrate that ECE-1 activity regulates re-sensitisation
of GLP-1R-mediated signalling and aspects of GLP-1R-dependent signalling in both
HEK-GLP-1R cells and INS-1E cells. Previous work has demonstrated that ECE-1
activity is responsible for the endosomal degradation of, for example, substance P
(Roosterman et al., 2007) and the present data suggest that such endosomal processing
of other peptide ligands may also occur. It is possible therefore that endosomal ECE-1
degrades GLP-1 7-36 amide that has internalised bound to the GLP-1R and that this
facilitates the disassociation of the receptor-p-arrestin complex promoting GLP-1R
recycling to the plasma membrane (Fig 4.3.). The accepted model of receptor trafficking
(Fig 1.5.) would suggest that following internalisation, the newly formed endosomal
compartment undergoes acidification over a period of ~10 min (Mellman et al., 1986).
This acidification to a pH of approximately 5.5 (Zen et al., 1992) is thought to promote
dissociation of the ligand from the receptor and this may expose the ligand to
endosomally-located proteases, particularly ECE-1. The subsequent degradation of the
ligand would prevent any re-association and presumably allow the receptor to adopt a
conformation that causes disassociation of the receptor-p-arrestin complex, receptor
de-phosphorylation and the events required for recycling. As arrestin provides a scaffold
for proteins involved in some aspects of G protein-independent signalling, including
ERK activation (Lefkowitz and Shenoy, 2005), it is possible that the reduction in ERK
activation seen in the presence of the ECE-1 inhibitor, SM19712, results from a reduced
stability of the GLP-1R-B-arrestin complex. In addition, our data suggest ECE-1 activity

also enhanced GLP-1R-mediated CAMP generation.

4.3.1. ECE-1 activity regulates GLP-1R recycling and re-sensitisation.

Work described in the previous chapter suggested that receptor recycling following
internalisation is responsible for GLP-1R re-sensitisation. GLP-1 co-internalises with
the receptor as a complex targeting to endosomes where the pH is around 5.5 (Mellman
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et al., 1986). The acidic pH optimum in endosomes will change the charges and their
distribution on amino acids leading to conformational changes of the peptide ligand
and/or the receptor thereby facilitating the disassociation of ligand-receptor complex
(Mellman et al., 1986). The efficiency of disassociation in endosomes has been
suggested to be enhanced by the endosomal protease, ECE-1, which can cleave some
peptides such as SP and CGRP in the endosomes (Roosterman et al., 2007, Padilla et al.,
2007). Given there is no direct interaction between ECE-1c and CLR/RAMPL, the
receptor for CGRP, (Padilla et al., 2007), ECE-1 may degrade receptor-disassociated
peptide induced by the acidified conditions in the endosomes. Notably, another
metalloendopeptidase, endopeptidase 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. Alternatively, it is possible that ECE-1 is
scaffolded in the vicinity of the receptor rather than directly interacting with it. Data in
the present study demonstrated that removing bound ligand by an acid wash enhanced
the rate of GLP-1R re-sensitisation (Fig 4.2.1.). These data highlight that the presence
of ligand influences GLP-1R re-sensitisation, potentially by influencing receptor
recycling. Such acid washing of cells to remove bound ligand has been used in many
studies to remove cell-surface bound ligand (Widmann et al., 1997, Haugh et al., 1999,
Li et al., 2008) but it is unclear if the plasma membrane receptors from which ligand has
been removed subsequently internalise. Evidence shows that the time constant of
receptor re-sensitisation is slower than that of ligand disassociation (Chang et al., 2002)
implying that the desensitised receptor remains phosphorylated even after the
disassociation of agonist. It is possible therefore that receptors from which ligand has
been removed still undergo internalisation. In the current experiments, some
internalisation would have already occurred after pre-treatment (10 min) and the
proportion of endocytosed receptors without ligand bound compared to those with

ligand bound is unclear.
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Inhibition of either endosomal acidification or ECE-1 markedly reduced re-sensitisation
of GLP-1R-mediated cAMP generation or Ca** mobilization (Fig 4.2.2.1. and Fig
4.2.2.5.) highlighting that endosomal ECE-1 may regulate GLP-1R re-sensitisation by
regulating receptor recycling. Given the localization of ECE-1 is at the plasma
membrane and within intracellular compartments including the endosomes (Fig 4.2.4.2.)
(Schweizer et al., 1997, Azarani et al., 1998, Valdenaire et al., 1999, Muller et al., 2003),
there are at least two possible mechanisms that could explain the inhibition of GLP-1R
re-sensitisation by the ECE-1 inhibitor. Firstly, cell-surface ECE-1 could degrade
extracellular GLP-1 7-36 amide leading to a reduction of ligand concentration in the
extracellular fluid. This might be expected to result in a greater desensitisation in the
presence of SM19712 (as opposed to a reduction in re-sensitisation). If this were the
case, we would also expect that addition of the ECE-1 inhibitor after the initial
stimulation and ligand removal (ie. added only during the recovery period) would not
have any effect. However, when the inhibitor was added after removal of the
extracellular ligand the inhibition of GLP-1R re-sensitisation was equal to that seen
when applying the inhibitor before pre-treatment (and remaining present in the recovery
period) (Fig 4.2.2.1). These observations suggest that it is the intracellular processing of
ligand that may regulate GLP-1R re-sensitisation. The acidic pH in endosomes should
promote GLP-1 disassociation from the receptor (see above) which may then provide
accessibility for the degradation by endosomally located ECE-1 although the possibility
of degradation of bound ligand cannot be excluded (see above). The degradation of
ligand by ECE-1 would prevent ligand-receptor re-association leading to
conformational change of the receptor and the uncoupling of B-arrestin to allow
GLP-1R recycling to the cell surface for a new cycle of activation. To further support
this model, an in vitro assay of GLP-1 7-36 amide degradation by ECE-1 (and
particularly the impact of pH) is currently being conducted in our laboratory.
Preliminary data highlight that GLP-1 is certainly a substrate for recombinant human
ECE-1 in vitro (data not shown). Whether ECE-1 activity facilitates the disassociation

of the receptor-B-arrestin complex is worthy of investigation.
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The data presented here also suggest that the different sensitivities of ligands to
endosomal proteolysis could play an important role in determining the process of
receptor re-sensitisation. Exendin-4 induced efficient desensitisation of the GLP-1R but
recovery was slow and unaffected by inhibition of ECE-1. Although exendin-4 shares
~50% homology with GLP-1, it is used as a therapy in type 2 diabetes due to its
insensitivity to DPP-IV which cleaves GLP-1 7-36 amide to an inactive form, GLP-1
9-36 amide (Hansen et al., 1999, Sinclair and Drucker, 2005). It is possible that within
the endosome, exendin-4 may also not be a substrate for ECE-1. However, it is worthy
of note that the role of ECE-1 in regulating receptor recycling and re-sensitisation may
not only be ligand specific, but also concentration-dependent. For example,
corticotropin-releasing factor (CRF) and urocortin 1 (Ucnl) are agonists for CRF; and
are also both substrates for ECE-1. However, ECE-1 regulates Ucnl-induced CRF;
recycling and re-sensitisation independent of the concentration of agonist whereas it
influences CRF-induced CRF; trafficking at near Kp concentration but not at the higher
concentration (Hasdemir et al.,, 2012). Given that the mechanisms of receptor
endocytosis and post-endocytic trafficking are dependent on the concentration of ligand
(see Chapter 3 Discussion), it is possible 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. Evidence has
suggested that the high concentration of CRF triggers receptor trafficking through a
Rabl11-associated pathway whereas it is unclear for the low concentration (Hasdemir et
al., 2012). 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 disassociation rate and
promoting recycling. By contrast, if the product retains 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
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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.

4.3.2. Potential trafficking of ECE-1 upon activation of the GLP-1R.

ECE-1 isoforms have been found to constitutively internalise from the plasma
membrane to the endosomes in a dynamin-dependent mechanism and recycle with
kinetics that is distinct among the isoforms. Under basal conditions, although ECE-1c
internalises to a greater extent than ECE-1b and d, it also rapidly recycles to the cell
surface (Muller et al., 2003). Data for ECE-1a are not available. Given that ECE-1 is
also constitutively phosphorylated by intracellular kinases such as CK-1, PKA and PKC
in a isoform-selective manner (MacLeod et al., 2002, Smith et al., 2006, Jafri and Ergul,
2006) (see General Introduction 1.8.3.1.) and the phosphorylation of ECE-1 has been
shown to influence its expression and trafficking (Keynan et al., 2004, Kuruppu et al.,
2010, Kuruppu and Smith, 2012, Jafri and Ergul, 2006) (see General Introduction
1.8.3.2. and 1.8.4.1.), it is possible that the different rates of endocytosis and recycling
amongst the ECE-1 isoforms is regulated by such isoform-specific phosphorylation and
dephosphorylation. It is possible therefore that receptor activation and the subsequent
activation of various kinases could phosphorylate ECE-1 thereby influencing its
expression, distribution and even function. So far, there is no evidence regarding

potential ligand-induced phosphorylation of ECE-1.

Evidence has showed that, at least for ECE-1c, addition of a GFP tag at the N-terminus
prevents phosphorylation of ECE-1 by PKC whereas addition at the C-terminus reduces
its catalytic activity (Kuruppu et al., 2013). Therefore, epitope tagging ECE-1 has the
potential to alter its distribution and/or function. Previous studies that have examined
the sub-cellular distribution of N-terminal GFP-tagged ECE-1 isoforms have shown that
GFP-ECE-1a and GFP-ECE-1c are predominantly located at the plasma membrane with
low expression within the cytosol. In contrast, GFP-ECE-1b and GFP-ECE-1d mainly
reside in the cytoplasm with low expression at the cell surface (Roosterman et al., 2007,

Padilla et al., 2007). As the various ECE-1 isoforms differ in their N-termini and it is
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thought to be these differences that account for the different sub-cellular distributions
(Kuruppu et al., 2012), C-terminal mCherry-tagged versions of ECE-1 isoforms were
generated in the present study. Overexpression of each isoform promoted GLP-1R
re-sensitisation in the same way as the wild-type ECE-1 isoforms (Table 4.1.)
suggesting no loss of function. This was supported by the abolition of the enhanced
recovery by the ECE-1 inhibitor, SM-19712. Both ECE-1b-mCherry and
ECE-1d-mCherry isoforms showed similar distributions to those reported for the
N-terminal GFP-tagged versions (Fig 4.2.5.1.). However, the cell-surface expression of
ECE-1la-mCherry and ECE-1c-mCherry was not as strong as that suggested for the
N-terminal GFP-tagged versions which is consistent with the previous study comparing
the distribution of GFP-ECE-1c and ECE-1c-GFP (Kuruppu et al., 2013). It is possible
that either the GFP or mCherry tag at either the C-terminus or N-terminus of ECE-1
could enhance or reduce exposure of phosphorylation sites and that this could influence
the phosphorylation state even under basal conditions. This could result in different
trafficking and therefore different sub-cellular localization. The HA-tagged ECE-1
isoforms have been generated in our laboratory and these could be useful in determining
sub-cellular distribution by immunocytochemistry because the HA tag is considerably
smaller than the fluorescent tags which should have less impact on the structure of

ECE-1.

Interestingly, in response to GLP-1 7-36 amide stimulation ECE-1 especially isoform a
and c re-distribute within the cell and aggregate into large patches within the cytosol
(Fig 4.2.5.1. and Fig 4.2.5.2.). These patches are consistent with the localization of the
internalised GLP-1R. It has been suggested that ECE-1 constitutively internalises and
traffics with the ligand-receptor complex into the same endosomes for CLR and CRF;
(Padilla et al., 2007, Hasdemir et al., 2012). However, the reduction of cell-surface
ECE-1c in response to CGRP stimulation was equal to the loss of cell-surface ECE-1c
without ligand stimulation quantified by flow cytometry (Padilla et al., 2007). In our
study, the C-terminal mCherry-tagged versions of ECE-1 did not show much
cell-surface distribution which leads to the difficulty to monitor the reduction of
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cell-surface ECE-1 by confocal microscopy. ECE-1 isoforms did traffic quickly
between the plasma membrane and cytoplasm under basal condition without
accumulating into patches in the cytosol. Given that the endocytosis of both GLP-1R
and ECE-1 are through dynamin-dependent mechanisms, it is likely that in response to
receptor activation, the plasma membrane invaginates and is pinched off by dynamin to
form a vesicle that contains both GLP-1R and ECE-1, thereby targeting them to the
same intracellular compartments. The loss of cell-surface ECE-1 could then be
replenished by recycling of ECE-1 therefore producing the appearance that ECE-1
aggregates into large patches within the cytosol consistent with the localization of
internalised GLP-1R. The possibility that GLP-1R activation facilitates the trafficking
of ECE-1 from the plasma membrane to the endosomes requires further investigation.
As suggested before, ECE-1 could be phosphorylated by kinases such as PKA and PKC
that may also regulate trafficking. Given that the activation of GLP-1R activates PKA
(Doyle and Egan, 2007), it is possible that the activation of GLP-1R could trigger the
phosphorylation of ECE-1 isoforms therefore leading to regulation of its trafficking and

function. These aspects require further investigation.

Exploring the trafficking of ECE-1 is of great importance. Notably, the catalytic ability
of ECE-1 is not only substrate specific but also pH dependent (see General
Introduction 1.8.5.). The initial possible site of interaction between ECE-1 and
peptides at the plasma membrane may have little or no effect where the enzyme has an
acidic pH optimum for interaction and proteolysis. However, if the hypothesized model
is true, when ECE-1 internalises with the ligand-receptor complex, resulting in
trafficking into the same endosome, subsequent acidification will allow proteolysis of
the peptide and limit endosomal signalling particularly through p-arrestin (see below).
This might be a critical physiological mechanism to limit signalling from the
endocytosed receptors without influencing the cellular effects conducted from the

plasma membrane.
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4.3.3. ECE-1 regulates GLP-1R-mediated signalling.

It has been reported that ECE-1 cleaves SP in endosomes thereby facilitating the
disassociation of the ligand-receptor complex. This releases B-arrestin from the receptor
thereby terminating f-arrestin-dependent ERK activation (Roosterman et al., 2007). The
recruitment of B-arrestin1/2 to the GLP-1R in response to GLP-1 stimulation has been
demonstrated (Sonoda et al., 2008, Wootten et al., 2013). The coupling of B-arrestinl
mediates GLP-1R signalling during endocytosis and is responsible for insulin secretion
and p-cell growth and survival (Sonoda et al., 2008, Quoyer et al., 2010, Talbot et al.,
2012). In the present study, data show that in addition to regulating GLP-1R recycling
and re-sensitisation, ECE-1 also regulates GLP-1R-mediated cAMP generation and
ERK activation. It is possible that these are through a p-arrestin-dependent mechanism

although this remains to be fully established (see further direction).

In the present study, the effect of ECE-1 on GLP-1-stimulated ERK activation is absent
when the ligand is continuously present (Fig 4.2.8.4.). The prolonged activation of ERK
in the continuous presence of GLP-1 is prevented by ligand removal (Fig 4.2.8.5.)
implying that the recycled receptors might be re-activated and conduct G
protein-dependent ERK activation when ligand is continuously present. However, when
ligand has been removed this may not be possible and continued signalling would be
entirely dependent on the existing ligand-receptor interactions. Signalling may be
short-lived as the ligand-receptor-p-arrestin complexes disassociate. However, under
these circumstances, inhibition of ECE-1 may hold receptors in endosomes, thereby
enhancing any B-arrestin-dependent ERK activation. Thus, data showed that ECE-1
activity reduced ERK1/2 activation when GLP-1 7-36 amide was added but then
removed indicating that ECE-1 regulates GLP-1R-mediated ERKZ1/2 activation,
possibly through a G protein-independent but B-arrestin dependent manner. The
mechanism could be that ECE-1 cleaves GLP-1 in the endosomes facilitating the
disassociation of ligand-receptor complex which reduces the binding of B-arrestin

thereby preventing its scaffolding function, specifically the recruitment of components
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of the MAPK signalling pathway (Fig 4.3.). Furthermore, the present data also provide
some evidence that suggests ECE-1 regulates the extent of both cytoplasmic and nuclear
ERK activation (Fig 4.2.9.3.). However, in the present study the immunofluorescence
experiments had relatively low sensitivity compared to immunoblotting and this may

limit the ability to precisely define the sub-cellular distribution of pERK.

In the classic model of GPCR activation, the cCAMP response is considered to arise as a
consequence of signalling conducted from the plasma membrane which is terminated by
receptor phosphorylation and B-arrestin binding which uncouples the G protein from the
receptor (Lohse et al., 1990, Pippig et al., 1993). Subsequent to this PDE can be
recruited to degrade cCAMP at the plasma membrane (Perry et al., 2002). However, there
is a growing appreciation that such signalling may arise from internalised receptors,
most likely from the endosomal compartment. This has been suggested for the cCAMP
generation in response to activation of the thyroid-stimulating hormone (TSH) receptor,
PTHR and D3R (Calebiro et al., 2009, Ferrandon et al., 2009, Kotowski et al., 2011).
The molecular mechanism suggested for PTHR is that apart from directing
internalisation, the receptor-associated pB-arrestin recruits GPy dimers upon PTH
exposure, which in turn facilitates the activation of Gosand stabilizes the active form of
Gas leading to a prolonged cAMP generation (Wehbi et al., 2013). This provides a novel
model of GPCR activation. The persistent CAMP is thought to be responsible for the
prolonged PTHR-mediated physiological calcemic and phosphate responses in vivo
(Wehbi et al., 2013). In the present study, GLP-1R rapidly internalises in response to
GLP-1 stimulation but there is a persistent CAMP generation in the absence of PDE
inhibitor in HEK-GLP-1R cells. This persistent response is blocked by the inhibition of
internalisation, consistent with a previous study in BRIN-BD11 cells (Kuna et al., 2013),
and potentiated by the inhibition of endosomal acidification (Fig 4.2.7.1.). Moreover,
prolonged GLP-1R-mediated CAMP generation is reportedly p-arrestinl-dependent and
the internalised GLP-1-GLP-1R complex has been shown to co-localize with AC
(Sonoda et al., 2008, Kuna et al., 2013). Taken together, these data suggest a prolonged
interaction between the endocytosed GLP-1R and Gs and it is possible that this is

200



through association with B-arrestin. Persistent CAMP generation by the GLP-1R is
responsible for insulin secretion in pancreatic B-cells (Kuna et al., 2013) and such
regulation of signalling could be essential for the anti-diabetic effects of GLP-1R
activation. The present data highlight that the cCAMP response may also be regulated by
ECE-1 activity. By cleaving the peptide in endosomes, ECE-1 may reduce the stability
of the receptor-B-arrestin complex, leading to disassociation of the G protein from the
complex and thereby terminating prolonged cAMP generation. This model clearly
remains to be further proven. Also whether ECE-1 regulates GLP-1-induced insulin

secretion is worthy of exploration.

4.3.4. Increased levels of ECE-1 expression at high glucose concentrations could

impact on GLP-1R signalling in diabetes.

Both previous work (Keynan et al., 2004) and the present study demonstrate that high
glucose concentrations increase ECE-1 expression levels (Fig 4.2.3.1.). Although so far,
there are no in vivo studies showing that ECE-1 levels increase under hyperglycemic
conditions, there is evidence indicating that the level of ET-1, which is the product of
ECE-1 cleavage of big ET, is elevated in hyperglycemia rats (Kuwaki et al., 1990). It is
possible therefore that increased levels of ECE-1 under hyperglycemia may result in
abnormal signalling and trafficking of the GLP-1R and also other peptidergic receptors
where ECE-1-dependent degradation of the ligand plays an important regulatory role.
Indeed, the present data show that both GLP-1R recycling and re-sensitisation are
potentiated under high glucose conditions (Fig 4.2.6.2. and Fig 4.2.3.2.). Given that
ECE-1 regulates both GLP-1R-mediated cCAMP generation and ERK activation and
these two signalling pathways play critical roles in GLP-1R-mediated insulin secretion
and B-cell growth and survival, an impaired insulin secretion and a reduced p-cell mass
associated with the progress of type 2 diabetes might be related to altered signalling of
the GLP-1R under hyperglycemia as a consequence of elevated expression of ECE-1. If
this is true, regulation of ECE-1 expression or activity might be beneficial in type 2

diabetes.
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Due to the short half-life of GLP-1 and the problems associated with injection, many
pharmaceutical companies are focusing on the development of small-molecule and
orally active agonists for the GLP-1R. Given that even peptide ligands show distinct
sensitivity to ECE-1 inhibition, it is possible that the use of such small-molecules could
result in different time-courses or routes of receptor signalling and trafficking.
Understanding such aspects may provide important information for drug design where
ligands could be selected that exploit the beneficial effects of all aspects of
GLP1R-mediated signalling. This is perhaps not surprising for compound 2, which is a
small-molecule ligand and unlikely, therefore, to be processed by ECE-1 or indeed
other proteases. Compound 2-mediated GLP-1R desensitisation and re-sensitisation will
be assessed in Chapter 5. In addition, the interaction between compound 2 and

orthosteric agonists of GLP-1R will also be examined.
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Fig 4.3. Potential role of ECE-1 in GLP-1R trafficking. 1. The activated and
phosphorylated GLP-1R recruits B-arrestin and internalises into early endosomes with
GLP-1 bound in a dynamin-dependent manner. Gs (Gos or GPy is unclear) may also
internalise with the receptor but this requires further investigation. Cell-surface ECE-1
internalises with the GLP-1R into the same early endosomes. 2. The acidified
environment in the early endosome promotes the disassociation of GLP-1 from the
receptor which is then hydrolyzed by ECE-1. This may prevent ligand-receptor
re-association and result in disassociation of the receptor-p-arrestin complex leading to
termination of p-arrestin-dependent signalling including ERK and possibly cAMP
generation. ECE-1 may also regulate other B-arrestin-dependent pathways including
c-Src activity although these have not been investigated in the present study. 3. The
receptors then recycle back to the plasma membrane either following dephosphorylation
or to be dephosphorylated at the plasma membrane in preparation for a new cycle of
activation. 4. ECE-1 may also recycle back to the cell surface, but it is unclear whether
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it is through the same route as GLP-1R recycling. B-ARR, B-arrestin. Pathways that are

not well-investigated are shown by dashed arrows.
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CHAPTER 5 Allosteric Modulation of the GLP-1R:

Enhancing the Activity of GLP-1 9-36

Amide, a Major Degradation Product of

GLP-1 7-36 Amide

5.1. Introduction

Compound 2 is one of an emerging number of small-molecule ligands for the GLP-1R.
Aside from reportedly enhancing the affinity of the GLP-1R for GLP-1, it has intrinsic
efficacy and can activate the receptor in the absence of other ligands causing responses
typical of GLP-1R activation including the stimulation of insulin release in a
glucose-dependent manner (Knudsen et al., 2007). Given the drive within the
pharmaceutical industry to develop such compounds, it is important to address whether
they behave in a similar manner to the endogenous ligand. In this chapter, aspects of
compound 2 action have been explored for comparison with GLP-1 7-36 amide, the
major postprandial circulating form of GLP-1 (Kreymann et al., 1987). Interestingly,
previous work has demonstrated that cCAMP responses to compound 2 are enhanced in
the presence of the GLP-1R antagonist, exendin 9-39 amide. This is in contrast to the
lack of effect of compound 2 on cAMP responses to GLP-1 7-36 amide (Coopman et al.,
2010, Cheong et al., 2012). GLP-1 (GLP-1 7-37 and GLP-1 7-36 amide) is rapidly
degraded by DPP-IV to generate GLP-1 9-37 or GLP-1 9-36 amide (Kieffer et al., 1995).
The latter is the major postprandial circulating form of GLP-1 (Orskov et al., 1994) but
the degradation by DPP-IV is considered to terminate activity, generating peptides that
have been reported as inactive or even antagonists of the GLP-1R (Hansen et al., 1999).
Given the reported interaction between compound 2 and exendin 9-39, work within this
chapter also explored the potential interactions between compound 2 and GLP-1 9-36

amide in a variety of signalling pathways in both HEK-GLP-1R and INS-1E cells.
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5.2. Results

5.2.1. GLP-1R desensitisation and re-sensitisation following challenge with GLP-1

9-36 amide and compound 2.

GLP-1 9-36 amide has 100-fold less affinity for the GLP-1R than GLP-1 7-36 amide
(Knudsen and Pridal, 1996). The affinity of compound 2 is unclear although it evokes a
concentration-dependent CAMP response with an Epax at 10 uM in HEK-GLP-1R cells
(Coopman et al., 2010). In the present study in HEK-GLP-1R cells, GLP-1 9-36 amide
or compound 2 (both at 10 uM) stimulated a thapsigargin-sensitive increase in [Ca®*];
which were less than that evoked by 10 nM GLP-1 7-36 amide. Compound 2 also
caused a much slower increase in [Ca®']; (reaching a peak at ~50 s after injection)
compared to either of the orthosteric ligands (~10 s for both GLP-1 7-36 amide (10 nM)
and GLP-1 9-36 amide (10 uM)). There was an immediate rapid increase in
fluorescence induced by compound 2 injection but this was a result of the fluorescence

of compound 2 itself (see below).

Pre-treatment with GLP-1 9-36 amide (10 uM) for 10 min followed by washing with
KHB and a 5 min period of recovery (protocol shown in Fig 5.2.1.B) resulted in a small
reduction of the Ca®* response to subsequent stimulation with 10 nM GLP-1 7-36 amide
compared with the control (buffer) (Fig 5.2.1.C). By contrast, pre-treatment with
compound 2 (10 uM) evoked a markedly reduced response to a subsequent challenge
with GLP-1 7-36 amide (Fig 5.2.1.C). Nevertheless, when HEK-GLP-1R-EGFP cells
were used to measure GLP-1R internalisation induced by either GLP-1 9-36 amide or
compound 2, challenge with 10 uM GLP-1 9-36 amide for 60 min resulted in the loss of
cell-surface fluorescence and an increase in the intracellular fluorescence (Fig 5.2.1.D).
A similar effect was noted for cells treated with 10 uM compound 2 for 60 min (Fig

5.2.1.D).

After a 3 h period of recovery, the Ca** response to 10 nM GLP-1 7-36 amide in the
cells pre-treated with 10 uM compound 2 for 10 min (protocol shown in Fig 5.2.1.B)

was still significantly lower than that of nawe cells (without pre-treatment) (Fig
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5.2.1.E). However, the pre-treatment with compound 2 did not affect the response to
ATP (300 uM) used as a control for effects such as toxicity (Fig 5.2.1.E). Given the
limited recovery of signalling following treatment with 10 uM compound 2, a lower
concentration of compound 2 was used to determine any impact of ECE-1 inhibition.
Pre-treatment with 1 uM compound 2 for 10 min followed by 5 min recovery caused a
reduction of the Ca** response to 10 nM GLP-1 7-36 amide but which fully recovered
after a 3 h period (Fig 5.2.1.F). However, the recovery of the response was not
influenced by treatment with the ECE-1 inhibitor, SM19712 (10 uM) (Fig 5.2.1.F). By
contrast, pre-treatment with 10 nM GLP-1 7-36 amide for 10 min followed by a 3 h
period of recovery resulted in a similar response to the re-stimulation compared with
that of nawe cells (without pre-treatment) but this was significantly reduced by

SM19712 (Fig 5.2.1.G).
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Fig 5.2.1. GLP-1R desensitisation and re-sensitisation in response to GLP-1 9-36
amide or compound 2. A. Representative fluorescence traces. Fluo-4-loaded
HEK-GLP-1R cells were pre-incubated with buffer in either the absence or presence of
2 M thapsigargin for 5 min. Cells were then stimulated with either 10 nM GLP-1 7-36
amide, 10 pM GLP-1 9-36 amide or 10 puM compound 2 and the changes in
fluorescence were monitored. Responses were measured for either 51 s or 71 s with the
injection of ligand at 11 s. B. Experimental protocol for C, E, F and G. C.
Representative Ca®* traces. HEK-GLP-1R cells were pre-treated with buffer, 10 pM
GLP-1 9-36 amide or 10 uM compound 2 for 10 min followed by washing with KHB.
After 5 min recovery, fluo-4-loaded cells were stimulated with 10 nM GLP-1 7-36
amide and the changes in fluorescence were monitored and calibrated to [Ca®'];.
Responses were measured for 36 s with the injection of ligand at 11 s. D.
HEK-GLP-1R-EGFP cells were stimulated with 10 uM GLP-1 9-36 amide or 10 uM
compound 2 for 60 min. The cells were imaged by confocal microscopy either before (0
min) or after (60 min) stimulation. The images are representative of 3 independent
experiments. The arrowheads and arrows indicate the expression of GLP-1R-EGFP at
the plasma membrane and in the cytosol respectively. Scale bar (in the bottom left of
each image), 5 um. E. HEK-GLP-1R cells were pre-treated with 10 pM compound 2 for
10 min followed by washing with KHB. After a 3 h period of recovery, fluo-4-loaded
cells were stimulated with either 10 nM GLP-1 7-36 amide or 300 uM ATP. The
maximum increases in fluorescence were determined and converted to [Ca®']i.

HEK-GLP-1R cells were pre-incubated for 30 min without or with SM19712 (10 M,
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which was then included throughout). Cells were then pre-treated with buffer (control) or
either 1 uM compound 2 (F) or 10 nM GLP-1 7-36 amide (G) for 10 min followed by
washing with KHB. After a 5 min or 3 h period of recovery, fluo-4-loaded cells were
stimulated or re-stimulated with 10 nM GLP-1 7-36 amide and the changes in
fluorescence were monitored and converted to [Ca*];. Data are representative or mean
+SEM., n = 2. ** p<0.01; *** p < 0.001 (Bonferroni’s test following two-way
ANOVA. Only the differences within a group (E) or between the groups at each time
point (F, G) are shown for clarity).
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5.2.2. GLP-1 9-36 amide and exendin 9-39 amide enhance compound 2-evoked cAMP
production in HEK-GLP-1R cells.

In HEK-GLP-1R cells, the cAMP generation evoked by 1 nM (ECsp) of the GLP-1R
orthosteric agonist GLP-1 7-36 amide was abolished by the co-addition with GLP-1R
orthosteric antagonist, exendin 9-39 amide (I uM). In contrast, exendin 9-39 amide
significantly enhanced the cAMP response to the allosteric agonist, compound 2 (1 uM,
submaximal concentration) in the presence of IBMX (Fig 5.2.2.1.). This is consistent

with previous findings in our laboratory (Coopman et al., 2010).

GLP-1 7-36 amide induced a concentration-dependent cAMP response with a pECsg of
10.16 +=0.11 in the presence of IBMX. GLP-1 7-36 amide (100 nM) produced an
increase in CAMP to 1748 +=73 pmol/mg protein from a basal level of 5 =2 pmol/mg
protein. GLP-1 9-36 amide stimulated a concentration-dependent increase in cAMP
with low potency (pECsg 6.27 £0.09) and a maximal response that was ~20% of that in
response to GLP-1 7-36 amide (Fig 5.2.2.2.A). Although the concentration-response
curve for compound 2-mediated cAMP generation was not well-defined, previous
experiments in these cells gave a pECso of 6.23 and a maximal response at around 10
UM that was approximately 90% of the maximal response to GLP-1 7-36 amide
(Coopman et al., 2010). Here 10 uM compound 2 evoked a cAMP response that was
around 70% of the maximal response to GLP-1 7-36 amide. The co-addition of 1 uM
GLP-1 9-36 amide (which alone generated 225 18 pmol/mg protein CAMP, ~10% of
GLP-1 7-36 amide Emax) and a range of concentrations of compound 2 resulted in a
leftward shift of the concentration-response curve by a half log unit and demonstrated
synergy. For example, 1 M compound 2 produced 179 +=37 pmol/mg protein of cAMP
while co-stimulation with 1 pM GLP-1 9-36 amide enhanced that to 905 +46 pmol/mg
protein which is significantly higher than the numerical addition (404 55 pmol/mg

protein) (Fig 5.2.2.2.B).
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Fig 5.2.2.1. Exendin 9-39 amide inhibits GLP-1 7-36 amide-evoked cAMP
generation but promotes compound 2-evoked cAMP production. In the presence of
500 uM IBMX, HEK-GLP-1R cells were stimulated with buffer (basal), 1 nM GLP-1
7-36 amide or 1 uM compound 2 in the absence (control) or presence of 1 uM exendin
9-39 amide for 15 min. Data are mean + S.E.M., n = 3. *** p < 0.001 (two-way
AVOVA; only the differences between groups under each condition are shown for

clarity).
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Fig 5.2.2.2. GLP-1 9-36 amide enhances the compound 2-evoked cAMP response in
HEK-GLP-1R cells. A. Cells were stimulated with either vehicle (1% v/v DMSQO) or
various GLP-1R agonists: GLP-1 7-36 amide (from 0 to 100 nM); GLP-1 9-36 amide
(from 0 to 10 pM); compound 2 (from 0 to 10 M) or; co-stimulated with 1 M GLP-1
9-36 amide and compound 2 (from 0-100 piM) for 15 min in the presence of 500 uM
IBMX. The cAMP was then extracted and determined. The pECso and Hill slope values
were 10.16 +=0.11 and 1.14 +=0.10 for GLP-1 7-36 amide and 6.27 £0.09 and 1.27 +
0.05 for GLP-1 9-36 amide. Values could not be determined for either compound 2
alone or co-addition of compound 2 and 1 uM GLP-1 9-36 amide. The bar chart (B) was

generated from the data in graph A. The numerical data were calculated from the
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mathematical addition of the measured responses to 1 M GLP-1 9-36 amide and
compound 2 as indicated. All data are mean #+ S.E.M., n = 3. *, p < 0.05, ***, p <

0.001 (Student’s t test).
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5.2.3. GLP-1 9-36 amide enhances the compound 2-induced Ca*" signalling in

HEK-GLP-1R cells.

Compound 2 at 100 UM evoked a rapid increase in fluorescence at the time of injection
followed by a second increase after 20 s (Fig 5.2.3.1.A). Treatment with thapsigargin
did not inhibit the initial, rapid increase but did abolish the later one. The initial rapid
increase occurred in fluo-4-loaded wild-type HEK293 cells (Fig 5.2.3.2.A) and in
HEK-GLP-1R cells in the absence of fluo-4-loading (Fig 5.2.3.2.B). All these indicated
that the initial change was a consequence of the fluorescence of compound 2 itself. The
fluorescence of compound 2 prevented calibration of the Ca®* signal and the responses
are therefore shown as fluorescence as an index of [Ca®*];. GLP-1 9-36 amide at 1 uM
gave little or no detectable Ca®* response (Fig 5.2.3.1.B). Compound 2 at 10 pM evoked
a slow and small Ca* response. In contrast, the co-injection with 10 pM compound 2
and 1 pM GLP-1 9-36 amide mediated a quicker and higher thapsigargin-sensitive
increase in fluorescence (Fig 5.2.3.1.B). This promotion by co-treatment was
concentration-dependent (Fig 5.2.3.1.C, D). The mean data generated using the area
under the curve (AUC) showed that the responses given by the co-treatment with
compound 2 at 10 M or 30 pM and 1 M GLP-1 9-36 amide were significantly higher
than the numerical addition of each response alone (Fig 5.2.3.1.D). The interaction
between compound 2 and GLP-1 9-36 amide was not observed in fluo-4 loaded

wild-type HEK293 cells (Fig 5.2.3.2.A).
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Fig 5.2.3.1. Compound 2-evoked Ca®* responses are promoted by co-addition with
GLP-1 9-36 amide and blocked by thapsigargin. A. Fluo-4-loaded cells were
pre-incubated without or with 2 M thapsigargin for 5 min, followed by stimulation
with either vehicle (1% v/v DMSO), 10 nM GLP-1 7-36 amide or 10 M compound 2.
B. Fluo-4-loaded cells were pre-incubated without or with 2 UM thapsigargin for 5 min,
followed by stimulation with either vehicle (1% v/v DMSO) or 1 pM GLP-1 9-36
amide, 10 pM compound 2 or 1 pM GLP-1 9-36 amide and 10 pM compound 2
together. C. Fluo-4-loaded cells were stimulated with either vehicle (1% v/v DMSO), 1
M GLP-1 9-36 amide, compound 2 (10 M, 30 M or 100 M) or 1 M GLP-1 9-36
amide and compound 2 (10 M, 30 M or 100 M) together as indicated. The changes
in fluorescence were measured for 71 s with the injection of ligand(s) at 11 s by a
microplate reader as an index of [Ca*'];. D. The bar chart of area under curve (AUC)
was generated from graph C. The numerical data are equal to the mathematical addition
of AUC of 1 pM GLP-1 9-36 amide-induced response plus AUC of the compound
2-induced response as indicated. Data are either representative or mean + S.E.M., n > 3.

*, p <0.05 (Student’s t test).

217



15000+ - compound 2
GLP-1 9-36 amide + compound 2
w 120001 aqdition .y == compound 2/thapsigargin
£ 9000 G it GLP-1 9-36 amide +
3 W;".‘-’::-A"w compound 2/thapsigargin
F N 4
= f/J’. — vehicle
$ 6000 =
et
o
S 30004
LL
O4=—== maﬁww_l
11 20 30 40 50 60 70
Time (s)
B
15000+
addition — compound 2
a 12000+ = = compound 2/thapsigargin
E 9000 . & 23R — vehicle
) )
(8]
T 6000~
[%]
Q
S 3000
[T
(O A e S e ma 1
11 20 30 40 50 60 70
Time (s)

Fig 5.2.3.2. Interactions between GLP-1 9-36 amide and compound 2 does not
occur in wild-type HEK?293 cells or HEK-GLP-1R cells without fluo-4 loading. A.
Fluo-4-loaded wild-type HEK293 cells were pre-incubated without or with 2 M
thapsigargin for 5 min, followed by stimulation with either vehicle (1% v/iv DMSO) or
100 pM compound 2, or co-stimulation with 1 M GLP-1 9-36 amide and 100 pM
compound 2. B. HEK-GLP-1R cells in the absence of fluo-4 loading were stimulated
with either vehicle (1% v/v DMSO) or 100 M compound 2 with or without 5 min
pre-incubation with 2 piM thapsigargin. The changes in fluorescence were measured for

61 s with the injection at 11 s. Representative Ca®* traces from one experiment.
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5.2.4. GLP-1 9-36 amide enhances compound 2-evoked cAMP production in INS-1E

cells.

In INS-1E cells, GLP-1 7-36 amide stimulated a concentration-dependent increase in
CAMP with a pECsp of 9.39 £0.12 and Hill slope of 1.47 +=0.24 in the presence of
IBMX (Fig 5.2.4.A). The maximum concentration of 100 nM produced an increase in
CAMP to 770 =63 pmol/mg protein from a basal of 80 =16 pmol/mg. However, GLP-1
9-36 amide gave little or no cAMP response in these cells. Furthermore, compound 2 at
10 pM evoked a very low cAMP production (190 =31 pmol/mg protein). Co-addition
of compound 2 (10 M) with GLP-1 9-36 amide (1 uM), which alone evoked little or
no cCAMP response, increased the cCAMP production to 490 44 nmol/mg protein. This
was significantly greater than the numerical addition of individual responses to 1 pM

GLP-1 9-36 amide and 10 uM compound 2 (Fig 5.2.4.B).
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Fig 5.2.4. GLP-1 9-36 amide enhances compound 2-evoked cAMP production in
INS-1E cells. A, B. INS-1E cells were stimulated with either vehicle (1% v/v DMSO),
GLP-1 7-36 amide (0-100 nM), GLP-1 9-36 amide (0-10 M), compound 2 (0-10 V1)
or co-stimulated with 1 pM GLP-1 9-36 amide and compound 2 (0-100 M) for 15 min
in the presence of 500 pM IBMX. The cAMP was then determined showing a pECsg
and Hill slope of 9.39 +0.12 and 1.47 *0.24 respectively for GLP-1 7-36 amide. The
bar chart (B) was generated from graph A. The numerical data are equal to the
mathematical addition of responses to 1 M GLP-1 9-36 amide and 10 pM compound 2

when added alone to the cells. Data are mean H#+ S.E.M. n = 3. *, p <0.05 (Student’s t

test).
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5.2.5. GLP-1 9-36 amide enhances compound 2-evoked ERK activation in both
HEK-GLP-1R and INS-1E cells.

In HEK-GLP-1R cells, simulation with 10 M GLP-1 9-36 amide for 5 min evoked an
ERK activation that was less than that induced by 10 nM GLP-1 7-36 amide (Fig
5.2.5.A). Compound 2 mediated a concentration-dependent ERK activation and 1 pM
compound 2 gave a very weak activation (Fig 5.2.5.A). However, co-treatment with
compound 2 at various concentrations and a concentration of GLP-1 9-36 amide (1 M)
that evoked little ERK activation by itself evoked greater ERK responses. For example,
the responses to co-addition of 1 M GLP-1 9-36 amide and compound 2 at 0.1 or 0.3
M were significantly higher than the numerical addition of the individual responses

(Fig 5.2.5.A).

In INS-1E cells, stimulation for 5 min with 10 M compound 2 mediated a similar ERK
response to that of 10 nM GLP-1 7-36 amide (Fig 5.2.5.B). Challenge of cells with 1
uM GLP-1 9-36 amide for 5 min produced a small ERK response (Fig 5.2.5.B).
Co-treatment with compound 2 (3 pM) and GLP-1 9-36 amide (1 M) significantly
promoted ERK activation compared to the numerical addition of the responses to each

ligand alone (Fig 5.2.5.B).

221



MWt (kDa)
«—55

PERKL/2 | S o Sk el s e B
T ————————— +— 35

S6

PERK12 “u = =

S6

pERK1/2
(arbitary densitometric units)

PERK1/2

0 01 03 1 0 01 03 1

1500001

100000+

50000+

[Compound 2] (M)

[GLP-1 9-36 amide]
(1 uMm)

| 1 uM GLP-1 9-36 amide ,
I 1

Inumericall

GLP-19-36 10 pM
GLP-17-36 10 nM

0_
T T T T T T T T T T T T
O 4 M d O 4 M A d Mm 4 s
S o c o S o =
S
Compound 2 (uM) o
o
€
<
[{e}
@
o
o
o
—
O
— - — o

GLP-1 7-36 amide 10nM-

MWt (kDa)
«—55

!
!

0 1 310 01 3 10 %
[Compound 2] (M) =
8
[GLP-1 9-36 amide] S.’
(1 um) 5
O
| 1 uM GLP-1 9-36 amide :
InumericalI
@ 2000001 -
£ 1500004
Q
£
2 1000004
5
kel
> 500004
P
g o

Compound 2 (uM)

GLP-19-36 amide 10yl

GLP-17-36 10 nM

GLP-1 7-36 amide 10n

222



Fig 5.2.5. GLP-1 9-36 amide enhances compound 2-evoked ERK activation in both
HEK-GLP-1R and INS-1E cells. HEK-GLP-1R cells (A) or INS-1E cells (B) were
stimulated for 5 min with either vehicle (1% v/v DMSQO), 10 nM GLP-1 7-36 amide,
GLP-1 9-36 amide (1 or 10 M), compound 2 alone at concentrations as indicated or
both 1 M GLP-1 9-36 amide and compound 2 together as indicated. The levels of
PERK expression were determined by immunoblotting. Ribosomal protein S6 was used
as a loading control. The data are vehicle (0) subtracted. The numerical data are equal to
the mathematical addition of the responses to 1 M GLP-1 9-36 amide and compound 2
alone at indicated concentrations. Data are either representative or mean + S.E.M., n = 3.

*, p<0.05 ** p<0.01 (Student’s t test).
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5.3. Discussion

Work described in this chapter showed that the allosteric agonist compound 2 not only
shows different activity in GLP-1R activation, but also mediates a different pattern of
GLP-1R re-sensitisation compared to the orthosteric agonist GLP-1. The process of
GLP-1R re-sensitisation following challenge with compound 2 at a high concentration
was slow and insensitive to inhibition of ECE-1 which does, however, regulate
re-sensitisation following challenge with GLP-1 (see Chapter 4). This implies that
compared with the native ligands, this small-molecule allosteric agonist not only
displays different intrinsic activity but also mediates a different efficiency of receptor

re-sensitisation which may imply different pathways of receptor trafficking.

Allosteric ligands can act as either negative or positive modulators to either inhibit or
promote the affinity and/or efficacy of orthosteric agonists respectively (Keov et al.,
2011). Compound 2 not only has intrinsic activity but also enhances the affinity of the
GLP-1R for GLP-1 but does not impact on efficacy (Knudsen et al., 2007, Koole et al.,
2010) showing it is an ago-allosteric agonist for the GLP-1R. The data presented here
demonstrate that compound 2 potentiates both the efficacy and potency of the
metabolite of GLP-1, GLP-1 9-36 amide. This may provide a novel therapeutic strategy
for the treatment of type 2 diabetes.

5.3.1. Allosteric agonist-mediated GLP-1R desensitisation and re-sensitisation.

Data in the previous chapter demonstrated a ligand-dependence of GLP-1R
re-sensitisation, highlighting that following GLP-1 7-36 amide stimulation, the GLP-1R
re-sensitised faster than following stimulation with exendin-4. Furthermore, recovery
following GLP-1 stimulation was sensitive to inhibition of ECE-1 whereas recovery
following exendin-4 was not. It is possible that this difference is a consequence of the
inability of endosomal ECE-1 to cleave exendin-4 (or that there is an alternative
rate-limiting step). It might be predicted that the inability to process the ligand might

result in a prolonged interaction between receptor and B-arrestin leading to a longer
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recycling time (see Chapter 4) or even receptor degradation (Anborgh et al., 2000,
Moore et al., 2007). The stability of the complex could also influence receptor-mediated
signalling particularly that regulated by B-arrestin. Small-molecule agonists, whether
orthosteric or allosteric, are generally designed to mimic the activity of the endogenous
ligand. However, they would be unaffected by the activity of proteases able to degrade
peptide ligands and could, therefore, behave differently in respect of aspects such as
signalling, receptor trafficking and re-sensitisation. The experiments described in this
chapter determined GLP-1R desensitisation and re-sensitisation mediated by the
small-molecule and allosteric agonist, compound 2. Although compound 2 (10 uM)
mediated a reduced level of cAMP generation and Ca?* mobilization compared to
GLP-1 7-36 amide (Fig 5.2.1.A and Fig 5.2.2.2.), it caused a marked desensitisation
and internalisation of the GLP-1R (Fig 5.2.1.C, D) (Coopman et al., 2010). Although it
is unclear if compound 2 can internalise with the receptor, fluorescence of compound 2
could be detected inside cells after stimulation (data not shown). Further, despite
reduced signalling compared to GLP-1, re-sensitisation of the GLP-1R after removal of
extracellular compound 2 was minimal after 3 h compared to full recovery following
stimulation with GLP-1 without influencing cell viability (Fig 5.2.1.C, D, E and Fig
5.2.1.E). The slower recovery is consistent with observations that compound 2 is biased
for B-arrestinl and P-arrestin2 recruitment relative to Ca’* and cAMP responses
(Wootten et al., 2013) and this may be the cause of the reduced rate of re-sensitisation.
Given that receptor phosphorylation by different kinases may generate different
functional consequences including different downstream signalling and the differential
recruitment of proteins such as B-arrestin (Tobin, 2008), compound 2 may expose
different phosphorylation sites on the GLP-1R compared to GLP-1. Thus, compared
with the endogenous agonists, a potentially different profile of phosphorylation
triggered by the small-molecule agonists together with a lack of requirement for
proteases such as ECE-1 activity could result in different patterns of receptor signalling,

desensitisation, re-sensitisation and possibly trafficking.
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5.3.2. The interaction between GLP-1 9-36 amide and compound 2

GLP-1 binds to the receptor following a ‘two domain model” whereas the binding sites
for the allosteric ligands are unclear. Compound 2 does not compete with the binding of
GLP-1 (Knudsen et al., 2007) and it maintains the activity on the N-terminal truncated
version of GLP-1R (Huang, 2010) suggesting compound 2 interacts with the core
domain of the GLP-1R without overlapping with the orthosteric binding site.
Compound 2 enhances the affinity of the GLP-1R for GLP-1 but does not affect the
potency or efficacy showing its positive modulation of orthosteric ligand binding
(Knudsen et al., 2007, Coopman et al., 2010, Koole et al., 2010). However, work in our
laboratory has showed that the GLP-1R antagonist, exendin 9-39 amide, which
markedly inhibits the activity of orthosteric agonists, actually promotes compound
2-mediated CAMP generation (Coopman et al., 2010) (Fig 5.2.2.1.). In the present study,
we further explored the interaction between compound 2 and the metabolite of GLP-1
7-36 amide, GLP-1 9-36 amide. In the body, once GLP-1 is released it is rapidly
metabolized resulting in the bulk of circulating GLP-1 being the major metabolic
product, GLP-1 9-36 amide (Deacon et al., 1995). Studies around the function of GLP-1
9-36 amide suggested that it has no insulinotropic effects and even shows antagonism
under some circumstance (Deacon et al., 2002, Rolin et al., 2004, Knudsen and Pridal,
1996, Wettergren et al., 1998) although this would also be consistent with its weak
partial agonism shown in the present study. Compound 2 is able to induce insulin
secretion in a glucose-dependent manner in vitro (Knudsen et al., 2007) and the present
data highlight that compound 2 enhances both the potency and efficacy of GLP-1 9-36

amide.

Following GLP-1R activation in pancreatic B-cells, signalling events downstream of
CAMP mediate insulin secretion (see General Introduction 1.3.3.2.). Although GLP-1
9-36 amide has no effect on the level of insulin in vivo (Rolin et al., 2004), it was able to
stimulate a low level of cAMP generation in HEK-GLP-1R cells (Fig 5.2.2.2.).

However, this was not apparent in INS-1E cells (Fig 5.2.4.) suggesting that weak partial
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agonism of a large number of receptors in HEK-GLP-1R cells may be responsible.
Similar to GLP-1, compound 2 couples the GLP-1R to cellular signalling through the
activation of Gs (Coopman et al., 2010). The efficiency of compound 2-mediated CAMP
generation was higher than that of GLP-1 9-36 amide but lower than that of GLP-1 7-36
amide in both cell lines (Fig 5.2.2.2 and Fig 5.2.4.) indicating its partial agonism in
CAMP generation. Interestingly, compound 2 synergistically increased the efficacy of
GLP-1 9-36 amide-induced cAMP generation such that maximal levels were similar to
those evoked by GLP-1 7-36 amide. Such interactions between allosteric ligands and
GLP-1 9-36 amide has also been reported elsewhere. Thus, the GLP-1R allosteric
ligands compound 2 or compound B enhanced GLP-1 9-36 amide-mediated cAMP

generation in a cell line expressing recombinant GLP-1R (Wootten et al., 2012).

The increase of [Ca®*]; either directly or indirectly stimulates the acute insulin release in
pancreatic B-cells (see General Introduction 1.3.3.2.), therefore whether the interaction
of GLP-1 9-36 amide and compound 2 would also be shown in GLP-1R-mediated Ca**
signalling is important. Similar as CAMP generation, GLP-1 9-36 amide only evoked a
lower Ca?* response at high concentrations (>1 uM) (Fig 5.2.1.A). In contrast,
compound 2 (>10 pM) evoked a long-lasting thapsigargin-sensitive Ca** response (Fig
5.2.3.1.A, C). Although it is difficult to compare its efficacy with GLP-1 7-36 amide,
the time course of compound 2-mediated increase of Ca; is certainly different
compared with the orthosteric agonists. However, when GLP-1 9-36 amide and
compound 2 were used in combination, the Ca®* response was more rapid and elevated
and more similar to the GLP-1 7-36 amide-mediated response (Fig 5.2.3.1.B, C).
Therefore compound 2 also potentiates GLP-1 9-36 amide-induced Ca?* mobilization.
Although this phenomenon is conflicting with a recent study (Wootten et al., 2012), the
potentiated increase in fluorescence as an index of Ca®* was thapsigargin sensitive and
was not apparent in the wild-type HEK293 cells (without the expression of GLP-1R) or
in HEK-GLP-1R cells in the absence of fluo-4 loading (Fig 5.2.3.2.). Given that Ca**
responses in HEK293 cells appear to be dependent on cAMP and compound 2 shows
agonism in CAMP generation, it would be expected that compound 2 should evoke Ca**
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response. However the kinetics and/or sub-cellular localization of cAMP in response to
the different agonists could be different thereby changing the Ca®* responses. Moreover,
literature has showed that compound 2 is able to stimulate an acute insulin release in
isolated rat islets (Knudsen et al., 2007) which is generally considered to be through a
Ca’*-dependent mechanism in pancreatic B-cells (see General Introduction 1.3.3.2.4.).
Whether the interaction actually potentiates GLP-1R-mediated insulin release in
pancreatic B-cells is unclear. However, interaction between GLP-1 9-36 amide and the
allosteric agonist compound B did potentiate the release of insulin in isolated rat islets

(Wootten et al., 2012).

Aside from mediating acute insulin secretion, GLP-1 also promotes insulin synthesis
and secretion through the regulation of transcription factors activity. One mechanism is
through the activation of ERK which also has beneficial effects on p-cell proliferation
and survival (Briaud et al., 2003, Costes et al., 2006, Lawrence et al., 2005). Although
GLP-1 9-36 amide is relatively poor at stimulating cAMP generation and Ca*
mobilization, it was more efficient on ERK activation, particularly in INS-1E cells.
Indeed, 10 uM GLP-1 9-36 amide although not evoking a cCAMP response, activated
ERK to a similar extent as 10 nM GLP-1 7-36 amide (Fig 5.2.5.B). The same was also
true for compound 2. Thus, in INS-1E cells, compound 2 (10 uM) stimulated 6-fold
lower CAMP generation than GLP-1 7-36 amide (10 nM) (Fig 5.2.4.) whereas at least
with 5 min stimulation, it activated ERK to a level comparable to that mediated by
GLP-1 7-36 amide (Fig 5.2.5.B). This effect was less clear in HEK-GLP-1R cells. A
recent study also indicated that the potency of compound 2-mediated ERK1/2 activation
is higher than cAMP generation (Wootten et al., 2013). Given that compound 2 may
show preference for B-arrestin recruitment (see above), the phenomenon raises the
question as to whether compound 2 shows bias for B-arrestin-dependent ERK activation
relative to cAMP/PKA-dependent ERK activation. Again, compound 2 could also
positively influence GLP-1 9-36 amide-induced ERK activation. To date there is no
information relating to other potential actions of compound 2 such as p-cell growth and
survival. Whether the interaction between compound 2 and GLP-1 9-36 amide actually
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shows benefits in those aspects is unknown but clearly worth exploring.

The allosteric modulation of receptors in the presence of metabolites of endogenous
ligands has been reported for non-peptide receptors. Thus, both choline and inosine, the
metabolites of acetylcholine and adenosine respectively, have much lower activity than
their parent ligands for their receptors, M, muscarinic acetylcholine receptor and
adenosine A; receptor respectively, but the activity of each can be potentiated by an
allosteric ligand (Wootten et al., 2012). Here, compound 2 potentiates the activity of
GLP-1 metabolite, GLP-1 9-36 amide. Therefore, allosteric ligands have the potential
ability to modulate the activity of peptide metabolites. However the mechanism is
unclear. Compound 2 is not able to enhance the affinity of GLP-1 9-36 amide (Wootten
et al., 2012) suggesting that potentiation is likely to be the result of enhanced efficacy,
possibly through stabilization of specific receptor conformations. Thus, the structure of
the receptor occupied at the same time by the two ligands may be different to that
induced by single occupancy. This could expose different phosphorylation sites thereby
facilitating differential coupling to effectors. Given that the signalling by the
combination of compound 2 and GLP-1 9-36 amide is similar as that by GLP-1 7-36
amide, the structure may be close to that stabilized by the parent ligand although the
signalling mechanisms and the full range of effectors activated would need to be

defined to establish this.

Notably, although GLP-1 9-36 amide has 100-fold lower affinity at the GLP-1R
compared to intact GLP-1 (Knudsen and Pridal, 1996), it is actually present at ~10-fold
higher levels in the circulation (Orskov et al., 1994), although clearly the relative
concentrations at the sites of action are unknown. Interestingly, GLP-1 9-36 amide is
cleared by the kidney (Meier et al., 2004) whereas GLP-1 7-36 amide is of course
cleared in the circulation by DPP-IV. Thus, in conditions where kidney function may be
compromised (eg. diabetes), circulating levels of the metabolite may reach even higher
levels (Nolin, 2008, Arnouts et al., 2013). Work in our laboratory shows that compound

2 enhances the potency of GLP-1 9-36 amide by 100-fold (Li et al., 2012), suggesting
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that the modulation of metabolite activity may be a therapeutic possibility. Whether
enhanced activity of the metabolite by an allosteric agonist would be beneficial in vivo

is worthy of exploration both for GLP-1R activity and for that of other peptidergic

receptors.
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CHAPTER 6 Final Discussion

6.1. Overview

As a therapeutic target for the treatment of type 2 diabetes, the GLP-1R has been widely
investigated in many aspects of its structure and signalling although studies of its
desensitisation, re-sensitisation and particularly the trafficking are limited. The current
models suggest that following receptor activation, internalisation occurs and that the
subsequent trafficking processes may regulate the rate and efficiency of receptor
re-sensitisation. It is now clear that such processes will also regulate signalling not only
by removing receptors from the cell surface where it may engage a specific set of
signalling pathways but also by regulating any signalling functions of the endocytosed
receptor. Moreover, different agonists may trigger different rates of receptor trafficking,
potentially even engaging different mechanisms, which may lead to distinct patterns of
receptor re-sensitisation and possibly different signalling and physiological outcomes.
This is particularly important as novel ligands are developed in an effort to exploit the
functions of the GLP-1R. Furthermore, these findings may extend to receptors other

than the GLP-1R.

The present data show that activation of the GLP-1R results in receptor desensitisation
and internalisation through a dynamin-dependent mechanism. Data also indicated that
the endocytosed GLP-1Rs target to early endosomes with GLP-1 bound. The model of
receptor trafficking following endocytosis suggests that the endocytosed receptors in
early endosomes are subsequently targeted to either recycling endosomes which traffic
receptors back to the cell surface or late endosomes for degradation in lysosomes (Fig
1.5). The mechanisms deciding receptor trafficking are complex (Moore et al., 2007).
Lysosomal sorting of GPCRs generally requires covalent tagging of receptors with
ubiquitin (Wojcikiewicz, 2004). There is evidence suggesting some GLP-1Rs sort to
lysosome for degradation in BRIN-BD11 cells (Kuna et al., 2013). The mechanisms

driving some GLP-1Rs to lysosomes are unclear. However, the present study showed
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that upon GLP-1 stimulation followed by ligand removal, a large proportion of
GLP-1Rs could then re-sensitise with the recovery of cell-surface receptor number in
both HEK-GLP-1R and INS-1E cells. Receptor recovery requires internalisation and
endosomal acidification but not de novo receptor synthesis suggesting receptor
recycling is involved. The rate of receptor recycling is regulated by many factors. A
very important aspect is the stability of receptor-p-arrestin complex which will be
determined by several factors including the nature of the ligand, the phosphorylation
pattern and status of the receptor and the stability of B-arrestin ubiquitination (see
General Introduction 1.5.2.). Protease degradation of peptides in endosomes has also
been shown play a role in regulating receptor recycling. For example, bradykinin and
EGF can be degraded by endopeptidase 24.15 and cathepsin B respectively in
endosomes which facilitates receptor recycling (Norman et al., 2003, Authier et al.,
1999). The present study showed that re-sensitisation of the GLP-1R is dependent on
receptor internalisation and subsequent recycling. ECE-1 activity, most likely within the
endosomal compartment, promotes GLP-1R re-sensitisation through facilitating
recycling to the plasma membrane. It may be that ECE-1 degrades GLP-1 in the early
endosomes either preventing ligand-receptor re-association or facilitating dissociation
of the ligand-receptor complex. The current models would suggest that this would
promote the disassociation of the receptor-p-arrestin complex leading to receptor
dephosphorylation and recycling. By contrast, recovery of signalling following GLP-1R
stimulation with either exendin-4 or the small-molecule allosteric agonist, compound 2,
was slow and insensitive to ECE-1 inhibition. This highlights different ligands may
behave differently in regulating GLP-1R trafficking. In addition to regulating GLP-1R
recycling and re-sensitisation, ECE-1 regulates GLP-1R-mediated signalling. The
inhibition of ECE-1 potentiates both GLP-1 7-36 amide-mediated CAMP generation and
ERK activation which may be through a G protein-independent/p-arrestin-dependent
mechanism. Thus, our finding provides the novel mechanism of regulating GLP-1R

signalling and re-sensitisation.

Re-sensitisation of the GLP-1R displays differences that are dependent upon the ligand
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used for activation. Furthermore, there is evidence to suggest ligand-preference in the
activation of downstream signalling. Thus, the metabolite of GLP-1 7-36 amide, GLP-1
9-36 amide, is a weak agonist for CAMP generation and Ca®* mobilization whereas it is
a strong activator of ERK. The allosteric agonist, compound 2, although showing
greater CAMP generation and Ca®* mobilization than GLP-1 9-36 amide, is also less
active than GLP-1 7-36 amide. However, it causes comparable ERK activation to that in
response to GLP-1 7-36 amide. Interestingly, compound 2 synergically potentiates the
activity of GLP-1 9-36 amide but not GLP-1 7-36 amide in respect of either cCAMP
generation, Ca®* mobilization or ERK activation. GLP-1 9-36 amide is actually the
major circulating form of GLP-1 in body but has no influence on plasma glucose level
in patients with type 2 diabetes (Zander et al., 2006). However compound 2 stimulates
glucose-dependent insulin release in isolated rat islets (Knudsen et al., 2007). Our
findings suggest a new therapeutic strategy for the treatment of type 2 diabetes by

modulation of essentially inactive metabolites by small molecule and allosteric agonists.
6.2. Future directions

Biased agonism has been reported at a number of GPCRs suggesting that different
ligands stabilize distinct receptor conformations (Rajagopal et al., 2010). For example,
ligands can display bias for different G proteins or between G protein- and
B-arrestin-dependent signalling. These latter two signalling events often show both
temporal and spatial differences and can, therefore, mediate unique cellular and
physiological consequences (DeWire et al., 2007, Luttrell and Gesty-Palmer, 2010).
Presently, drugs are developed generally based on a limited number of cellular outputs
and indeed it is often unknown which signalling events are therapeutically advantageous.
Although such a strategy has been effective, it may not fully exploit the possibilities or
result in adverse effects. For example, in the heart, the f1AR mediates B-arrestinl- and
2-dependent signalling, mediating transactivation of a cardioprotective EGFR (Noma et
al., 2007), which could be beneficial for therapy in this case, whereas chronic activation

of B;AR-mediated G protein-dependent signalling is cardiotoxic (Lohse et al., 2003). By
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contrast, B-arrestin mediates both morphine-triggered opioid receptor desensitisation
and tolerance in vivo (Bohn et al., 1999, Bohn et al., 2000). Thus, a G protein-biased
ligand inducing an elevated and prolonged analgesia is highly desirable. For the NK;R
activated by SP, inhibition of ECE-1 results in retention of the ligand-receptor-p-arrestin
complex in endosomes leading to an ERK2-mediated increase in the expression and
phosphorylation of the nuclear death receptor Nur77, promoting cell death (Cottrell et
al., 2009). This is a clear example where signalling of the receptor from an endosomal
compartment provides a distinct cellular function compared to signalling from the
plasma membrane. The nature and rate of receptor trafficking and endosomal signalling
may therefore regulate important cellular functions. Previous researches have shown
that B-arrestin1/2 is recruited to the GLP-1R upon GLP-1 stimulation, although this
might occur cell-type dependently (Sonoda et al., 2008, Wootten et al., 2013, Syme et
al., 2006). The stability of the receptor-p-arrestin complex is a critical factor regulating
GPCR trafficking and signalling (Oakley et al., 2001, Anborgh et al., 2000, Shenoy and
Lefkowitz, 2005). The current study raises a potential mechanism whereby ECE-1 could
regulate the stability of the GLP-1R-B-arrestin complex thereby regulating
B-arrestin-dependent signalling pathways, including ERK activation and possibly also
CAMP generation. Whether B-arrestin bound to the GLP-1R is targeted to early
endosomes remains to be determined. In addition, the role of ECE-1 in regulating both
the stability of the GLP-1R-B-arrestin complex and p-arrestin-dependent signalling
requires further investigation. Further, B-arrestin-dependent signalling could be involved
in controlling important GLP-1R-mediated functions, such as insulin secretion and the
regulation of B-cell mass through anti-apoptotic and pro-proliferative effects. Whether
ECE-1 plays a role in the regulation of these cellular functions is certainly worth
prioritizing for further exploration. Given that the level of ECE-1 expression may
increase under high glucose levels it might also be interesting to explore potential
changes in the diabetic state and whether such changes could influence GLP-1R
signalling or regulation. The discovery of B-arrestin-dependent signalling clearly
broadens the scope of therapeutic approaches, but also brings great challenges to drug

discovery which requires much more thought about the pharmacology of potential
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therapeutic ligands.

Along with other studies (Roosterman et al., 2004, Sigismund et al., 2005), the present
study highlights that receptor desensitisation is more pronounced and takes longer to
recover with higher concentrations of agonist. Such regulation may be important in
limiting receptor activation. This is not novel but while the concentration-dependence
may simply be due to greater receptor endocytosis, it is possible that the trafficking of
GLP-1R is differentially influenced by the concentration of ligand (see Chapter 3 and
4). GLP-1 7-36 amide evokes similar maximal response of Ca** as exendin-4 and both
of them mediate a comparable extent of GLP-1R desensitisation whereas the latter
agonist clearly mediates a much slower process of re-sensitisation. Additionally, the
allosteric agonist, compound 2 shows partial agonism in CAMP generation, but mediates
similar desensitisation and internalisation as the orthosteric agonists. However, recovery
is markedly prolonged compared to that following GLP-1 7-36 amide. The insensitivity
of re-sensitisation following desensitisation by exendin-4 or compound 2 to inhibition
of ECE-1 also highlights that receptor trafficking, particularly the rate limiting steps,
may be agonist-specific. Such differences could have major implications to the
signalling outputs. Exendin-4 is used clinically in the treatment of type 2 diabetes and
although it displays similar functions to GLP-1 including reducing blood glucose levels,
promoting weight loss and providing some B-cell protection (DeFronzo et al., 2005, Li
et al., 2013b, Abe et al., 2013), it does have a range of unexpected and unwanted
functions such as gastrointestinal side effects and an increased risk of pancreatitis. The
mechanisms by which these effects occur are unknown. The in vivo activity of
compound 2 is unclear, but it appears to show bias for B-arrestin-mediated scaffolding
function (see Chapter 5) (Wootten et al., 2013). Taken together, GLP-1R trafficking
might be highly regulated by both the nature of the ligand and its concentration. These
may well dictate cellular and physiological functions and are worthy of further

exploration.

Presently there is a desire for small molecule agonists of the GLP-1R given the
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problems associated with using peptide ligands. Importantly, the present study shows
that the allosteric agonist, compound 2, potentiates the activity of the metabolite of
GLP-1 7-36 amide, GLP-1 9-36 amide, in a variety of signalling pathways. Considering
that the combination of GLP-1 9-36 amide and compound 2 resulted in the activation of
GLP-1R-mediated signalling pathways similar to that induced by GLP-1 7-36 amide, it
might be expected that the combination may have similar physiological functions to
GLP-1 7-36 amide. Indeed, a recent study demonstrated that such allosteric-orthosteric
interactions positively regulate insulin release in rats (Wootten et al., 2012). Whether
this also regulates other anti-diabetic effects such as improving p-cell mass and weight

reduction needs to be further explored.

In summary, the present study suggested a role for endosomal ECE-1 activity in
regulating GLP-1-induced signalling and trafficking of the GLP-1R. Different ligands
showed different sensitivities to ECE-1 inhibition both in re-sensitisation and in aspects
of signalling. Additionally, the data showed that an allosteric agonist of the GLP-1R
could potentiate the activity of GLP-1 9-36 amide, a metabolite of GLP-1 7-36 amide.
These data highlight the possibility of different and more targeted approaches to the
design of ligands at the GLP-1R and indeed other receptors that may provide improved

or novel therapeutic strategies.
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