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Abstract

Produced in the pancreas, insulin is widely considered the most important hormone involved in
metabolic homeostasis Diabetes mellitus (DM) is a chronic metabolic disease affecting 537
million people worldwide which results from a defect in insulin action, secretion, or Over

time, existingantihyperglycemic treatments designed to control type 2 DM (T2DM) typically
become ineffective due to changes in disease progression including weight gain and increased
insulin resistance, highlighting the imporntee for the continueddevelopment of new

therapeutic agents which exert their effects through divemse¥el mechanisms.

Trace amineassociated receptor 1 (TAAR1) is a G preteinpled receptor located in the brain,
a02YFOKXZ Ay idSailkenSwnichhgsRolesdh yiedibtiBg nduko@egenerative and
metabolic disorders.Although most of the existing research into TAAR1 agonists has focused
on their role within the central nervous system for application in schizophrenia treatments,
studies have identified activation of pancreatic TAARL enhances insulin secretion, thusi§AAR

a promising target for novel antihypdygemic treatments for T2DM.

This thesis reports the rational design, synthesis and pharmacological evaluation of a series of
ligands intended to exhibit a peripherally restricted TAARL agonist préfiieed onN-((1H-
imidazot4-yl)methyl)}4-chloro-N-isopropylaniline (RO507301%9), as part of a structure
activity relationship studyThe analogues are computationally predicted to be substrates of the
P-glycoprotein transporter and experimentally predicted to have low blood brain barrier
permeability through immobilised artificial m&rane reversegbhase high performance liquid
chromatography, preventing the likelihood of inducing potential undesiredanget effects.

The data obtained from high range rat inswdimzymelinked immunosorbent assayblercodia)

shows that the novel analogues enhance insulin secretion in control and glucolipotoxicity
conditions designed to mimic an environment typically associated with patients puaithly

controlled T2DM. We also demonstrate that one compouni;((1H-imidazot2-yl)methyl)}4-



chloro-N-isopropylaniline 6c), upregulates the secondary messengeyclic adenosine
monophosphate ¢AMB using the cAMP select ELISA (Cayman ChemiChl¥ suggestg6c
mediates its therapeutic effects via TAAR1 thus indicating a potential role for these molecules

as novel therapeutic agents in the treatment of T2DM.
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1. Introduction

Composed of a network of organs, the digestive systeigufel.1) facilitates the breakdown of
food into essential nutrients (protein, fat, vitamins and carbohydrates) which are absorbed for

survival'.

Parotid gland
(salivary gland)

Pharynx
Mouth

Sublingual gland
(salivary gland)

Submandibular gland
(salivary gland)

Liver Oesophagus

Gallbladder Stomach

Pancreas

Small intestine

Rectum

Large intestine

Anus

Figurel.1 The digestive system. Image taken from and created using Biorender.com

Produced in the pancreas, insulin is a vital hormone involved within the digestive sy$tem.
main function of insulin is to ensure correct sugar storage by regulating circulating blood sugar
levels?. In 2021, a study identified that 40% of aduléged 1844) living in America had
developed insulin resistance and thus were at an increased risk of developing several chronic

metabolic disordersHigurel.2) 4
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— Central nervous system
= o Alzheimer's disease
¢ Impaired energy homeostasis
L e Cerebrovascular diseases

Liver
¢ Non-alcoholic fatty liver
disease
o Liver cirrhosis
* Steatohepatitis

e Myocardial infarction
e Coronary artery disease
e Hypertension

Pancreas

Kidney
e Diabetes mellitus

e Chronic kidney disease

Ovary
¢ Polycystic ovary syndrome

Figure 1.2 Chronic metabolic disorders which can arise because of insulin resistance. Adapted Zadneage

created using Biorender.com.

Shown inFigurel.2, insulin resistance is a risk factor for diabetes mellitus (DM) and in 2021 the
International Diabetes Federation (IDF) reported over 537 million adults worldwide are living
with diabetes, with the global projection expecting over 783 million adults teetdiabetes by
20455, Approximately, 1.5 million deaths are related to diabetes annually, with the World
Health Organisation (WHO) classifying the disorder as a top 10 leading cause of death %lobally
7. Although antidiabetic therapeutic agents have been developed to manage diabetes, their

effectiveness often declines ovdime and thus the current challenge is to develop new

therapeutic agents to assist with the treatment of DM.

1.1.Diabetes mellitus

Characterised by hyperglycaemia occurring from abnormal glucose homeostasis (fasting blood
3t dz02aSY X T YY2fk[0OX 5a A& F 3INRdzI 2F YSGl
action, secretion or botf'° In January 2019, over 400 million people worldwide suffered with
DM and this number has continued to soar in recent yéafs Taken from the IDF Atlas report
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in 2021 ,Figurel.3 A and B show the estimated agéjusted prevalence of diagnosed diabetes
between ages 209 and the proportion of undiagnosed cases fog 28yearolds per country
respectively, where it is clear diabetes is a global pandémkigurel.4 shows the expected

global DM projections.

(A) Estimated total number of people worldwide aged between 20-79 suffering with diabetes in 2021.

M <00 thousand
B 100~<500 thousand
M soo thousand—1 million
B 10 million
B 10—<20 million
W 20 million
no estimates made

(B)

W <35%
W 235-44%
W 245-54%
W 255-64%
W =65%
no estimates made

Figurel.3 (A) World map showing the estimated prevalence of diabetes cases in adults ag&dr2021.(B)World
map indicated the proportion of adults aged-20 with undiagnosed diabetes. Taken from International Diabetes

Federation Diabetes Atlas 2021 Médition®.
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Figure1.4 World map showing the expected global projections of DM in 2030 and 2045. Taken from International

Diabetes Federation Diabetes Atlas 2021 &@ition®.

DM is broadly characterised into two main subdivisions; type 1 and type 2, however other forms
are known (mature onset diabetes in the young (MODY), gestational diabetes (GD), latent
autoimmune diabetes in adults (LADA), ketgwisne diabetes, neonatal dbetes and cystic
fibrosis diabetes}??*. Resulting from damaged blood vessels due to prolonged excess blood
glucose, many lorterm complications are associated with DM. Classified into two subdivisions,
complications from DM are either macrovascular complications (renal failure, retinojaaithy
damage to the nervous system) or microvascular (myocardial infarction, damage to the heart

and stroke) Figurel.2) 1015
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These longerm implications highlight the urgency for early diagnosis and the development of
new therapeutic agents. In 2011, WHO recommended a new firstjobicall for identifying
diabetesc the glycated haemoglobin (HbA1c) test as no prior patieppration (fasting) is
required®. Haemoglobin can become glycated with glucose, therefore the HbA1lc test analyses
the average amount of glycated haemoglobin during¢&-month time frame. As increased
blood glucose levels afford an increased HbA1c féytie American Diabetes Association have

recommended HbAlc levels >6.5% indicate a positive diagnosis f&t. DM

1.1.1. Type 1 diabetemellitus
Type 1 diabetes mellitus (T1DM) is a heritable diséas®ften referred to as juvenile diabetes
or insulindependent diabetes, T1DM is readily diagnosed in children where it is reported
offspring of a diabetic father are three times more likely to inherit the condition than children
with a diabetic mother?® 2L Symptoms of T1DM include weight loss, increased urination,

excessive thirst and polyphagia

Accountable for fewer than 10% of all diabetes cases, T1DM is caused by an autoimmune
LINEOS&da ¢KSNBo0& RS adelstzsultshiz2 iisulig deficiedicy) SubsBduently O
leading to hyperglycaem?d 2 al NJ] SNB 2F (KS AYYdrélSindu8ea (i NI
autoantibodies to glutamic acid and insulin, islet cell autoantibodies and autoantibodies to
tyrosine phosphatases 1A and IAH i 19 Literature suggests the destructive autoimmune
process is due to insulitisa process whereby T cells penetrate the Islets of Langerhans and
attack insulinNJB t S | &ellsy IFurihermore, patients of TIDM are likely to develop
ketoacidosig®. Patients of African or Asian ancestry are prone to developing a subtype of TIDM
known as idiopathic diabetes, a condition which lacks the autoimmune component, but results
in the individual suffering with episodic ketosis and permanent insulinopenia ifiewlin

concentration in the bloodstrean?f. The firsline response for T1DM is insuli@placement

therapy coupled with a healthy and maintained diet. However, this form of therapy has
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associated problems including lifelong dependency on regular insulin injections, psychiatric

conditions and hypoglycaemfé&

1.1.2. Type 2 diabetemellitus
Type 2 diabetes mellitus (T2DM) is the predominant form of diabetes, accounting-&5%8®f
cases’” 22 Formerly known as neimsulindependent diabetes or adutinset diabetes, T2DM
often occurs in later life due to environmental factors and demographic characteristics, with
obesity being the largest risk fact®¥®2. Other factors which contribute to the development of
T2DM include smoking, drinking alcohol and physical inactivity. Females are more likely to
develop the condition and higher incidence rates of T2DM were reported within the Asian and
black populatios %2 32 Despite often occurring in adulthood, the number of T2DM cases

reported in children is increasing due to the rise in childhood obésity

T2DM is characterised by insulin insensitivity arising from a decline in insulin production and
NBaAadl yOS Rdz&l dysunctioh ¢¥nd NiSucdedsiOl cell signalling of the insulin
receptor. In turn, the rate of glucose transportation to vitajans such as skeletal muscle,
adipose tissue and the liver is significantly reduced. Consequently, blood glucose and glucagon

levels are not reduced and hyperglycaemia océlrs

The symptoms of T2DM are very similar to TLDM, however they develop more slowly thus
YI{Ay3 ¢H5a RAFTFAOdzZ G G2 RAI Iy 2a Salldysfunstors ¥ &
subsequently hindering effective cellular uptake of glucdée Unlike T1DM, several
pharmacological agents have been developed to manage T2DM (discussed in & trath
metformin (1, shown inFigurel.5) recognised as the firdine medication. These therapeutic
agents coupled with increased physical activity and improved diet have proven to be effective
measures to successfully manage T2©9MHowever, the effectiveness of these therapies often

declines over time.
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Metformin (1)
Figurel.5 Chemical structure of metformid)(

1.1.3. Other forms of diabetes
Defined as any degree of glucose intolerance with onset or first recognition during pregnancy,
GD is the third most common form of DRi® {AYAE N 02 ¢H5@E D5
dysfunction and is known to affect 1 in 7 pregnancies worldwide Furthermore, patients
affected by GD are seven times more likely to develop T2DM within 10 $fe#irsLike T1DM
and T2DM risks associated with GD include increased likelihoedexition delivery, premature
birth, pre-eclampsia and obesity’. GD can be managed with pharmacological treatment;
however, metformin {) is known to cross the placenta affecting metabolic, mitochondrial,
proliferative and hepatic signalling pathways. The potential long term effects on the foetus are

unknowr thus GD is commonly treated through diet and lifestyle modificatféns

Like TIDM, MODY is an inherited form of DM with a prevalence of 2% of all diabete4’cases
ah5, Aa I Of dza-0OSNI 2RA¥2NRSBKAIOYR A& OF dza SR
D/Y FYR I bCnho 6KAOK NBIdzA I GS I dz@elldubetiok,2 Y S 2
subsequently reducing insulin secretidd 4. Symptoms of MODY coincide with those

demonstrated by T1DM and T2DNhus, diagnosis is frequently missed, and inappropriate

treatment administered®.

1.2.Insulin

1.2.1. Pancreas

The pancreas is an endocrine organ composed of both-eantbexocrine tissue which develops

from the duodenum?®?. Responsible for the function of the digestive gland, the tubuloacinar
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gland makes up the exocrine portion, whilst the endocrine consists of thousands of pancreatic

Islets of Langerharf$ (Figurel.6).

Common
hepatic duct

Gallbladder .
7 Common bile duct.

~Pancreatic

duct
_Pancreas Islet of Langerhans

Acinus

Islet of Langerhans
(endocrine tissue)

F cell (secretes pancreatic
Beta cell polypeptide)

—_—

(secretes insulin)

Delta cell
(secretes somatostatin)
Alpha cell

(secretes glucagon) g
? @._ Capillary

Figure 1.6 Structure of the pancreas and Islets of Langerhans. Islets of Langerhans are cellular clusters of endocrine

tissue responsible for the hormone production involved in glucose homeostasis. Image created using Biorender.com.

There are four major cell types within the Islets of Langerharele1.10 ¢ Acéll& making

up approximately 70% of the cluster¢. KS NB Yl AYyAy3d oSt ha& &hRSO

OSt t acells aeddunting for the final 10% of the clust&rs.
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Tablel.1 Cell types found in the Islets of Langerhans and their function.

Cell type Function
' f LKl oM 0 Responsible for the secretion of glucagon
Sl o0 0 Responsible for insulin production

. ~ Responsible for the secretion sbmatostating a growth
5staul o6+0
inhibiting hormone

DIFYYI o640 _ _ _ _
£ cell Responsible for the secretion of pancreatic polypeptides
ce

Islets of Langerhans have an irregular, oval sh&pgufel.6) and are found throughout the
pancreatic ductal and acinar tissuBtudies have identified the organisation of cell types within
GKS AafSDHSOf aza t JBE Ta iy Ro A OK S Reell® Bsilling & ¥ folded 2§
trilaminar plate. The purpose of this distribution is to alldoodvessels to circulate along both
sides allowing for optimal blood flow and oxygen circulatfdnFurthermore, this specific
arrangement around blood vessgisovidesthe hormones required to carry out the functions

stated inTablel.1 direct access to the circulatory system.

Occuring during metabolic stres$$§ SOU A @ R Sdll$i adizzOdua 8 yhe raldaseiof
cytokines from nearby immune celihus a decline in pancreatic function is observed and the
pancreas is unable to efficiently secrete the hormones require@ainlel1.1 “8, Typically the
deterioration in pancreatic function results from damage caused by numerous conditions

including; DM, bloating, weight loss, and autoimmune, chronic and recurrent pancré&titis

1.2.2. Discovery, biosynthesis, structure and storage

Insulin is a vital hormone involved in glucose homeostasis. Successful extraction of insulin was
achieved by Banting, Best and MacLeod in the eaflyc2dtury*®5C Located on chromosome

11, the insulin gene encodes a aMino acid precursor protein known as preproinsulin.

Page |9



Interaction of the hydrophobicN-terminal with the cytosolic ribonucleoprotein signal
recognition particles enables translocation to the rough endoplasmic reticitumAfter
translocation, preproinsulin is cleaved into proinsulin through the removal of a signal peptide
located on theN-terminus,Figurel.7 253 The proinsulin is folded, leading to the formation of
disulfide bonds and is transferred to the Golgi apparawisere it is transformed into insulin in

i -cell secretory granule§®. During this process, proinsulin is cleaved by either proprotein
convertases (PC) 1/3 coupled with carboxypeptidase E (CPE) to yiedd,d&3 proinsulin via

the removal of paired arginine residues or via PC2 and CPE leading to the formatior6d{@tes
proinsulin due to cleavage occurring at lysarginine pairs Kigure1.8) °°. Depending on the
initial cleavage route taken, a second cleavage occurs at the opposing cleavage site and in turn,
0KS / LISLIIARS ¢ KA Oféin t0 &syByhSiDis Zeleakedtiiuszdrdingulimis !

converted into insulinKigurel.7 and Figurel.8) 52 %6

Chain B

s o ° Ce,.
Proinsulin * 0 e”
e
r‘.—" o C-peptide

% Golgi
Signal . Preproinsulin

r sequence Chain B

N-ter !

C-ter

— pog) Chain
Insulin production "

AYZ N machinery NYZ,N

Chain C

ER

Figure 1.7 . A2aéyiKSaAra 2F AyadzZ Ay |-oflR. Imadeicreaie Gnddaptedylsing NB Y

Biorender.com.
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- PEPTIDE

PROINSULIN

PC2 + cpy Yupca + CPE

Pl B-CHain

DES-64, 65 PROINSULIN DES-31, 32 PROINSULIN

PC1/PC3 + CPR A:z + CPE
%

o B- CHAIN

INSULIN AND C-PEPTIDE

Figure1.8 Conversiorof proinsulin into insulin(lLeft) Proinsulin is cleaved at LysB4g65 cleavage site vieRC2 and
CPByielding des54,65 proinsulin. A second cleavage occurs at AWRB2 to release insulin and thep€ptide.
(Right) Proinsulin is cleaved at Arg2g32 cleavage site via PC1/3 and CPE yieldin@H88 proinsulin. A second

cleavage occurs at Lys@4g65 to release insulin and thepEptide. Taken from Steiner etal

Insulin is secreted as a dipeptide hormar@mposed of two chains, A andEHdurel.9). Chain

A (composed of 21 amino acids) is linked to chain B (30 amino acids) via two disulfide bridges
occurring between residue 7 on both chain A and B as well as residue 20 of chain A and residue
19 of chain B’. Hodgkinet al determined the structure of insulin by-ray crystallography in
1969%y (KA A 62N] NBGSIt SR {KI uheliCek betwgen tesidOes ¢ G | A
8 and 1220 whereas chain B momposed2 ¥ 0 2 @hklix beyfveeh residues-@ dp -y R i
pleated sheets®. An intrachain disulfide bridge between residues 6 and 11 of chain A also

contributes to the overall structure of insulff
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Chain A

90009000000900@0@0000

I
1 I
Chain B 1

CEOVIN@(H) L)) LOVE XA L)LV )\/ CEX R G F P TPIKIT)

AAN
Figurel.9 Schematic structure of human insulin. Disulfide bridges represented by green dashes.

The structure of insulin is conserved between species with bovine and porcine insulin most
closely resembling human insulifigurel.10 contains the protein sequence for human, bovine
and porcine insulin and shows the amino acid sequences for bovine and porcine insulin differ

from human insulin by 3 and 1 residues, respectiftly

Human chain A GIVEQCCTSICSLYQLONYCN
Bovine chain A GIVEQCQ@SVCSLYQLQNYCN
Porcine chain A GIVEQCCTSICSLYQLONYCN
Human chain B FVNQHLCGSHLVEALYLVCGERGFFYTF
Bovine chain B FVNQHLCGSHLVEALYLVCGERGFFYAF
Porcine chain B FVNQHLCGSHLVEALYLVCGERGFFYAF

Figure 1.10 Alignment of amino acid sequence of human insulin, bovine insulin and porcine insulin with differing

residues shown in red and underlined.

The metabolic signalling for insulin exocytosis occurs via several pathways resulting in cyclic
adenosine monophosphatecAMP)dependent signalling cascade activation and the influx of
extracellular C&ions®2. Glucose stimulated insulin secretion (GSIS) is the main mechanism for
reducing blood glucose levels. The process of GSIS is shdviguiel.11. Glucose enters

LJ- y O NBdeli$ Vi® theé glucose transporter 2 (GLRJTreceptor and once inside it is
metabolised via glycolysis generating pyruvatdpon entering the mitochondria, pyruvate
enters the Krebs cycle, which after a series of biochemical reactions, causes an increase in

adenosine triphosphate (ATP) concentratidr® In turn, cell depolarisation occurs whereby
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ATPRsensitive potassium channels close and voltgged calcium channels open causing the
influx of C&*A y (i 2 LI yeelisNdBsuling i@ thé exocytosis of insuiontaining vesicles

leading to insulin secretiof?

Glucose Membrane
r ’ depolarization )
Potassium channel Calcium channel
closes opens

Fatty acids

[O)e]
o
GLUT-2 @ @ | | K* channel Ca? channel

Acyl-CoA ® ATP
carboxylase

Ry .,_'/r
Ins_l;Iin
granule
Malonyl-CoA Insulin
4 Krebs cycle )
cAMP

J_/' Protein kinase
A J
A
Carnitine palmitoyl- /
transferase

Acyl-CoA

VR
(@) 8
]
Adenylyl cyclase (AC)

Fatty acids

Figure 1.11 Biological pathways for glucose stimulated insulin secretion (GSIS) and fatty acid stimulated insulin
secretion (FAIS). GSIS: glucose enters the cell via2@etdptors before being metabolised in the mitochondAa.

rise in ATP causes cell depolarisatid Rsensitive potassium channels to close and vokgaged calcium channels

open, triggering insulin secretionFAIS: fatty acids enter the cell and are converted to-@ofl. AcyCoA is
metabolised in the mitochondria by transportation via candtpalmitoydtransferase. MalonytCoA inhibits this

process causing an aegbA to levels to accumulate. In turn aGgA increases €aausing insulin exocytosis. Fatty

acids can stimulate GPCRs and activate the adenylyl cyclase pathway thus causing upregulation of CAMP, resulting ir
an increase in insulin secretioimage adapted by Michael et al, Komatsu et al and Nolan et al and created using

Biorender.cony: 66. 67
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GSIS via several pathwalfs Firstly, fatty acids are oxidised into long chain 4gA upon
entering the cell, before transportation to the mitochondria by carnitine palmitegthsferase.

Once inside the mitochondria, the long chain acy®2 !  dzy’ R SidatbiSfarming acetyl

CoA, subsequently controlling baseline insulin secretion levdislonylCoA causes allosteric
inhibition of carnitine palmitoytransferase thus preventing long chain aGdA entering the
mitochondria. In turn, the accumulation of long chain a€glA cases an influx of cytosolic €a

within the cell resulting in an increase in insulin secreti@igre1.11) 67 ¢ Lipolysis is another

major pathway involved in stimulating insulin secretion via fatty atid&lucagoHdike peptide

1 (GLR), is shown to interact with ceBurface receptors and activate the adenylate cyclase
pathway where ATP is converted into cANFRy(irel.11) ’°. The upregulation of cAMiRAcreases

insulin secretion via both protein kinase A (PKA) independent and dependent pathwaye

cAMP dependent PKA pathway relies on the influx &f Gsing the voltage gated calcium
channels like insulin secretion via GSIS, whereas insulin secretion via cAMP independent PK/
pathway is mediated bgxchange proteins directly affected by cANEp#&g. There are two Epac
Ad2F2NXa 609LI Om YR 9 Licelsy with EpacRINihd t& IS fhe isomerLJt y
responsible for insulin secretion due to its ability to recruit insulin containing granules to the
plasma membraneia itsactivation ky rasproximatel (Rap 1y Furthermore,activatedPKA

leads to the stimulation of hormonsensitivelipase,an enzyme involved in regulating the

release of free fatty acids into blood circulation; thus providing enétgy

1.2.3. Roles of insulin
Summarised irFigurel.12, the roles of insulin include the metabolism of proteins, lipids and
carbohydrates, promoting cell division and the uptake of amino déids! & (G KA & LINR 2 &
focus is the development of novel therapeutic agents for the management of DM, this section
aims to provide an WRSLIGK RA&aOdzaaAzy 2F AyadzZ AyQa A
homeostasis.
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Figure 1.12 Role of insulin in organ function and metabolisfAdaptedfrom Yee et al'5. Image created using

Biorender.com.

Insulin is a critical hormone involvedriggulatingthe transportation of intracellular glucose into

the liver, muscle and adipose tissudiqurel.12) *. The mechanism of actiqivoA) of insulin

is shown irFigurel.13. hy OS a4 SONX (i SR -celN,ndulinlblhdg © NMSR (& rec®ptor
GeNRAAYS (AylFraS &AaLISOAFAO (2 AyadAZ Ayo 20 G
INSR, the receptor is autophosphorylated following sequential conformational chahgbs

turn, two downstream signalling pathways, namely the phodpbsitide 3-kinase (PI3K) /
protein kinase B pathway and the mitogawtivated protein kinase (MAPK) pathwdsigure

1.13) are activated leading to glucose entering the cell and reduced blood glucose fe¥ls

Activation of the above signalling pathways occurs in two distinct wags the PI3K pathway,
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pathway occurs via the binding of Gri2

Insulin G‘“"“SEO
\ / 0 0

Insulin receptor

Glut4

~ O
(=) 4
| N
o
| ™~
— (&
/ X’ synthase \ \
l l synthesis l
GS
- Cell division
Glut 4
‘ ‘ andaronth translocation
mTORC1 Glycogen
l synthesis
Protein
synthesis
Cell growth

and
proliferation

Figurel.13Insulin signalling pathwayActivation of insulin receptor (INSR) leads to phosphorylation of IRS initiating
PI3K/AKT and mitogeactivated protein kinase signalling cascad&l.UT4 translocation occurs facilitating glucose
uptake. IRS; insulin receptor substrate, PI3K; phosphoinosikioa8e, GRB2; growth factor receptmound protein

2, GSK; glycogen synthase kinase, GS; glycogen synthase, mTORC1; mammalian targetadf iagpapigx 1, ERK;
extracellular signategulated kinase Adaptedfrom Rahnman et al, Gabbouj et al and Arneth e€&#. Image created

using Biorender.com.

1.3.History and development of diabetes treatments

T2DM is often managed through lifestyle changes including controlled weightinaessased
exercise and reduced alcohol intake to maintain glucose homeostasisore advanced cases,
where lifestyle changes alone do not lead to glucose homeostasis, antidiabetic therapeutic
agents are administered. The major classes of antidiabetic therapies are biguanides,

sulfonylureassodiumglucose cotransporter 2 inhibitors (S@)Tdipeptidytpeptidase IVIDPP
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L+0 AYKAOGRAIG2 NA MluchsjlaselBhibroyand YnkglitBides fiugirg1.14). They
exert their therapeutic effects via three main pathways: inhibition of gluconeogenesis, increased
insulin sensitivity or increased insulin secretiomhe effectiveness of these therapies often
declines over time; therefore, combination therapy can be tailored to the individual patient
using agents which follow different therapeutic mechanismhis highlights the importance of

the continued development of new therapeutic agents which exert their therapeutic effects

through diverse/novel mechanisms.
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Figurel.14 Mechanism of action for current type 2 diabetes mellitus therapeu@&Biguanides (e.g. metformii))
activate the AMPK signalling pathway in liver cells, resulting in upregulating of insulin sensitivity and sig(®)ling.

SGLT2 inhibitors (e.g. canagliflozi?)) (feduce renal glucose reabsorption, thus lowering blood glucose I@)s.

Inhibition of DPP IV via DPP IV inhibitors (e.g. sitaglijg, (D) " -glucosidase inhibitors (e.g. acarbos®) prevent

glucose absorption in the smaltéstine through delaying carbohydrate digestiofie) Sulfonylureas (e.g. gliclazide,

(11)) and meglitinides (e.g. repagliniddsf) bindto KOK I yy St & A -ellsldhuging b8 deflofai@atibhe

downstream effects following influx of €aesults in enhanced insulin secretidmage created using Biorender.com

1.3.1. Biguanides

Approved in the UK in 1958, metformit) (Figurel.5, is the only clinical biguanide and the first
line treatment for T2DM*. Exerting its therapeutic effects by increasing insulin secretion and
sensitivity whilst simultaneously decreasing the synthesis of gludeigerel1.14 shows the

mechanism of action fat 8. Binding to organic cation transporter 1 (G0 present in hepatic
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mitochondria 8, metformin activates the AMBctivated protein kinase (AMPK) signalling
cascade, initiating increases in insulin sensitivity. Furthermore, Addiation induces fatty
acid oxidation and reduces hepatic triglyceride cont€ntAdverse effects df include nausea,
vomiting and the induction of lactic acidodfs Because weight gain is not an associated side
effect of 1, it is of particular importance in T2DM cases where the patient is overw#igtit

The primary route of excretion of metformin is via the kidn&ys

1.3.2. Sodiumglucose cotransporter 2 inhibitors
SGLT2 inhibitorg-{gurel.15) are often the second or thirtine treatment for T2DM due to their
associated cost. Typically prescribed in combination WjitBGLT2 inhibitors increase weight
loss whilst reducing glucose reabsorption from the kidr@ysin turn, SGLT2 inhibitors trigger

glucose to be eliminated via the urine, thus lowering blood glucose Ieigisrel.14) 92 %3

HOUOH
o
cl o™

Dapagliflozin (3)

Empagliflozin (4)

Figurel.15Chemical structure of SGLT2 inhibitors; canaglifi@ijrdapaglifiozin§) and empagliflozin4).

Because of their uniqgudoA, SGLT2 inhibitors are advantageous in mature,-deleloped
incidences of T2DM whereby insulin resistance has developed due tfunotioning pancreatic
i -cells®. Despite this, disadvantages are associated with the drug class. Prolonged treatment
with SGLT2 inhibitors can lead to adverse effects including increased urination, urinary tract

infections and vaginal yeast infectiofts
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1.3.3. Dipeptidytpeptidase inhibitors and incretin mimetics
GLP1 and gastric inhibitory peptide (GIP) are incretin hormonesponsible for regulating
postprandial glucose levels. They increase insulin secretion whilst preventing the release of
glucagon. DPP IV is an enzyme which rapidly cleave$ &idPGIP. Once bound to the enzyme,
DPP IV inhibitordqgurel.16) inhibit DPP Nactivity, subsequently increasing the levels of GLP

1 and GIP. In turn, insulin secretion is enhanéégurel.14) 6.

N7 E)k/

J\/& »VN“I —

= NH2
riJH2
Alogliptin (5) Linagliptin (6)
F
F
NH, O
/N\
Ny
F N\/ST
>. S=N F F
Saxagliptin (7) Sitagliptin (8)

Figurel.16 Chemical structure of DPP IV inhibitors; aloglif@)n l{nagliptin 6), saxagliptin 7) and sitagliptin 8).

Similar to DPP |V inhibitors, insulin mimetics exert their therapeutic effects via mimicking the

roles of endogenous incretin hormoneSigurel.14) %7

1.3.4. h-Glucosidase inhibitors
¢tKS Sy3Ev¥®DH2BARIAS KeRNRfeasSa O ND ylkcoskiase (S a
inhibitors (Figure 1.17) have proven advantageous in cases where T2DM patients have a
carbohydraterich diet®. TheirMoA differs to that of other oral hyperglycaemic compounds as
they do not directly alter insulin synthesis and secretiBig(rel.140 ®Glucbsidase inhibitors

0 A Y R -gliicBsidase located in the brush border of the small intestine. In turn, glucose

absorption is inhibited thus preventing a rise in postprandial glucose I&vels
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Figure1.17/ KSYA Ol t  &dlubdsidhsednNilBtorgc@rbose 9) andmiglitol (10).

¢ KS dzid-@ucogfidase finhibitors is limited by their associated adverse effects such as

flatulence, bloating and diarrhoea and their rigorous dosing routine

1.3.5. Sulfonylureas
Used to treat T2DM since the 1960s, sulfonylurdagurel.18) stimulate insulin secretion by
binding to ATRensitve KOK I yy St a f20FGSR 2y GKS |Ldifellsa Yl
(Figurel.14). In turn, sulfonylureas stimulate the process describefigurel.7, whereby cell
depolarisation occurs due to closure of ¢hannels. Consequently, the rapid influx of‘Ca

stimulates insulin secretion, thus reducing the blood glucose concentrétion

H
N—NH

NH

w0 o O
H o .8 \©\S// JU

o PN NEN

O H H

Gliclazide (11) Tolbutamide (12)

Figurel.18 Chemical structure of sulfonylureas; gliclaziti® @nd tolbutamide 12).

Sulfonylureas are characterised intwvo classes Table 1.2) where secondjeneration
sulfonylureas are significantly more potent than figgneration. However associated side
effects limit their us€®. Unlikel, side effects of sulfonylureas include increased weight gain,
hypoglycaemia, arrythmias and myocardial infarction. Also shovwabiel.2is the elimination

route of various sulfonylureas.
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Tablel1.2 Types of sulfonylurea therapeutic agents, their generation and duration of dé%ion

Sulfonylurea Generation Elimination route
Gliclazide 11) 2 Urine
Tolbutamide 12) 1 Urine
Glimepride 13) 2 Urine
GlibenclamideX4) 2 Bile
Glipizide 15) 2 Urine

1.3.6. Meglitinides
Repaglinide16) and nateglinideX7) are examples of meglitinideEigurel.19). Meglitinides
evoke their therapeutic effects via the previously described cell depolarisation mechanism
(Figurel.14) 1, Like sulfonylureas, the main adverse effects of meglitinides are weight gain and
hypoglycaemiaalthough the frequency of serious hypoglycaemic incidents is much lower.
Other side effects of meglitinides includeadaches and respiratory tract infectiol$ Despite
these associated risks, meglitinides have proven advantageous in patients who also suffer with
chronic kidney disease. This is because uriljkine main route of elimination for this drug

classification is via hepatic clearan€&

O
Os_OH
v N N
o 0 .

Repaglinide (16) Nateglinide (17)
Figurel.19 Chemical structure of meglitinides; repaglinidé)(and nateglinideX7).

1.4.Trace amineassociated receptor 1

1.4.1. G proteincoupled receptors
Trace amineassociated receptors (TAARS) belong to the G prateipled receptor (GPCRS)

family. Composed agevenii NI y & Y S Y 6 NhejicBs confeatéd via three intracellular
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loops (IC43) and three extracellular loops (EB), GPCRs have a wide range of roles including
regulating taste, smell and vision as well as responding to hormones and neurotransfitters
Additionally, GPCRs contain &kterminus (extracellular amino terminus) andGterminus

(intracellular carboxyl terminus) sequence of differing leng&igyrel.20 A).

(A) )

N-terminus

(8) (C
EC1
EC2
IC1 IC2 IC3 i/\
Cterminus
Ic3

Figure1.20 (A) Annotated structure of GPE€Rhowing the 7ransmembrane helices numbere&/ LEC; extracellular

loop, IC; intracellular loogdB)GPCR in complex with heterotrimeric guanine nucledtidding Gproteinwhen bound

to the Gterminus (C)GPCR in complex with GPCR kinase (GRIKsE an agonist binds, GRKs phosphorylate the
receptor resulting in the binding bfarrestin. Image created using Biorender.com.

Upon stimulation, GPCRs activate a bound heterotrimeric guanine nucldatideng Gprotein

O2y aAail raydad d2yTA (l-cgimpheX Figurel.20 B). There are several members of the
G-protein family including 6 G, G, G, Gi2i13 Gia and small G proteins (Arf, Rab, Ran, Ras and
Rho)1%, Once a ligand binds to the GPCR, a conformational change occurs whereby the G
subunit dissociates from a; Gcomplex whilst exchanging guanosine diphosphate (GDP) for
guanosine triphosphate (GTP). The dissociateda@ G . subunits modulate various
downstream signalling pathways, modulating regulating intracellular secondary messengers and
activity. Finally, GTP is hydrolysed to GDP resulting in reformation of. theeBrotrimeric G

protein (Figurel.21).
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Figurel.21 Mechanism of the @rotein cycle.(A) Agonist interacts with recepto(B)agonist binds and exchange of

GDP for GTP occuf§)RA 882 OA L GA2y 2F Dh | yR DI+ & dzo dZDRagahist ky R dzO.
released and GTP is hydrolysed to GIbfage created using Biorender.com.

GPCR signal desensitisation occurs via a conservedstepo mechanism; receptor
LIK2ALIK2NBE FGA2Yy o0& Dt / varrebth pindiagkigured. D@)PE OneeT 2 € f
'y 32yAad O0AYRaX DwYad LIK2aLIK2NETf I GdéresinkS N
which sterically inhibits the @rotein coupling to the receptor whilst simultaneously allowing

for clathrinrmediated endocytic receptor internalisatidf. This causes a reduction in receptor

signalling and subsequently desensitisation or degradation of the inactive recéptor
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GPCRs are characterised istesubfamilies (rhodopsktike, secretin, metabotropic glutamate,
frizzled, adhesion and orphan) due to similarities within their structure and sequ€hé®and

as such GPCRs are recognised as important drug targets. It is estimated over 35% of approve
drugs target GPCRs, with the receptor class accounting for 17% of all drug teigetsl(.22).

GPCRs are reported as the largest family of protein therapeutic targets due tcsitheificant

involvement in the central nervous system (CNS) and cardiovascular sytem

12%

5%
GPCR

GPCR-related
o,
9A" Protein kinases
ligand gated ion channel

52% voltage gated ion channel
6%

transporters

others

10%

6%

Figurel.22 Percentage approximation of different targets for approved drugs. Adapted $rinaim et all10,

1.4.2. GPCR activation
GPCR ligands are categorised based on the site they use to bind to the receigimnds can
either bind at the orthosteric binding site where they compete with endogenous ligands or at a
topographically distinct site known as an allosteric binding ‘fteOrthosteric binding ligands
are further classified depending on the nature of their efficadgonists activate the receptor,
in turn generating a biological response and can be classified as either full agomrstse the
maximum signal response capable within the system is achieved, partial agonists where a lower

signal response is detectedmapared to full agonists due to a reduced maximal efficacy for the
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receptor or inverse agonist$'>. The latter have negative intrinsic efficacy and reduce
constitutive activity via eliciting a decline in the number of receptors in the active conformation.
In turn, inverse agonists exert an opposite effect when compared to the agdfisOnce
bound, antagonists produce no effect on their own instead blocking the effects of agonists and

inverse agonists'? 114

The cubic ternary complex model describes interactions between tpeo@in, receptor and
ligand interactions. In this model the receptor possesses two binding sites: one for the G
protein, G, and the other for the agonist, A and exists in two states, either actjver(iRactive
(R). Activation of G can represent constitutive activity whe@ks formed or once the receptor
is activated via Al®. Agonist activation can result in the formation of ans&Romplex and it is
assumes that all receptor species,(R AR, RG and ARG) coincide in equilibriuft®. As shown

in Figurel.23 agonist binding to the inactive receptor state (A&imulates the formation of

AR.

ARG AR.G

AR; AR,

RG R.G

R R,

Figure1.23 Cubic ternary complex model of GPCRs. GPCR (R) exists in an AdaivingBtive (R state and either

bound to an agonist (A), the-@otein (G) or both Adapted Weiss et &l6. Image created using Biorender.com.
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Despite differences between their structures, all GPCRs evoke their therapeutic effects via cell
signalling through an active conformation of the receptaf)(Rhich can be further stabilised

by a bound ligandHigurel.23).

1.4.3. Discovery and structure GtAAR1
Discovered independently by Borowsktyal and Bunzowet alin the early 2000s, trace amine
associated receptor 1 (TAARL1) is a family:-808pled GPCR belonging to the TAAR fathily
g 5dzZNAy3a (KS RA&AZO2GSNEI . 2NRgaleQa-imsast
receptors by screening genomndeoxyribonucleic acilDNA with conserved regions of TMs 6
and 7 of known serotonin receptors. Identifying a new family of GPCRs, Bomevedkgalised
the receptors exhibit a high affinity for tyramin&g, half maximal effective concentratiof (50)
at human TAAR1 (WRR1): 0.2v @ m % amd phenethylaminel®, EGl G K¢ ! | wik)Y n ®

Figurel.24, thus coined the term trace amine receptors.

HO\©\/\ ©\/\

2
Tyramine (18) Phenethylamine (19)
ECs¢ (NnTAAR1): 0.2-1.1 uM ECs9 (NTAAR1): 0.3 uM

Figurel.24 Chemical structure of tyraminé&&) and phenethylaminel@).

Similarly, Bunzowet al researched new catecholamine receptors by screenorgplimentary

DNA extracted from rodent pancreatic tumour cells against conserved regions of TMs 3 and 6 of
1y26y OFGSOK2fl YAYS Dt/ wao LRSYGATFe&Ay3a |y
pharmacology profile and later named the receptor TAénbedding Borowskgt alQa Dt / w
family discovery. It was later discovered the receptors identified by eakf1998) and Leet
adnnnny 6St2y3aASR (2 . 2NRgal e Qa20953iadertnanktBIS Yy i A
introduced a uniform naming systetft.

Found on chromosome 6023.2, hTAARL1 is 109 kb'fdndRecorded research is sparse on the

exact structure of hnTAARAlthoughseveral homology models have been produced based on its
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similarity to Family A GPCR% 124 Figurel.25demonstrates hTAAR1 shares an 83% homology
with rodent TAARL1 (rTAAR1) and 82% similarity with murine TAAR1 (mTAAR1) differing by 75

and 85 amino acid residues, respectivefy

hTAARL
rTAAR1
mTAARL

hTAAR1
rTAAR1
mTAARL

hTAARL
rTAARL
mTAARL

hTAAR1
rTAARL
mTAARL

hTAAR1
rTAAR1
mTAARL

330
327
327

339
332
332

hTAARL
rTAARL
mTAARL

Figurel.25Alignment of amino acid sequence of human TAAR1 (hTAARL1), rodent TAARL (rTAAR1) and murine TAAR
(mTAAR1)Colour denotation: green; ngmolar amino acids, yellow; special case amino acids, red; polar amino acids,

blue; aromatic amino aciddata obtained from UniPrdgs.

Despite being suggested to be a promising pharmacological target, the large sequence
differences shown iffigurel.25KA Y RSNA ¢! ! wmQa LR IGSYGAlf o /
TAAR1 drudike compounds has revealed speeggecificity between human, rodent and
mouse TAARL1 isoforms to be the main drawback. Within the drug discovery process, promising
compounds are sybct toin vitro andin vivoexperimentation orrodent and murine models,

thus the lack of interspecies sequence homology evidencdegarel.25 is hypothesised to
prevent accurate prediction of expected interactions which may occur between ligand and
TAAR1 and the likelihood of inducing a therapeutic effect in humankis hypothesis is
confirmed by Wainscott alwhereby 3iodothyronamine 20), octopamine 21) and dopamine

(22) displayed greater potency in rTAAR1 compared to hTARIBAre1.26) 2. Furthermore,
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TAAR1 species variation also occurs due to pseudogenizations, deletions and duplications within

the coding regions of DNA'.

0 oH HO
/©/ :©\/\/ /@)\/NHZ :@\/\
NH,
HO I HO NH
HO 2

3-lodothyronamine (20) Octopamine (21) Dopamine (22)
Figurel.26 Chemical structure of-®dothyronamine 20) and neurotransmitters octopamin2) and dopamineZ2).

1.4.4. TAAR isoforms
Inmammals, there are nine main isoforms of TAAR)(Wvith only TAARL being extensively
studied. Known to identify primary amines, TAARkdte evolutionarily recognised as the

oldest members of the TAAR family whilst TAARSIBtect tertiary amines?”: 128

Human TAAR isoforms

Reported by Lindermanet al, six TAAR isoforms afenctional within humans (TAAR1, TAAR2,
TAAR5, TAARG, TAARS and TARRA} is expected the divergence of humans and orangutans
caused the pseudogenization of hTAAR3 whereas divergence between humans and gorillas is

responsible for the pseudogenization of hnTAAR4

TAAR1 is located throughout the bodBorowskyet al and Lindermaret al report hTAARL in

the brain and spinal cord whereas Cisnegbslindicate hTAARL is present in astrocyt&s!3%

131 Furthermore, hTAARL receptors are also present in the stomach, intestines, and pancreatic
i -cells32 133 Unlike other hTAAR isoforms, hTAARL1 is the only isoform not present in the

olfactory system.

Literature is sparse concerning the distribution of TAAR2 however tissue distribution of TAARS,
TAARG, TAARS8 and TAAR9 has been reported. Balmisgitetate TAARS is expressed in B
lymphocytes and leukocytes whereas TAARG is expressed in the kidney and several regions o

the brain including the hippocampus, frontal cortex, amygdala, and substantia'ftgfd Like
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TAARG, TAARS is also found in the kidneys and amygdala region of thealihaingh its
expression within leukocytes is unknowtt 134 13 |n contrastto TAARs 5, 6 and 8, TAAR is

predicted to be present in skeletal muscle and spl&&rt2

Animal TAAR isoforms

In contrast to humans, studies show many TAAR isoforms are present in animals. Itis reported
mice have 15 functional TAAR variants whereas rodents havé’.1Zebrafish have a much
larger TAAR (zTAAR) family consisting of 112 isoforms. Like mammals, the expected
physiological role of zebrafish TAAR is to function as olfactory receptors, however there are no

known ligands which activate zZTARR

1.5.Signal transduction iIMTAAR1

1.5.1. Neurological disorders
Due to hTAAR1s expression in the CNS coupled with its specific position on chromosome 6q23.2
hTAARL1 is expected to contribute to neurological disorders including schizophrenia and
t | NJ A Y &2 yChaact®tised I8 Isydnftobns including hallucinations, social withdrawal and
poor memory, schizophrenia is a mental iliness affecting 0.72% of the global popdfétidime
pathophysiology of schizophrenia occurs due to dysregulation of dopamine transmission
whereby alterations in dopamine receptor stimulation arisés hTAAR1 is proven to be a
YyS3AFGABS NB3IdzE | 62N 2F R2 LI Y AW Pathwayregognisddin A 2
schizophreniat?®. Furthermore, current studies demonstrate mTAAR1 activation inhibited
hyperactivity ofN-methylD-aspartatereceptors whilst rTAARL activation modulated ventral
tegmental area activity, both of which are processes associated with causing schizophrenia
symptoms'*s. Therefore, agonists of hnTAAR1 are proposed to have positive therapeutic effects

in the management of the mental disord&f.

As in the treatment of schizophrenia, hTAARL is expected to be a therapeutic target for
t I NJ A Y a2 \a aeurbldgidgabdisarder characterised dggeneration of dopaminergic
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neurons'*?which affects approximately 2000 in 100,000 patients over the age of 80, making it
the second most common neurodegenerative disorddr.& YLIJG2Ya 2F t I NJAY
include tremor, postural instability, and rigidit§>14°. Studies suggest inhibition of hTAARL by
antagonists will enhance dopamine stimulatiéh Further neurological roles of hnTAAR1 include

overcoming substance abuse, addiction and depres¥io#?

1.5.2. Metabolic disorders

As well as the CNS, TAARL is also expressed in the periphery (gastrointestinal tract, spleen
pancreas, heart, liver, kidney and immune célls'*9 whereby it is reported to have a role in
metabolic disorders including irritable bowel syndrome (IBS), obesity, and TRDpamine
transmission can be a factor of food reward, thus contributes to food addiction and-batiyey
disorders!'®®. In turn these disorders may result in obesijtg condition caused by an increase

in adipocytes hindering immune respon$€. Furthermore, obesity is a risk factor for many
diseases including, cancer, cardiovascular disease, and DM thus significantly decreasing a

LI GASydQa "z tAde 2F ftATFS

Studies suggest TAARL1 is a potential target for the development of a novel class of therapeutic
agents designed to overcome obesity and bhegding disorders. Ferraguat al hypothesise
activation of hTAARL will reduce compulsive overeating. Testing their hypothesis on rodent
models, Ferragudt alreport compulsive eating was inhibited when rodents were administered
the TAAR1 agonist RO5256326)(discovered by Roch€&igurel.27) and further hypothesised

the effects evoked by activated rTAAR1 occurred through modulation of dopaminergic terminals
in the medial prefrontal corteX°. Similarly, Rutiglianet alimply analogues d?Oare promising

anti-obesity drugs effective at TAARE
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R0O5256390 (23)
Figurel.27 Chemical structure of Roche agonist, RO5256390 (

Affecting up to 23% of the general population, IBS is a chronic condition with symptoms
including recurrent abdominal pain and changes in bowel habits 5dzZNAy 3 (GKS 02
to IBS a rise in leukocyte concentration in the gastrointestinal mucosa occurs thus hTAAR1 is

hypothesised to be a suitable therapeutic target for IBEjough literature confirming this

hypothesis idimited 17,

1.5.3. hTAARL as a therapeutic target for T2DM
hTAARL1 is shown to have roles within T2DM via activation of cCAMP dependent signalling cascade
demonstrated inFigurel.28. Upon agonist binding, hTAARL activates adenylate cyclase thus
initiating the PKA and Epac2 signalling cascades which amplify insulin sedetftn
Furthermore, as reported iBection1.2.2 activated PKA inhibits'kkhannel opening leading to

membrane depolarization and a rise in insulin secretion octurs
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Figurel.28 Therapeutic effects of activated pancreatic hnTAARGonists bind to hTAARL resulting in dissociation of

Dh adzodzyAd IyR € SFRAY3I 2cAVMRIévalgihciedse sfimutting theRPEA éntl Ena® O
signalling cascades resulting in insulin endocytositivated PKA inhibits khannel opening, increasing intracellular

C&* levels and enhanced insulin secretidBatalytic PKA subunits phosphorylate CREB leading to insulin receptor

substrate2 (IR€) upregulation.Adaptedfrom Michaelet al®. Image created using Biorender.com.

2 A0KAY LlcelatiBated MTAARIL causes upregulation of insulin receptor subsgrate
(IRS2) ¢ a gene responsible for mediating the effects of instiifn Upon activation PKA evokes
phosphorylation of CREB which binds to the cAMP response element located on the IRS
promotor thus increasing IRBexpressionKigurel.28) ® %5157, The signalling pathway Figure

1.28 indicates hTAARL1 is a rational therapeutic target for a new class of therapeutics agents

designed to manage T2DM.

1.5.4. Intracellular localisation of TAAR1

Although several roles of TAAR1 have been established (described above), understanding

¢!t wmQa UGNFFFAOLAYIA YR &dzoOSftfdzA I NJ £ 20l A
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membrane expression observed duriimgvitro microscopy studie$*® ¢ As such it is widely

recognised the majority of TAARL signalling occurs intracellularly due to the absehkte of

glycosylation sitesHigurel.29) 148 158, 160

® [ J
D i ) @
opamine
transporter / ® [} AC
OCT2 transporter ®
D2 receptor TAAR1
®
Passive
diffusion \_/
A
A '

P ) :
Insulin A/
secretion L
". AN

Endoplasmic
reticulum

Figurel.29Trafficking of TAARL1 to the cell surface membrane, intracellular localisation andatkdsstween TAAR1
and the dopaminergic systenRurple pathway:TAARL1 traffics to the cell membrane and is expressed in poor yields

where it is activated by an extracellular agonist activating the adenylate cyclase (AC) signalling pa@rean.

pathway: Agonist enters the cell through a transporter found at the plasma membrane. Once inside the cell, agonist

binds to intracellular TAARL receptors that stimulate the AC signalling path@asy pathway:TAAR1 forms a
heterodimer with D2 receptors inhibiting the AC signalling pathwiadaptedfrom Rutigliano et at*8and Underhill

et al’®L Image created using Biorender.com.

Several efforts have been made to promote cell surface expression of TAARL either via

modification of intracellular loops or by inserting the firastne NE & A RdzSa 27
adrenoceptors into theN-terminus of TAAR1 to develop @hglycosylated variant®? 162 163
Additionally, Quatcet alidentified TAARS traffics to the plasma membrane more readily than

TAAR1.Unlike TAARS5, TAARL lacks a F(X)6LL amino acid sequenc€&ierthimus, thus it is
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further suggested this is also responsible for the lack of TAARL cell surface expressio@-as the

terminal motif promotes GPCR traffickify.

Within brain monoaminergic systems, it has been observed that TAARdcases with
dopamine D2 receptors, thus it is suggested an accessory protein may be required to promote
efficient TAAR1 trafficking to the cell membramégurel.29) *%°. Furthermore, it is suggested

that the dopamine transporter acts as a channel for TAAR1 agonists into the cell, increasing the
accessibility and binding potential to the intracellular TAAR1 receptigie 1.29) 48 159
DAGSY GKI G Ayadz AtellsieRpteNsSOpR Argtéptord, Jvegi€uldiSnhotiokandine |
transporter 2 (VMAT2) and organic cation transporter 2 (QfTansporters, it is suggested the
heterodimerisation observed between TAARL and D2 receptors in the CNS and exploiting ligand
transportation into the cell via neurotransmitter transporters could occur in the pancreas,

subsequently leading to enhancedsinin secretionKigurel.29).

1.6.hTAARIactivation

1.6.1. Endogenous ligands

Borowskyet aland Bunzowvet alidentified hTAARL is activated by endogenous monoaminergic
modulators (trace amines, TA) and classical monoamine neurotransniitferSynthesised via

the decarboxylation of amino aar metabolism of monoamine precursors, TA8 é4nd 19,
Figurel.24) are primary amines structurally related to classical monoamine neurotransmitters
such as dopamine2@, Figurel.26). The potency of several endogenous TAs for hTAARL is

shown inTablel.3.
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Tablel.3 Structure of endogenous ligands that activate hTAARL. Potency is recordedods piComolar

02y OSy i NMEFFyY 6>a0

Compound Structure Potency pEGo)
HO
Tyramine {8) \ﬂj\A 5.86.7
NH,
PhenethylamineX9) @\/\ 6.2-7.0
NH,
OH
. NH,
Octopamine 21) /O)\/ 4.85.8
HO
H
N
: Y
Tryptamine 24) CRC\ 4.68
NH,

TAs are metabolised via the enzyme monoamine oxi{&se0)(Figurel1.30). The halflife of
TAs is very short (~30 seconds), thus they are only present in nanomolar concenti&tidhe
roles of TAs within humans has recently been identified and correlates with the therapeutic

effects evoked by hTAAR1 activatiGh
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Figure1.30 Metabolism of TA48, 19, 21 and24to yield metabolite25-32. MAO; monoamine oxidase.

1.6.2. Known structureactivity relationships studies for TAAR1 agonists

Early work

The development of pharmacological agents aimed to target hnTAAR1 is an emerging research

area due to increased knowledge of hTAARL1.

Initial development of novel TAAR1 targeting

compounds began through the exploration efd@lothyronamine 20, Figurel.26) derivatives

by Chiellinet al*"* " Adapted from Guarientet al, Tablel.4 shows the chemical structure of

these analogues (compound8-46). Unfortunately, the Emax values for compour&846 was

not reported, but the calculateEG, values at mTAAR1 obtained from bioluminescence

resonance energy transfer (BRET) assays is shovablel.4 132 Expansion in the development

of 201led to the discovery of Guanaben¥7( Figurel.31) by Lamet al 24
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@f\N D
NH
cl

Guanabenz (47)
Figure1.31 Chemical structure of TAAR1 agonist, Guanab&fzdeveloped by Lam et &

From the structures of compound3-47, coupled with their biological activity at mTAARL, a
common basic pharmacophore of TAARL dikg molecules can be identified due to all
agonists containing basic amine moieties and substituted aryl rings, suggesting these features

are essential for opthal TAAR1 binding.
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Table1.4 Structureactivity relationship (SAR) exploration carried out by Chiellini et al to identify novel TAARL agonistalp&sCreported in molar concentration (M) and in reference to mTAARL

obtained from cAMP BRET asss

R4
IOBOUR
HO | NH2 R‘l O RS O R5
RZ
3-iodothyonamine
(20) 33-46

Compound R R R R R PEGo
20 - - - - - 6.72
33 NH, H H H (CH)NH 6.1
34 OH H H H O(CH):NH, 5.66
35 NH H H H O(CH):NH, 5.77
36 NH, H H CH O(CH):NH, 6.62

37 NH H H CH (CH):NH 6.92




Table 14 Continued.
Compound R R R R PEGo
38 OH H CH (CH):NH: 7.01
39 NHCOCH H CH (CH):NH 5.51
40 NH H CH (CH):NH, 6.80
8
° 41 NH H CH O(CH):NH; 6.87
Py
42 NHCHCH CH(Ch)2 Ch (CH):NH 6.99
43 N(GHs)COCHI CH(CH):> Ch (CH):NH 6.36
44 N(GHs)COCHI CH(CH):> Ch (CH),NHCOCH 5.00
K N. N
45 NH H CH S0 g 5
NH
£ NN
46 NHCOCH H CH o g 5
NH




Biguanides

Moving away from analogues @0, virtual screening strategies were employed to identify
additional TAARfargeting chemotypes. Previous drug discovery programmes identified
biguanide structures demonstrate antimalarial, antiseptic attidiabetic properties, thus
suggesting it is a promising core for novel hTAAR1 therapédticBurthermore, the proposed

core scaffold could act as the amine moiety identified in the TAARL pharmacophore.

Efforts by Guarient@t al 132 and Tonelliet al 133 explored the structureactivity relationship
(SAR) of biguanide compounds and their effects at hnTAMRILst compounds4 (Figurel.32)
showed improved selectivity towards hTAAR1 compared to mTAAR1 overcoming -species
specificity, it had low potency (Bfat hTAARL: 11400 nMY.o form additional interactions with

the receptor and increase potency at hTAARL, the aromatic moiety was replaced -with 2
pyrimidine yieldings5, Figure1.32 132, Unfortunately, this substitution hindered its biological
activity at hnTAARL and th&& was identified as a partial agonidRemoving the rigid piperazine
linker and replacing it with the more flexible £Ed to the development of compounsil (EGo

at hTAAR1: 1200 nMFigure 1.32) 13, Monosubstitution of the chloro group was also
investigated and showed para substitution led to greater actia6 EGoat hTAARL: 1800 nM,
Figurel.32) compared to ortho and meta substitution&valuation of speciespecificity of50
revealed a low speciespecificity ratio (SSR) of mMTAARL vs hTAAR1 (2.31) hinting small lipophilic
substituents are required to ensure selectivity and potency at hTAAR1, however it suffered
bioavailability(F) concerns in mouse models (F: 19.596) Although further investigation is
required to develop effective and potent hTAARL agonists characterised with a biguanide
moiety, 50, 51 and 55 provide rationale for use as lead compounds in future SAR studies

investigating agonism at hTAAR1.

Page |41



cl
48
ECso (MTAAR1): 410 nM, (hTAAR1): 1000 nM

NS
N N NH

49-51 52
ECso (MTAAR1): 2380 nM, (hTAAR1): 1380 nM

NH, NH,

NH, NH

(\N \NJ\NHZ

NH, NH

(}\1 \N)J\NHQ
N _N
v

55

ECso (MTAAR1): 9000 nM

mTAAR1 hTAAR1

R= 49 3-C| 97 nM 7000 nM
50 4-Cl 780 nM 1800 nM
51 3,4-Cl 36 nM 1200 nM
53 2-Cl 2660 nM -
54 4-OMe - 11400 nM

Figurel.32 Chemical structures of TAARL agon<55 containing a biguanide moiety. Adapted from Guariento et

al132and Tonelli et al3s,
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Roche

Most of the efforts to advance the development of hTAARL agonists has been carried out by
Roche, with over 30 patents documented in the literatue2 OKSQa SIF NI & STT2
hTAARL1 agonists focused on structural modifications of adrenergic compoedized from
S18616%6, Figurel.330 = I LJI NJi Asadrendrgit 2eyeptdr idengfigd from a thorough
search of literature databasé$?, RO51660175(¢, Figurel.33) is a highly potent and selective
TAAR1 agonistWhilst 57 showed high potency and selectivity at mTAARL«{ECnM) and
ITAARL (BG 14 nM), it suffered from high metabolic clearance in rat models thus limiting its
development. ldentifying 57 underwent N-dealkylation due to the presence ofNC bonds,
efforts were made to introduce a linker substituent at the benzylic position yielding compound

RO525639058, Figurel.33), a highly potent and selective hTAAR1 agonisio(E8 nM)*72,

$18616 (56)
ECso (NTAAR1): 15 nM

|

NP,
o

RO5166017 (57)
ECso (MTAART): 3 nM, (TAAR1): 14 nM, (hTAAR1): 59 nM

O
N/>‘NH2

RO5256390 (58)
ECso (hTAART): 18 nM

Figure1.33/ KSYA Ol t & iaNdHnérgidpkdal agchist '5186166], andhTAAR1 agonists RO5166057)(

and RO525639G8).
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RO507301259, Figurel.34) was the result of a SAR study derived from the Roche compound
library”3, This compound belonging to the imidazole series was first described in a 2008 patent
showing preference to an aminomethfdimidazole core.RO507301259) is a highly selective
Ke¢! !l wm | 32 YA Zddrenedic decéptal, defiernredb$e4-(2,4-difluorophenyts-

tritio) -4,5-dihydro-2-oxazolamine §0) binding assays-{gure1.34) 1’3, Additionally, furtherin

vitro investigation identified RO50730139) as a partial agonist of hTAARL with balanced
functional activity across species (EBTAARL): 23 nM, (rTAAR1): 25 nM and (NTAARL1): 23 nM)
overcoming the speciespecificity drawbacks previously identified by Guarieatal 2 and
Tonelliet al 3 173 Preclinicalin vivostudies found RO50730139) was active in rat CNS

behavioural model$’s.

RO5073012 (59)
ECso (MTAAR1): 23 nM, (rTAAR1): 25 nM, (hTAAR1): 23 nM

Figure1.34 Chemical structure of RO50730B8) and (S}4-(2,4-difluoropheny3-tritio)-4,5-dihydro-2-oxazolamine

(60).

Further advances by Roche led to the patent of ralmitar@i Eigurel1.35) in 2017 for the
treatment of CNS disordersThe patent states the -Bthyl-4-methylpyrazole3-carboxamide
derivative is observed to have reduced side effects and increased activity and selectivity at
hTAAR1 compared to other drlige molecules described in prior &ff. As the most advanced
Rocheagonist, ralmitaront §1) was entered into clinical triaf§>. Phase | trials assessed its
safety and efficacy in schizophrenia cases, where the drug was well tolerated. Subse@lently,
advanced to phase Il trialgjthough Roche terminated the studies due to interim analysis

showing ralmitaront was not an effective treatment for schizophrenia.
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Ralmitaront (61)
ECso (hNTAART): 0.0585 uM

Figurel.35 Chemical structure of ralmitaron8{).

Ulotaront (Sunovian Pharmaceuticals)

Identified from a targeted agnostic approach, ulotaro®2 (Figurel.36) was discovered due to

its lack of antagonism at-BT,» and dopamine D2 receptors®. Ulotaront 62) is a hTAAR1
agonist with additional agonism 8HT1A receptors and is undergoing clinical trial investigation
176 Successful results from phase |l trials showing reduced side effects and improved efficacy
resulted in ulotaront §2) being awarded the U$%ood and Drug Administration (FDA)
breakthrough therapy designation for schizophrenia treatméft Subsequently62 was
entered into phase lll trials, however two studies have reve@filed to significantly benefit

patients with schizophrenia compared to the placelalditional phase lll trials are still ongoing.

NH

o S
|

Ulotaront (62)

Figurel.36 Chemical structure of ulotaron®2).
1.7.Project aims
This chapter has provided an-dtepth account of hTAARL, highlighting its roles in various
neurological and metabolic disorders and its potential as a therapeutic targ&tliv Despite
the challenges encountered by previous didigcovery programs including variance in species

specificity hindering development and concerns of efficacy for ralmitaréht &nd ulotaront
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(62) which were experienced within clinical trials, there remains a demand to develop novel
treatments for T2DM.R0O507301259), a compound belonging to a class of aminome#y|
imidazole based hTAARL1 agonjistas shown balanced functional activity across species and
potency at hTAARL overcoming previous drawbacks. Inthe absence-odiyanrystal structure

of hTAARL, this project aims to use computational tools (Chapter 2) to develop and evaluate an
accurae and representative model of hnTAARL to aithvthe development of structurdased

drug design of hTAAR1 agonists.

Next, using RO5073015%9) as a lead compound, this project will rationally design and
synthesise a library of imidazole based hTAAR1 agoniistsilicomethods will be applied to
generate a hypothesised binding pose within the hTAARL binding site and rationalise the
molecular interactions owing to their binding affinity as well as evaluation of their
pharmacological profile in our phenotypic assay ingraatici -cells looking at insulin secretion.

As RO507301259) is reported to have good CNfgnetration due to its development in
schizophrenia treatment, efforts will be made to ensure the novel class of therapeutic agents do

not cross the blood brain barriéBBB) eliminating the likelihood of inducing central effects.
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2. Development of hTAAR1 homology models and docking of
selective hTAARL1 ligands

Throughout the initial stages of drug discovery, computational tools are used to identify drug
like compounds for their proposed therapeutic targethe process to identify novel potent
therapeutic ligands is often hindered by the limited diversity and size of screening libraries
available. As such efforts into higthroughput screening (HTSan automated process which
can screen up to 500,000 compounds in a relatively short timeframe, were devel@ueghite

its ability to screen such large compoundmbers, HTS is only likely to identify a handful of
compounds which elicit the desired biological respoi$e!’® Associated costs of HTS can be
high due to the extensive optimisation required to improve the potency of the identified hit
molecules’®. Therefore, further efforts into progressing computaided drug design were

employed!’®,

A novel, cheaper approach to HTS is virtual screening, for which molecular docking is the most
used technique; a process which predicts binding affinities and physical interaction between a
drug and its therapeutic targét®®2. To ensure reliable data is obtained, the quality of receptor
structure is imperative, thus crystal structures with high resolution are the most favdéité#f
Unfortunately, there were no published structures of hnTAAR1 available in the Protein Data Bank
(PDB) at the time of starting this project, and to date the crystal structure of TAARL has not been
solved, therefore it was prudent to develop a hTAAR1 homotoggel to provide insight in

supporting the development of a new class of therapeutic agents.

Homology modelling is one of the most accurate computational structure prediction methods
185,188 |t predicts a 3D structure of a protein from its amino acid sequence, using a protein with

a similar amino acidequence as a templat€”. The process to build a homology model involves
four key step&®. Firstly, a Basic Local Alignment Search Tool (BLAST) search is completed to

identify a suitable template available in the PDB database. To identify an appropriate template,
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various factors need to be considered. Namely, a high sequence similarity between the target
and template sequence, environmental factors such as solvent type, pH and amino acid
protonation state, resolution of the experimental structure, and whether armb ligand is
present in a pocket similar to the binding region of the target ¥ite'®” 1% Once a template

has been selected, sequence alignment occurs ensuring any residues conserved between the
target receptor and template protein correlate with one another, thus improving the model
quality 8. This is demonstrated by Kopp and Schwede who report deterioration in model
guality when the template and target receptor have less than 50% similarity, and with no reliable
or accurate data obtained when similarity is below 25% Next, the model is built using
backbone regeneration and side chain remodelling before energy minimization. Finally, the
model is validated to eliminate any errors which may have arisen during the building and
development stage. Often specialist, freely available programmes (PROCHECK, WHATIF,
VERIFY3D and PROSAII) are used to validate homology models by identifying protein
stereochemistry and scoring the residues based on their correlation between sequence position
and location \ithin the structure!®’. This includes identifying and detecting misfolded amino
acids due to the location of polar residues and solvation potentials, identifying sensible

geometry and symmetry within the receptor, and using Ramachandran 3fot&2

2.1.Development of a hTAAR1 homology model

2.1.1. Initial homology modelling
To determine the most reliable model of hTAARL1 to recapitulate known SAR, three different
homology modelling programmes were used to generate <1000 homology models, with an
overview of the most promising models showriliable2.1. These models were selected based
on their ability to preference th&enantiomer of4-(2,4-difluorophenyt3-tritio) -4,5-dihydro-2-

oxazolamine Q) over theR-enantiomer, and their freef-charge availability.
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Provided by Prof. Charles Laughton, University of Nottingh#fimodels 120 were built using
a2RStt SN ¢ Aadrénoceptbrd KrSdepaniine Dreceptors as a template 1%,
Correlating with the literature, Family A GPCRs were deemed suitable templates for hTAARL
0 S O dzd@noteptors have the best predicted homology over the full protein sequence
whereas helixoy-helix comparison reveals dopamine D4 receptors most closely resemble TMs
2 and 3 of hTAAR®® 2 The corresponding models were screened to identify their ability to
differentiate between the two enantiomers of the radioligand24-difluorophenyt3-tritio) -
4,5-dihydro-2-oxazolamine.Any models which showed preference for tBenantiomer were

used in this study relating to experiments completed by Gadlesl 1’3 201 Additionally, the
active state of the receptors was chosen for several templates to increase the probability for the
discovery of agonists. An additiorid) readily available structures of hTAARL were accessed
online. Homology models 225 were obtained from Iterative Threading ASSEmbly Refinement

(I-TASSER), whilst models2®were acquired from Robetf422%,
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Table2.1 hTAAR1 homology model overview. In cases where more than one PDB entry is stated, homology models

were built using an average of the stated PDB entries.

GPCR template Active or inactive PDB entries Modelling

state software

Model 1 i ,-adrenoceptor Inactive, antagonist 5JQH Modeller
bound

Model 2 i ,-adrenoceptor Inactive, antagonist 4BVN Modeller
bound

. Active, agonist 3PDS, 3P0G,

Model 3 i ;-adrenoceptor bound 7DHR, 7DHI Modeller

Model 4 i ,-adrenoceptor Actlvb%ui%omst 3PDS, 3P0G, 7Dl Modeller

Model 5 Dopamine D4 Inactive, antagonist 61QL Modeller
receptor bound

Model 6 i ,-adrenoceptor ACtl\é%ui%onISt 3PDS, 3P0G, 7D} Modeller

Model 7 i ,-adrenoceptor Actnéeo,ue:%omst 3PDS, 3P0G, 7Dl Modeller

Model 8 i ,-adrenoceptor ACtl\é%ui%onISt 3PDS, 3P0G, 7Dt Modeller

Model 9 i ,-adrenoceptor ACt"é%ﬁggnISt 3PDS, 3P0G, 7Dl Modeller

Model I -adrenoceptor Active, agonist 3PDS, 3PO0G, 7Dt Modeller
10 bound

Model i ;-adrenoceptor Active, agonist 3PDS, 3P0G, 7Dt Modeller
11 bound

Model i ;-adrenoceptor Active, agonist 3PDS, 3P0G, 7D} Modeller
12 bound

Model i ;-adrenoceptor Active, agonist 3PDS, 3P0G, 7Dl Modeller
13 bound

Model i ;-adrenoceptor Active, agonist 3PDS, 3P0G, 7D} Modeller
14 bound

Model ; adrenoceptor ~ ACHVE adONist  opne 5p0G 7D1 Modeller
15 bound

Model i ;-adrenoceptor Active, agonist 3PDS, 3P0G, 7Dl Modeller
16 bound

Model i ;-adrenoceptor Active, agonist 3PDS, 3P0G, 7D} Modeller
17 bound

Model i ,-adrenoceptor Active, agonist 3PDS, 3P0G, 7Dl Modeller
18 bound

Model I ;-adrenoceptor Active,agonist 3PDS, 3P0G, 7Dt Modeller
19 bound

Model I -adrenoceptor Active, agonist 3PDS, 3PO0G, 7Dt Modeller
20 bound

Mg‘ie' i - - I-TASSER
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Table2.1 (Continued)

GPCR template Active or inactive state PDB entries Modelling software

Model 22 - - - I-TASSER
Model 23 - - - I-TASSER
Model 24 - - - I-TASSER
Model 25 - - - I-TASSER
Model 26 - - - Robetta
Model 27 - - - Robetta
Model 28 - - - Robetta
Model 29 - - - Robetta
Model 30 - - - Robetta

2.1.2. Softwarevalidation
To examine whether the PDB entries reported able2.1 were appropriate for use as hTAARL
homology model templates and to determine the suitability of the proposed software, the co
crystalised ligand$68-68) were docked back into the original receptor. Successful redocking of
co-crystalised ligands wachieved Figure2.1. The bound and rdocked ligands in structures
PDB: 5JQH, 4BVN, 3PDS, 3P0G, 7DHR and 7DHI overlay well, with the crystal structure bindir
pose obtained by the top docking score thus providing confidence Schrodinger Glide 12.6 and

the applied docking procol will accurately predict agonistic binding within hTAARL1.

¢KS YIAY RATTSNEBY &tkenoeptarsSs\ie Sdwnwad N shifi of dlotked |
isoprenaline §7), the rightshift of the aromatic moiety of docked salbutamd@8| and the
slightly distorted conformation of the secondary amine present on cyanopind@ip) Figure

2.1. These differences are expected due to variation within crystallisation conditions and
LINEGSAY O2yF2NXNI GA2Y RdzNA Y 3 -adieSocaptory; Bourdd End O NEB
top-scoring redocked pose of L745889) present in PDB: 61QL were not well alignédure

2.2. Analysis of lower ranked docking scores did not reveal a more favourable docking pose.
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Figure2.1 Overlay of crystal structure agonists and antagonists present in six Protein Data Bank (PDB) entries with
top ranking docking pose generatésl2 O1 Ay 3 LISNF2N¥YSR dzaAy3d { OKNI RAy3ISND3
images created using PyMOL 4.6.0. From left to right: PDB: 8Bé&&n; cecrystalised POG8), orange; docked

pose. PDB: 5JQHight orange; cecrystalised carazolobd), skyblue; docked pose. PDB: 4R\lilc; cocrystalised
cyanopindolol §5), turquoise; docked pose. PDB: 3RD@eat; co-crystalised ydroxy5-{1R}1-hydroxy2-((2-[3-
sulfanylpropoxyl)phenyl]ethyl)amino)ethyl]quinok@2éLH}one ©6), deep purple; docked pose. PDB: 7Hight

pink; cocrystalised isoprenaline6t), forest green; docked pose and PDB: 7BRHbale yellow; cecrystalised

salbutamol 68), magenta; docked pose.
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PDB: 6IQL

/~VAL-97 VAL—179!
GLY-96
1 | CYs-180

ARG-181

LEU-182

Figure2.2 Overlay of crystal structure antagonist L745889) (deep teal) present in PDB entry 6¥ith top ranking
R201SR L}2&aS 3aASySNIGSR 0N} &aLWBSNNEOSD® 5201Ay3a LISNF2NYSF
images created using PyMOL 4.6.0.

Molecular docking predicts both a docked pose (composed of ligand orientation and
conformation) along with a corresponding docking score for compounds to identify those with
high-affinity binding and potentially biologically active moleculé$ 2% In some software,
namely AutoDock Vina, the predicted binding affinky & ligand has for the target site may be

calculated from the docking score using various algoritffifas

Schrédinger Glide Score is an empirical scoring function that scores docked poses according tc
ligand geometry, solvent exposure, lipophilic interactions and potential effects from the
Coulomb and van der Waals integration energi®’s The docking score generated in the
Schrédinger suite is the recommended function to rank the docking of ligands. It generates a
score identical to the Glide Score but takes into account any Epik state penalties which may arise
from predicting fiKa values and protonation state distributions between the ligand and receptor,

making it a more accurate scoring systéth
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Shown inTable2.2 three of the docked carystalised ligand68650 ISy SNI 4 SR w32
scores (PDB: 3P0G, 5JQH and 4B%#®) C2 NJ (i K SadréhBe¥piod ligahds 3t isilikely
many of the interactions formed between ligand and protein were hydrophobic in nature,
evidenced by the lack of interactions displayedrigure2.1. The poor alignment @9 shown

in Figure2.2 is further confirmed by the high docking score obtain&dple2.2. Because the
docked poses still closely resemble theargstalised bound ligands for most of the receptors it

is assumed Schrédinger Maestro and Glide 12.6 are acceptable software for use in this study.

Table2.2 Docking score corresponding to the overlaid poses shofigume2.1 and Figure2.2.

PDB entry Docking score

(kcal/mol)
3P0G -10.860
5JQH -90.378
4BVN -10.184
3PDS -7.380
7DHR -6.417
7DHI -7.695
61QL -5.627

2.1.3. Binding site detection
Understanding the chemical and physical properties of the binding site is paramount to account
for strong and favourable interactions between ligand amdtein 2%, The SiteMap program
within Schrodinger Maestro allows areas of the protein to be scored based upon set criteria,
assessing their suitability as potential active sit€s Because limited information is known
about the hTAARL1 receptor, potential binding sites for modeds 30 were identified using

SiteMap. As Aspl63? (superscript represents Ballesterd¥einstein nomenclature) is a
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conserved residue amongst aminergic GPCRs and to correlate with the literature, it was critical

potential binding sites contain this residif: 131 133,212,213

The druggability of the homology models was predicted using strudiased techniques. For
models 14, 627 and 2930 the predicted binding sites were expected to interact with drugs
with high affinity (druggability scores ranging between 0.914.122). Model 28 failed to
generate a potential binding site containing Asp%t30 was deemed unsuitable as an accurate
representation of hTAARL, thus its use in this study was discontinued. As model 5 is co
crystalised with L74587@9), it was assumed thlsinding site would be appropriate for hnTAARL,
thus the sitemap program was not applied. Across modd$,12930 the orthosteric binding

site was similar to other available structures for aminergic GPCRs, with several residues within
the core binding $& being identical to other readily available TAAR1 homology models,

suggesting the models generated are accurate representations of hTAAR4Y 133

2.1.4. Visual observations
Examination of the binding site, containing key residues identified in the literature resulted in
differences between the binding sites of each homology model and the corresponding software
to be observed?* 7% Although many residues are well aligned, it is clear the ring structures of
Trp8FCt! His9§28and Phe195*3 occupy different chemical space over the range of homology
models analysed. Minimal differences were observed between the binding sites of metels 1
(Figure2.3) suggesting the active state of models 3, 4 afgD@loes not affect potential binding

between the ligand and target site despite undergoing a conformational change.
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R 198

Figure2.3 Alignment of key residues in hTAAR1 binding site of homology model&25. Images created using

PyMOL 4.6.0.

Using a different Family A GPCR template, as demonstrated in model 5 shows variation at

Trp8FC! His9928, Pro28332and Tyr29443 (Figure2.4).

PHE-186

Figure245 AT FSNBy O0Sa 206&4SNWSR Ay K¢! ! wm 0AYRAYhdénacepha & K S

homology models, magenta; dopamine D4 receptor homology model. Images created using PyMOL 4.6.0.
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Contrasting to the models generated using Modeller afidAESER software, models-3b
demonstrate vast levels of variatiorFigure 2.5). It is hypothesised the differences in
conformation of aromatic rings present in sidechains of TFs8and Phel85°2could block

ligand entry into the binding pocket, therefore reducing the predicted ligand binding affinity.

~ QFR 190

,{HE 186 ;;
fiy GLY-19 Ny 1 &
%95

Figure2.5 Alignment of key residues in hTAAR1 binding site of homology modes R6ages created using PyMOL

4.6.0.

2.1.5. Statistical evaluation of hnTAAR1 homology models
Quantitative comparison of thredimensional structures is essential in structural biology. The
most used technique to determine the similarity between two superimposed coordinates is root
mean squared deviation (RMSB¥ 215 RMSD analysis was used to assess the differences
between homology models-27 and 2930 and wasachieved using an ihouse python script
utilizing mdtraj(Appendix9.1). The script generated graphBiQure2.6 and Figure2.7) where
the models are positioned according to their similarity: the lower the RMSD the more similar the

models are. The visual differences observedhigure2.3-Figure2.5 correlate with the results
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obtained from RMSD analysigigure2.6 shows model 5 is significantly different to the other

homology models due to the use of a dopamine D4 receptor as the starting template.

FEMSD matrix for TRARL models
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=S : : 0.0
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e EEERR
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Figure2.6 w22 (G YSty 4dlidd NB RSOAIFGA2Y TFT2NJ GKS O0AYRAYI &Al

adrenoceptors and dopamine D4 receptors.

Removing model 5 from analysigure2.7 shows minimal variation within each set of models
generated using individual software and the similarities between the Modeller ASISER

software.
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RMSD matrix for TAAR1 models
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adrenoceptors.

To compliment the RMSD data, cluster analysis was performed on each of the homology models.
CKAA adlradAadAolrt LINRBOSaa OflaaraFfFASR GKS Y2
similarities within characteristics and properties between the othemology models present

in this study?!® 217 An algorithm is applied whereby the objects in a specific dataset are
separated based on their similarities therefore, the homology models belonging to the same
cluster will have a greater similarity than two homology models found in two differenteskist

This analysis allowed us to understand the effects of using different PDB templates and
modelling software identifying the similarities and differences between the hTAAR1 homology
models generated. Based on the clustering patteFigure2.8 shows the binding sites of the
Robetta homology models are different to those produced using Modeller ahiSISER.
Additionally, the inactive models (models 1 and 2) occupy a different chemical space to the

activated models.
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Figure2.8 Cluster analysis plot for the binding site of hnTAAR1 homology moglalds: embedding dimension ¥-

axis: embedding dimension 2ll models are built using active PDB entries except for plots 0 and 1 which were built
using inactive PDB structureblodels are identified with a number and the distance between the models represents
the RMSDBIlue; Robetta, GreenTIASSER, Red; Modeller (active forms), Orange; Modeller (inactive forms).

The clustering analysis was calculateing the aforementioned python scripppendix9.1).

The analysig & ol aSR 2y (KS YSI adz2NE 27F ddbbnswefa{ 5
selected amino acid residues found within the active &ite The amino acidesidues used in

the cluster analysis were considered crucial for the binding of TAARL1 ligands and identified in

literature hTAAR1 homology modéfs.

The data shown ifrigure2.8 suggests that some models are nearly duplicates of one another

due to the closeness between data points. From this information, it is possible to select a
representative model from each cluster to signify all homology models in that group, however
as litle is known regarding hTAARL, it was concluded all models will be employed for the

subsequent docking steps to gain the most accurate representation of hnTAARL.

Page |60



2.2.Molecular docking of literature compounds into hTAAR1 homology

models

Final validation of the hTAAR1 homology models resulted from docking a series of known
hTAARL1 agonists, an antagonist and decoy compounds into the models using Maestro from the
Schrédinger suite. The grid used comprised of all the residues involved ARATEINding
according to the literaturé?*. All ligands were docked into the binding site with a hydrogen
bond constraint with Asp1032applied'?* 133212 The binding poses of compounds docked into

the homology models were evaluated considering several factors. Firstly, the number of
hydrogen bonds that the compounds were making with crucial residues in the active site, as well
as further stabilisationttrough other interactiongndthe binding score generatedAlthough it

is suggested an accurate binding representation is achieved with a docking scafk dfis
imperative to selassess the generated poses to determine reasonable resklts.example,
targets with shallow active sites will generate accurate binding poses via achieving a docking
score of-8, whilst metalloproteins generate a docking scorel®?'8, Asthecut2 T T2 NJ |
docking score is a sliding scale, for this project, good docking scores were determined as the
lowest value recorded providing the observed pose met the previously stated requirements,
correlated with the literature values and the positioning of compounds within the binding

pocketwas determined sensible

2.2.1. Endogenous agonists
Trace amines are a class of endogenous compounds which are distributed throughout the
mammalian brain. They are metabolically and structurally related to classical monoamine
neurotransmitters and under physiological conditions, are found at extremely low

concentrations??® 220
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Endogenous agonists of hTAAR1 include the trace amines tryptalifh®8&4 nM) and tyramine
(K: 34 nM). Tryptamine2d) and tyramine 18) were docked into each homology model with

the data reported irrable2.3.

Upondockingop4r y K2Y2f23& Y2RSfa 6mMZ nX pI T M~
scores whereas tyraminel§) obtained top scores from only 4 models (4, 14, 17, 25). As
homology models 4, 14, 17 and 25 produced consistent high scores for both endogenous

agonists, the interactions predicted and docked poses produced where analysed in depth.
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Table2.3 Docking score for the top scoring docked pose for endogenous agonists tryptad)iaad tyramine 18)

into hTAAR1 homology models.

Docking scordkcal/mol)

Tryptamine(24) Tyramine(18)
Model 1 -6.709 -6.084
Model 2 -7.111 -5.209
Model 3 -5.650 -4.978
Model 4 -6.694 -7.574
Model 5 -6.839 -5.626
Model 6 -6.755 -5.578
Model 7 -6.496 -5.531
Model 8 -6.141 -5.341
Model 9 -6.556 -5.127
Model 10 -7.191 -6.085
Model 11 -6.698 -6.381
Model 12 -6.658 -6.286
Model 13 -7.029 -6.405
Model 14 -7.408 -7.314
Model 15 -6.275 -5.390
Model 16 -6.229 -5.396
Model 17 -6.805 -6.968
Model 18 -5.603 -4.260
Model 19 -6.256 -5.109
Model 20 -6.521 -4.314
Model 21 -6.991 -5.390
Model 22 -6.235 -6.362
Model 23 -6.762 -5.242
Model 24 -6.756 -5.584
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Table2.3 Continued

Docking score (kcal/mol)

Tryptamine(24) Tyramine(18)
Model 25 -7.087 -6.904
Model 26 -6.707 -5.473
Model 27 - -5.460
Model 28 - -5.548
Model 29 - -4.026
Model 30 - -4.026

The results showed homology models 4, 14, 17 and 25 exhibited several of the features crucial
for nTAARL1 binding. The top predicted binding poses for tryptamine and tyramine in homology
models 4, 14, 17 and 25 are showrFigure2.9 andFigure2.10. The aromatic rings are deeply
inserted into the binding pocket whilst the primary amine moieties formed strong interactions
with Asp103°2 The salt bridge and hydrogen bond length predicted between the endogenous
agonists and #p103F3?were deemed optimal for homology models 4, 17 and 25 varying
between 1.75 3.04 A, whilst slightly elongated bond lengths (28594 A) were predicted for
model 14?2, Furthermore, for each of the selected homology mod&&and 24 were further

a0 0oAf A4S R2 N@ianl intefactions with Phel852 Phe26%5! and Phe268%2
Additionally, the site where both compounds bind is lined with residues reported in other
hTAAR1 molecular docking studies including Phe¥95val184C-? [1e290°%, lle104%,
Trp26448 Tyr29443 Thr10629124 176. 222 These residues help form the hydrophobic pocket
present in the binding site and contribute to ligand binding and stabilisation through van der

Waals interactiong?®,
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Figure2.9 (A) Docked pose of tyraminé&) (cyan) and tryptamine2d) (magenta) in homology model @) Docked

pose of18 (cyan) and24 (magenta) into homology model 14C)Docked pose af8 (cyan) and24 (magenta) into
homology model 17(D) Docked pose dif8 (cyan) and24 (magenta) into homology model 25. All Images visualised
down transmembrane 3. Crucial receptor residues lining the pocket are shown as sticks. Docking performed using

{ OKNI RAyaSNna alSaidNe IyR DfARS wmuee LI O113S& IyR AY
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Figure2.10 Tyramine {8, left) and tryptamine Z4, right) interactions with hTAAR1 homology modé¥ Homology
model 4.(B)homology model 14(C)Homology model 17(D)Homology model 25. Images generated with Maestro

from the Schrodinger suite.
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