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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 both.  Over 

time, existing antihyperglycemic 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 importance for the continued development of new 

therapeutic agents which exert their effects through diverse/ novel mechanisms.  

Trace amine-associated receptor 1 (TAAR1) is a G protein-coupled receptor located in the brain, 

ǎǘƻƳŀŎƘΣ ƛƴǘŜǎǘƛƴŜǎ ŀƴŘ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells which has roles in mediating neurodegenerative 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 TAAR1 enhances insulin secretion, thus TAAR1 is 

a promising target for novel antihyperglycemic treatments for T2DM.  

This thesis reports the rational design, synthesis and pharmacological evaluation of a series of 

ligands intended to exhibit a peripherally restricted TAAR1 agonist profile, based on N-((1H-

imidazol-4-yl)methyl)-4-chloro-N-isopropylaniline (RO5073012, 59), as part of a structure 

activity relationship study.  The 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 membrane reversed-phase high performance liquid 

chromatography, preventing the likelihood of inducing potential undesired on-target effects.  

The data obtained from high range rat insulin enzyme-linked immunosorbent assays (Mercodia) 

shows that the novel analogues enhance insulin secretion in control and glucolipotoxicity 

conditions designed to mimic an environment typically associated with patients with poorly 

controlled T2DM.  We also demonstrate that one compound, N-((1H-imidazol-2-yl)methyl)-4-
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chloro-N-isopropylaniline (76c), upregulates the secondary messenger cyclic adenosine 

monophosphate (cAMP) using the cAMP select ELISA (Cayman Chemical).  This suggests 76c 

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 system (Figure 1.1) facilitates the breakdown of 

food into essential nutrients (protein, fat, vitamins and carbohydrates) which are absorbed for 

survival 1.  

 

Figure 1.1 The digestive system. Image taken from and created using Biorender.com. 

Produced in the pancreas, insulin is a vital hormone involved within the digestive system.  The 

main function of insulin is to ensure correct sugar storage by regulating circulating blood sugar 

levels 2.  In 2021, a study identified that 40% of adults (aged 18-44) living in America had 

developed insulin resistance and thus were at an increased risk of developing several chronic 

metabolic disorders (Figure 1.2) 3, 4.  
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Figure 1.2 Chronic metabolic disorders which can arise because of insulin resistance. Adapted Zhao et al 3. Image 

created using Biorender.com. 

Shown in Figure 1.2, 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 to have diabetes by 

2045 5.  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 globally 6, 

7.  Although antidiabetic therapeutic agents have been developed to manage diabetes, their 

effectiveness often declines over time 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 

ƎƭǳŎƻǎŜΥ җ т ƳƳƻƭκ[ύΣ 5a ƛǎ ŀ ƎǊƻǳǇ ƻŦ ƳŜǘŀōƻƭƛŎ ŘƛǎŜŀǎŜǎ ǿƘƛŎƘ ǊŜǎǳƭǘ ŦǊƻƳ ŀ ŘŜŦŜŎǘ ƛƴ ƛƴǎǳƭƛƴ 

action, secretion or both 8-10.  In January 2019, over 400 million people worldwide suffered with 

DM and this number has continued to soar in recent years 9, 11.  Taken from the IDF Atlas report 
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in 2021, Figure 1.3 A and B show the estimated age-adjusted prevalence of diagnosed diabetes 

between ages 20-79 and the proportion of undiagnosed cases for 20ς79-year-olds per country 

respectively, where it is clear diabetes is a global pandemic 5.  Figure 1.4 shows the expected 

global DM projections 5.  

 

Figure 1.3 (A) World map showing the estimated prevalence of diabetes cases in adults aged 20-79 in 2021.  (B) World 

map indicated the proportion of adults aged 20-79 with undiagnosed diabetes.  Taken from International Diabetes 

Federation Diabetes Atlas 2021, 10th edition 5.  
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Figure 1.4 World map showing the expected global projections of DM in 2030 and 2045.  Taken from International 

Diabetes Federation Diabetes Atlas 2021, 10th edition 5. 

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), ketosis-prone diabetes, neonatal diabetes and cystic 

fibrosis diabetes) 12-14.  Resulting from damaged blood vessels due to prolonged excess blood 

glucose, many long-term complications are associated with DM.  Classified into two subdivisions, 

complications from DM are either macrovascular complications (renal failure, retinopathy and 

damage to the nervous system) or microvascular (myocardial infarction, damage to the heart 

and stroke) (Figure 1.2) 10, 15.   
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These long-term implications highlight the urgency for early diagnosis and the development of 

new therapeutic agents.  In 2011, WHO recommended a new first point-of-call for identifying 

diabetes ς the glycated haemoglobin (HbA1c) test as no prior patient preparation (fasting) is 

required 16.  Haemoglobin can become glycated with glucose, therefore the HbA1c test analyses 

the average amount of glycated haemoglobin during a 2ς3-month time frame.  As increased 

blood glucose levels afford an increased HbA1c level 17, the American Diabetes Association have 

recommended HbA1c levels >6.5% indicate a positive diagnosis for DM 18.  

1.1.1. Type 1 diabetes mellitus 

Type 1 diabetes mellitus (T1DM) is a heritable disease 19.  Often referred to as juvenile diabetes 

or insulin-dependent 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 20, 21.  Symptoms of T1DM include weight loss, increased urination, 

excessive thirst and polyphagia 22. 

Accountable for fewer than 10% of all diabetes cases, T1DM is caused by an autoimmune 

ǇǊƻŎŜǎǎ ǿƘŜǊŜōȅ ŘŜǎǘǊǳŎǘƛƻƴ ƻŦ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells results in insulin deficiency, subsequently 

leading to hyperglycaemia 23, 24Φ  aŀǊƪŜǊǎ ƻŦ ǘƘŜ ƛƳƳǳƴŜ ŘŜǎǘǊǳŎǘƛƻƴ ƻŦ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells include 

autoantibodies to glutamic acid and insulin, islet cell autoantibodies and autoantibodies to 

tyrosine phosphatases IA-2 and IA-нʲ 10.  Literature suggests the destructive autoimmune 

process is due to insulitis ς a process whereby T cells penetrate the Islets of Langerhans and 

attack insulin-ǊŜƭŜŀǎƛƴƎ ʲ-cells.  Furthermore, patients of T1DM are likely to develop 

ketoacidosis 25. Patients of African or Asian ancestry are prone to developing a subtype of T1DM 

known as idiopathic diabetes, a condition which lacks the autoimmune component, but results 

in the individual suffering with episodic ketosis and permanent insulinopenia (low insulin 

concentration in the bloodstream) 10.  The first-line response for T1DM is insulin-replacement 

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 hypoglycaemia 26. 

1.1.2. Type 2 diabetes mellitus 

Type 2 diabetes mellitus (T2DM) is the predominant form of diabetes, accounting for 90-95% of 

cases 27, 28.  Formerly known as non-insulin-dependent diabetes or adult-onset diabetes, T2DM 

often occurs in later life due to environmental factors and demographic characteristics, with 

obesity being the largest risk factor 29-32.  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 populations 32, 33.  Despite often occurring in adulthood, the number of T2DM cases 

reported in children is increasing due to the rise in childhood obesity 34.   

T2DM is characterised by insulin insensitivity arising from a decline in insulin production and 

ǊŜǎƛǎǘŀƴŎŜ ŘǳŜ ǘƻ ǇŀƴŎǊŜŀǘƛŎ ʲ-cell dysfunction and unsuccessful cell signalling of the insulin 

receptor.  In turn, the rate of glucose transportation to vital organs such as skeletal muscle, 

adipose tissue and the liver is significantly reduced.  Consequently, blood glucose and glucagon 

levels are not reduced and hyperglycaemia occurs 27.  

The symptoms of T2DM are very similar to T1DM, however they develop more slowly thus 

ƳŀƪƛƴƎ ¢н5a ŘƛŦŦƛŎǳƭǘ ǘƻ ŘƛŀƎƴƻǎŜΦ  .ǊƛŜŦƭȅΣ ƛƴǎǳƭƛƴ ǎŜŎǊŜǘƛƻƴ ƛǎ ǊŜŘǳŎŜŘ ŘǳŜ ǘƻ ʲ-cell dysfunction, 

subsequently hindering effective cellular uptake of glucose 27.  Unlike T1DM, several 

pharmacological agents have been developed to manage T2DM (discussed in Section 1.3) with 

metformin (1, shown in Figure 1.5) recognised as the first-line medication.  These therapeutic 

agents coupled with increased physical activity and improved diet have proven to be effective 

measures to successfully manage T2DM 35.  However, the effectiveness of these therapies often 

declines over time. 
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Figure 1.5 Chemical structure of metformin (1). 

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 DM 36Φ  {ƛƳƛƭŀǊ ǘƻ ¢н5aΣ D5 ƻŎŎǳǊǎ ŘǳŜ ǘƻ ʲ-cell 

dysfunction and is known to affect 1 in 7 pregnancies worldwide 37.  Furthermore, patients 

affected by GD are seven times more likely to develop T2DM within 10 years 38, 39.  Like T1DM 

and T2DM risks associated with GD include increased likelihood of C-section delivery, premature 

birth, pre-eclampsia and obesity 37.  GD can be managed with pharmacological treatment; 

however, metformin (1) is known to cross the placenta affecting metabolic, mitochondrial, 

proliferative and hepatic signalling pathways.  The potential long term effects on the foetus are 

unknown; thus  GD is commonly treated through diet and lifestyle modifications 37.   

Like T1DM, MODY is an inherited form of DM with a prevalence of 2% of all diabetes cases 40.  

ah5¸ ƛǎ ŀ ŎƭǳǎǘŜǊ ƻŦ ƳƻƴƻƎŜƴƛŎ ʲ-ŎŜƭƭ ŘƛǎƻǊŘŜǊǎ ŀƴŘ ƛǎ ŎŀǳǎŜŘ ōȅ Ƴǳǘŀǘƛƻƴǎ ƛƴ ƪŜȅ ƎŜƴŜǎ όIbCмʰΣ 

D/Y ŀƴŘ IbCпʰύ ǿƘƛŎƘ ǊŜƎǳƭŀǘŜ ƎƭǳŎƻǎŜ ƘƻƳŜƻǎǘŀǎƛǎ ŀƴŘ ǊŜǎǳƭǘǎ ƛƴ ŀ ŘŜŎƭƛƴŜ ƻŦ ʲ-cell function, 

subsequently reducing insulin secretion 12, 41.  Symptoms of MODY coincide with those 

demonstrated by T1DM and T2DM; thus, diagnosis is frequently missed, and inappropriate 

treatment administered 40.  

1.2. Insulin 

1.2.1. Pancreas 

The pancreas is an endocrine organ composed of both endo- and exocrine tissue which develops 

from the duodenum 42.  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 Langerhans 43 (Figure 1.6).  

 

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 Langerhans, (Table 1.1ύ ǿƛǘƘ ʲ-cells making 

up approximately 70% of the clusters.  ¢ƘŜ ǊŜƳŀƛƴƛƴƎ ол҈ ƛǎ ƳŀŘŜ ǳǇ ƻŦ ʰ-ŎŜƭƭǎ όнл҈ύ ŀƴŘ ʵ-

ŎŜƭƭǎ ŀƴŘ ʴ-cells accounting for the final 10% of the clusters 44-46. 
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Table 1.1 Cell types found in the Islets of Langerhans and their function. 

Cell type Function 

!ƭǇƘŀ όʰύ Responsible for the secretion of glucagon 

.Ŝǘŀ όʲύ Responsible for insulin production 

5Ŝƭǘŀ όʵύ 
Responsible for the secretion of somatostatin ς a growth 

inhibiting hormone 

DŀƳƳŀ όʴύ κ  

F cell   
Responsible for the secretion of pancreatic polypeptides 

 

Islets of Langerhans have an irregular, oval shape (Figure 1.6) and are found throughout the 

pancreatic ductal and acinar tissue.  Studies have identified the organisation of cell types within 

ǘƘŜ ƛǎƭŜǘ ŎƭǳǎǘŜǊǎΤ ʲ-ŎŜƭƭǎ ŀǊŜ ǎŀƴŘǿƛŎƘŜŘ ōŜǘǿŜŜƴ ǘǿƻ ƭŀȅŜǊǎ ƻŦ ʰ-cells resulting in a folded 

trilaminar plate.  The purpose of this distribution is to allow blood vessels to circulate along both 

sides allowing for optimal blood flow and oxygen circulation 47. Furthermore, this specific 

arrangement around blood vessels provides the hormones required to carry out the functions 

stated in Table 1.1 direct access to the circulatory system. 

Occuring during metabolic stress, sŜƭŜŎǘƛǾŜ ŘŜǎǘǊǳŎǘƛƻƴ ƻŦ ʲ-cells arises due to the release of 

cytokines from nearby immune cells; thus a decline in pancreatic function is observed and the 

pancreas is unable to efficiently secrete the hormones required in Table 1.1 48.  Typically the 

deterioration in pancreatic function results from damage caused by numerous conditions 

including; DM, bloating, weight loss, and autoimmune, chronic and recurrent pancreatitis 48.   

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 early 20th century 49, 50.  Located on chromosome 

11, the insulin gene encodes a 110-amino acid precursor protein known as preproinsulin.  
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Interaction of the hydrophobic N-terminal with the cytosolic ribonucleoprotein signal 

recognition particles enables translocation to the rough endoplasmic reticulum 51.  After 

translocation, preproinsulin is cleaved into proinsulin through the removal of a signal peptide 

located on the N-terminus, Figure 1.7 52, 53.  The proinsulin is folded, leading to the formation of 

disulfide bonds and is transferred to the Golgi apparatus, where it is transformed into insulin in 

-̡cell secretory granules 54. During this process, proinsulin is cleaved by either proprotein 

convertases (PC) 1/3 coupled with carboxypeptidase E (CPE) to yield des-31, 32 proinsulin via 

the removal of paired arginine residues or via PC2 and CPE leading to the formation of des-64,65 

proinsulin due to cleavage occurring at lysine-arginine pairs (Figure 1.8) 55. Depending on the 

initial cleavage route taken, a second cleavage occurs at the opposing cleavage site and in turn, 

ǘƘŜ / ǇŜǇǘƛŘŜ ǿƘƛŎƘ ŎƻƴƴŜŎǘǎ ƛƴǎǳƭƛƴΩǎ !-chain to its B-chain is released; thus proinsulin is 

converted into insulin (Figure 1.7 and Figure 1.8) 52, 56.  

 

Figure 1.7 .ƛƻǎȅƴǘƘŜǎƛǎ ƻŦ ƛƴǎǳƭƛƴ ŀƴŘ ƛǘǎ ǎŜŎǊŜǘƛƻƴ ŦǊƻƳ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells. Image created and adapted using 

Biorender.com. 
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Figure 1.8 Conversion of proinsulin into insulin. (Left) Proinsulin is cleaved at Lys64-Arg65 cleavage site via PC2 and 

CPE yielding des-64,65 proinsulin. A second cleavage occurs at Arg31-Arg32 to release insulin and the C-peptide. 

(Right) Proinsulin is cleaved at Arg31-Arg32 cleavage site via PC1/3 and CPE yielding des-31,32 proinsulin. A second 

cleavage occurs at Lys64-Arg65 to release insulin and the C-peptide. Taken from Steiner et al 55. 

Insulin is secreted as a dipeptide hormone composed of two chains, A and B (Figure 1.9).  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 57.  Hodgkin et al determined the structure of insulin by x-ray crystallography in 

1969 58Σ ǘƘƛǎ ǿƻǊƪ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ŎƘŀƛƴ ! Ŏƻƴǘŀƛƴǎ ǘǿƻ ŀƴǘƛǇŀǊŀƭƭŜƭ ʰ-helices between residues 1-

8 and 12-20 whereas chain B is composed ƻŦ ōƻǘƘ ŀƴ ʰ-helix between residues 9-мф ŀƴŘ ʲ-

pleated sheets 59.  An intrachain disulfide bridge between residues 6 and 11 of chain A also 

contributes to the overall structure of insulin 60.  
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Figure 1.9 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 insulin.  Figure 1.10 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, respectively 61. 

 

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 monophosphate (cAMP)-dependent signalling cascade activation and the influx of 

extracellular Ca2+ ions 62.  Glucose stimulated insulin secretion (GSIS) is the main mechanism for 

reducing blood glucose levels. The process of GSIS is shown in Figure 1.11.  Glucose enters 

ǇŀƴŎǊŜŀǘƛŎ ʲ-cells via the glucose transporter 2 (GLUT-2) receptor and once inside it is 

metabolised via glycolysis generating pyruvate.  Upon entering the mitochondria, pyruvate 

enters the Krebs cycle, which after a series of biochemical reactions, causes an increase in 

adenosine triphosphate (ATP) concentration 63, 64.  In turn, cell depolarisation occurs whereby 

Human chain A   GIVEQCCTSICSLYQLQNYCN 

Bovine chain A   GIVEQCCASVCSLYQLQNYCN 

Porcine chain A   GIVEQCCTSICSLYQLQNYCN 

 

Human chain B   FVNQHLCGSHLVEALYLVCGERGFFYTPKT 

Bovine chain B   FVNQHLCGSHLVEALYLVCGERGFFYTPKA 

Porcine chain B   FVNQHLCGSHLVEALYLVCGERGFFYTPKA 
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ATP-sensitive potassium channels close and voltage-gated calcium channels open causing the 

influx of Ca2+ ƛƴǘƻ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells resulting in the exocytosis of insulin-containing vesicles 

leading to insulin secretion 63, 65.   

 

Figure 1.11 Biological pathways for glucose stimulated insulin secretion (GSIS) and fatty acid stimulated insulin 

secretion (FAIS). GSIS: glucose enters the cell via GLUT-2 receptors before being metabolised in the mitochondria.  A 

rise in ATP causes cell depolarisation - ATP-sensitive potassium channels to close and voltage-gated calcium channels 

open, triggering insulin secretion.  FAIS: fatty acids enter the cell and are converted to acyl-CoA. Acyl-CoA is 

metabolised in the mitochondria by transportation via carnitine palmitoyl-transferase.  Malonyl-CoA inhibits this 

process causing an acyl-CoA to levels to accumulate. In turn acyl-CoA increases Ca2+ causing insulin exocytosis. Fatty 

acids can stimulate GPCRs and activate the adenylyl cyclase pathway thus causing upregulation of cAMP, resulting in 

an increase in insulin secretion.  Image adapted by Michael et al, Komatsu et al and Nolan et al and created using 

Biorender.com 9, 66, 67.  
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CǳǊǘƘŜǊƳƻǊŜΣ Ŧŀǘǘȅ ŀŎƛŘǎ ŀǊŜ ƛƳǇƻǊǘŀƴǘ ǘƻ ǇŀƴŎǊŜŀǘƛŎ ʲ-cell function and are known to increase 

GSIS via several pathways 68.  Firstly, fatty acids are oxidised into long chain acyl-CoA upon 

entering the cell, before transportation to the mitochondria by carnitine palmitoyl-transferase.  

Once inside the mitochondria, the long chain acyl-/ƻ! ǳƴŘŜǊƎƻŜǎ ʲ-oxidation forming acetyl-

CoA, subsequently controlling baseline insulin secretion levels.  Malonyl-CoA causes allosteric 

inhibition of carnitine palmitoyl-transferase thus preventing long chain acyl-CoA entering the 

mitochondria. In turn, the accumulation of long chain acyl-CoA causes an influx of cytosolic Ca2+ 

within the cell resulting in an increase in insulin secretion (Figure 1.11) 67, 69.  Lipolysis is another 

major pathway involved in stimulating insulin secretion via fatty acids 67.  Glucagon-like peptide 

1 (GLP-1), is shown to interact with cell-surface receptors and activate the adenylate cyclase 

pathway where ATP is converted into cAMP (Figure 1.11) 70.  The upregulation of cAMP increases 

insulin secretion via both protein kinase A (PKA) independent and dependent pathways 71.  The 

cAMP dependent PKA pathway relies on the influx of Ca2+ using the voltage gated calcium 

channels like insulin secretion via GSIS, whereas insulin secretion via cAMP independent PKA 

pathway is mediated by exchange proteins directly affected by cAMP (Epac).  There are two Epac 

ƛǎƻŦƻǊƳǎ ό9ǇŀŎм ŀƴŘ 9ǇŀŎнύ ŜȄǇǊŜǎǎŜŘ ƛƴ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells, with Epac2 found to be the isomer 

responsible for insulin secretion due to its ability to recruit insulin containing granules to the 

plasma membrane via its activation by ras-proximate-1 (Rap 1) 72.  Furthermore, activated PKA 

leads to the stimulation of hormone-sensitive lipase, an enzyme involved in regulating the 

release of free fatty acids into blood circulation; thus providing energy 73.  

1.2.3. Roles of insulin 

Summarised in Figure 1.12, the roles of insulin include the metabolism of proteins, lipids and 

carbohydrates, promoting cell division and the uptake of amino acids 74, 75.  !ǎ ǘƘƛǎ ǇǊƻƧŜŎǘΩǎ Ƴŀƛƴ 

focus is the development of novel therapeutic agents for the management of DM, this section 

aims to provide an in-ŘŜǇǘƘ ŘƛǎŎǳǎǎƛƻƴ ƻŦ ƛƴǎǳƭƛƴΩǎ ƛƴǾƻƭǾŜƳŜƴǘ ƛƴ ǊŜƎǳƭŀǘƛƴƎ ƳŜǘŀōƻƭƛŎ 

homeostasis.  
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Figure 1.12 Role of insulin in organ function and metabolism.  Adapted from Yee et al 76.  Image created using 

Biorender.com. 

Insulin is a critical hormone involved in regulating the transportation of intracellular glucose into 

the liver, muscle and adipose tissue (Figure 1.12) 74.  The mechanism of action (MoA) of insulin 

is shown in Figure 1.13.  hƴŎŜ ǎŜŎǊŜǘŜŘ ŦǊƻƳ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells, insulin binds to INSR (a receptor 

ǘȅǊƻǎƛƴŜ ƪƛƴŀǎŜ ǎǇŜŎƛŦƛŎ ǘƻ ƛƴǎǳƭƛƴύ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ ǘŀǊƎŜǘ ŎŜƭƭΩǎ ƳŜƳōǊŀƴŜΦ  ¦Ǉƻƴ ŀŎǘƛǾŀǘƛƻƴ ƻŦ 

INSR, the receptor is autophosphorylated following sequential conformational changes 77.  In 

turn, two downstream signalling pathways, namely the phosphoinositide 3-kinase (PI3K) / 

protein kinase B pathway and the mitogen-activated protein kinase (MAPK) pathway (Figure 

1.13) are activated leading to glucose entering the cell and reduced blood glucose levels 78, 79.  

Activation of the above signalling pathways occurs in two distinct ways.  For the PI3K pathway, 
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ŀŎǘƛǾŀǘƛƻƴ ƻŎŎǳǊǎ Ǿƛŀ ǘƘŜ ōƛƴŘƛƴƎ ƻŦ tLоYΩǎ Ǉур ǊŜƎǳƭŀǘƻǊȅ ǎǳōǳƴƛǘ ǘƻ Lw{м ǿƘŜǊŜŀǎ ŦƻǊ ǘƘŜ a!tY 

pathway occurs via the binding of Grb2 80.  

 

Figure 1.13 Insulin signalling pathway.  Activation of insulin receptor (INSR) leads to phosphorylation of IRS initiating 

PI3K/AKT and mitogen-activated protein kinase signalling cascades.  GLUT4 translocation occurs facilitating glucose 

uptake. IRS; insulin receptor substrate, PI3K; phosphoinositide 3-kinase, GRB2; growth factor receptor-bound protein 

2, GSK; glycogen synthase kinase, GS; glycogen synthase, mTORC1; mammalian target of rapamycin complex 1, ERK; 

extracellular signal-regulated kinase.  Adapted from Rahman et al, Gabbouj et al and Arneth et al 81-83.  Image created 

using Biorender.com. 

1.3. History and development of diabetes treatments 

T2DM is often managed through lifestyle changes including controlled weight loss, increased 

exercise and reduced alcohol intake to maintain glucose homeostasis.  In more 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, 

sulfonylureas, sodium-glucose cotransporter 2 inhibitors (SGLT-2), dipeptidyl-peptidase IV (DPP 
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L±ύ ƛƴƘƛōƛǘƻǊǎΣ ƛƴŎǊŜǘƛƴ ƳƛƳŜǘƛŎǎΣ ʰ-glucosidase inhibitors and meglitinides (Figure 1.14).  They 

exert their therapeutic effects via three main pathways: inhibition of gluconeogenesis, increased 

insulin sensitivity or increased insulin secretion.  The effectiveness of these therapies often 

declines over time; therefore, combination therapy can be tailored to the individual patient 

using agents which follow different therapeutic mechanisms.  This highlights the importance of 

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

through diverse/novel mechanisms.  
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Figure 1.14 Mechanism of action for current type 2 diabetes mellitus therapeutics.  (A) Biguanides (e.g. metformin (1)) 

activate the AMPK signalling pathway in liver cells, resulting in upregulating of insulin sensitivity and signalling.  (B) 

SGLT2 inhibitors (e.g. canagliflozin, (2)) reduce renal glucose reabsorption, thus lowering blood glucose levels.  (C) 

Inhibition of DPP IV via DPP IV inhibitors (e.g. sitagliptin, (8)).  (D) h -glucosidase inhibitors (e.g. acarbose, (9)) prevent 

glucose absorption in the small intestine through delaying carbohydrate digestion.  (E) Sulfonylureas (e.g. gliclazide, 

(11)) and meglitinides (e.g. repaglinide, (16)) bind to K+ ŎƘŀƴƴŜƭǎ ƛƴ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells causing cell depolarisation.  The 

downstream effects following influx of Ca2+ results in enhanced insulin secretion.  Image created using Biorender.com.  

1.3.1. Biguanides 

Approved in the UK in 1958, metformin (1), Figure 1.5, is the only clinical biguanide and the first-

line treatment for T2DM 84.  Exerting its therapeutic effects by increasing insulin secretion and 

sensitivity whilst simultaneously decreasing the synthesis of glucose, Figure 1.14 shows the 

mechanism of action for 1 85.  Binding to organic cation transporter 1 (OCT-1) present in hepatic 
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mitochondria 86, metformin activates the AMP-activated protein kinase (AMPK) signalling 

cascade, initiating increases in insulin sensitivity.  Furthermore, AMPK activation induces fatty 

acid oxidation and reduces hepatic triglyceride content 87.  Adverse effects of 1 include nausea, 

vomiting and the induction of lactic acidosis 84.  Because weight gain is not an associated side 

effect of 1, it is of particular importance in T2DM cases where the patient is overweight 88, 89.  

The primary route of excretion of metformin is via the kidneys 90. 

1.3.2. Sodium-glucose cotransporter 2 inhibitors 

SGLT2 inhibitors (Figure 1.15) are often the second or third-line treatment for T2DM due to their 

associated cost.  Typically prescribed in combination with 1, SGLT2 inhibitors increase weight 

loss whilst reducing glucose reabsorption from the kidneys 91.  In turn, SGLT2 inhibitors trigger 

glucose to be eliminated via the urine, thus lowering blood glucose levels (Figure 1.14) 92, 93.   

 

Figure 1.15 Chemical structure of SGLT2 inhibitors; canagliflozin (2), dapagliflozin (3) and empagliflozin (4). 

Because of their unique MoA, SGLT2 inhibitors are advantageous in mature, well-developed 

incidences of T2DM whereby insulin resistance has developed due to non-functioning pancreatic 

-̡cells 94.  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 infections 95.  
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1.3.3. Dipeptidyl-peptidase inhibitors and incretin mimetics 

GLP-1 and gastric inhibitory peptide (GIP) are incretin hormones responsible for regulating 

postprandial glucose levels.  They increase insulin secretion whilst preventing the release of 

glucagon.  DPP IV is an enzyme which rapidly cleaves GLP-1 and GIP.  Once bound to the enzyme, 

DPP IV inhibitors (Figure 1.16) inhibit DPP IV activity, subsequently increasing the levels of GLP-

1 and GIP.  In turn, insulin secretion is enhanced (Figure 1.14) 96.   

 

Figure 1.16 Chemical structure of DPP IV inhibitors; alogliptin (5), linagliptin (6), saxagliptin (7) and sitagliptin (8).  

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

roles of endogenous incretin hormones (Figure 1.14) 97.   

1.3.4. -hGlucosidase inhibitors 

¢ƘŜ ŜƴȊȅƳŜ ʰ-ƎƭǳŎƻǎƛŘŀǎŜ ƘȅŘǊƻƭȅǎŜǎ ŎŀǊōƻƘȅŘǊŀǘŜǎ ǘƻ ǊŜƭŜŀǎŜ ƎƭǳŎƻǎŜΣ ǘƘǳǎ ʰ-glucosidase 

inhibitors (Figure 1.17) have proven advantageous in cases where T2DM patients have a 

carbohydrate-rich diet 98.  Their MoA differs to that of other oral hyperglycaemic compounds as 

they do not directly alter insulin synthesis and secretion (Figure 1.14ύΦ  ʰ-Glucosidase inhibitors 

ōƛƴŘ ǘƻ ʰ-glucosidase located in the brush border of the small intestine.  In turn, glucose 

absorption is inhibited thus preventing a rise in postprandial glucose levels 95.   
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Figure 1.17 /ƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ ʰ-glucosidase inhibitors; acarbose (9) and miglitol (10). 

¢ƘŜ ǳǎŜ ƻŦ ʰ-glucosidase inhibitors is limited by their associated adverse effects such as 

flatulence, bloating and diarrhoea and their rigorous dosing routine 95.   

1.3.5. Sulfonylureas 

Used to treat T2DM since the 1960s, sulfonylureas (Figure 1.18) stimulate insulin secretion by 

binding to ATP-sensitive K+ ŎƘŀƴƴŜƭǎ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ ǇƭŀǎƳŀ ƳŜƳōǊŀƴŜ ƻŦ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells 

(Figure 1.14).  In turn, sulfonylureas stimulate the process described in Figure 1.7, whereby cell 

depolarisation occurs due to closure of K+ channels.  Consequently, the rapid influx of Ca2+ 

stimulates insulin secretion, thus reducing the blood glucose concentration 99.   

 

Figure 1.18 Chemical structure of sulfonylureas; gliclazide (11) and tolbutamide (12). 

Sulfonylureas are characterised into two classes (Table 1.2) where second-generation 

sulfonylureas are significantly more potent than first-generation.  However associated side 

effects limit their use 95.  Unlike 1, side effects of sulfonylureas include increased weight gain, 

hypoglycaemia, arrythmias and myocardial infarction.  Also shown in Table 1.2 is the elimination 

route of various sulfonylureas. 
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Table 1.2 Types of sulfonylurea therapeutic agents, their generation and duration of action 100. 

Sulfonylurea Generation Elimination route 

Gliclazide (11) 2 Urine 

Tolbutamide (12) 1 Urine 

Glimepride (13) 2 Urine 

Glibenclamide (14) 2 Bile 

Glipizide (15)  2 Urine 

 

1.3.6. Meglitinides 

Repaglinide (16) and nateglinide (17) are examples of meglitinides (Figure 1.19).  Meglitinides 

evoke their therapeutic effects via the previously described cell depolarisation mechanism 

(Figure 1.14) 101.  Like sulfonylureas, the main adverse effects of meglitinides are weight gain and 

hypoglycaemia, although the frequency of serious hypoglycaemic incidents is much lower.  

Other side effects of meglitinides include headaches and respiratory tract infections 102.  Despite 

these associated risks, meglitinides have proven advantageous in patients who also suffer with 

chronic kidney disease.  This is because unlike 1, the main route of elimination for this drug 

classification is via hepatic clearance 103. 

 

Figure 1.19 Chemical structure of meglitinides; repaglinide (16) and nateglinide (17). 

1.4. Trace amine-associated receptor 1 

1.4.1. G protein-coupled receptors 

Trace amine-associated receptors (TAARs) belong to the G protein-coupled receptor (GPCRs) 

family.  Composed of seven ǘǊŀƴǎƳŜƳōǊŀƴŜ ό¢aύ ʰ-helices connected via three intracellular 
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loops (IC1-3) and three extracellular loops (EC1-3), GPCRs have a wide range of roles including 

regulating taste, smell and vision as well as responding to hormones and neurotransmitters 104.  

Additionally, GPCRs contain an N-terminus (extracellular amino terminus) and a C-terminus 

(intracellular carboxyl terminus) sequence of differing lengths (Figure 1.20 A).  

 

Figure 1.20 (A) Annotated structure of GPCRs showing the 7 transmembrane helices numbered 1-7.  EC; extracellular 

loop, IC; intracellular loop.  (B) GPCR in complex with heterotrimeric guanine nucleotide-binding G-protein when bound 

to the C-terminus.  (C) GPCR in complex with GPCR kinase (GRKs).  Once an agonist binds, GRKs phosphorylate the 

receptor resulting in the binding of ̡ -arrestin.  Image created using Biorender.com.  

Upon stimulation, GPCRs activate a bound heterotrimeric guanine nucleotide-binding G-protein 

ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŀƴ ʰ-ǎǳōǳƴƛǘ ŀƴŘ ŀ ʲʴ-complex (Figure 1.20 B).  There are several members of the 

G-protein family including Gs, Gi, Gq, Gt, G12/13 G14 and small G proteins (Arf, Rab, Ran, Ras and 

Rho) 105.  Once a ligand binds to the GPCR, a conformational change occurs whereby the Gʰ 

subunit dissociates from a G̡ɹ-complex whilst exchanging guanosine diphosphate (GDP) for 

guanosine triphosphate (GTP).  The dissociated G h and G̡ ʴ subunits modulate various 

downstream signalling pathways, modulating regulating intracellular secondary messengers and 

activity.  Finally, GTP is hydrolysed to GDP resulting in reformation of the Gʰʲʴ heterotrimeric G 

protein (Figure 1.21). 
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Figure 1.21 Mechanism of the G-protein cycle.  (A) Agonist interacts with receptor, (B) agonist binds and exchange of 

GDP for GTP occurs, (C) ŘƛǎǎƻŎƛŀǘƛƻƴ ƻŦ Dʰ ŀƴŘ Dʲʴ ǎǳōǳƴƛǘǎ ƛƴŘǳŎƛƴƎ ŀƎƻƴƛǎǘΩǎ ǘƘŜǊŀǇŜǳǘƛŎ ŜŦŦŜŎǘǎΣ (D) agonist is 

released and GTP is hydrolysed to GDP.  Image created using Biorender.com.  

GPCR signal desensitisation occurs via a conserved two-step mechanism; receptor 

ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ōȅ Dt/w ƪƛƴŀǎŜǎ όDwYǎύ ŦƻƭƭƻǿŜŘ ōȅ ʲ-arrestin binding (Figure 1.20 C) 106.  Once 

ŀƴ ŀƎƻƴƛǎǘ ōƛƴŘǎΣ DwYǎ ǇƘƻǎǇƘƻǊȅƭŀǘŜ ǘƘŜ ǊŜŎŜǇǘƻǊ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ǊŜŎǊǳƛǘƳŜƴǘ ƻŦ ʲ-arrestin, 

which sterically inhibits the G-protein coupling to the receptor whilst simultaneously allowing 

for clathrin-mediated endocytic receptor internalisation 107.  This causes a reduction in receptor 

signalling and subsequently desensitisation or degradation of the inactive receptor 108.  
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GPCRs are characterised into six subfamilies (rhodopsin-like, secretin, metabotropic glutamate, 

frizzled, adhesion and orphan) due to similarities within their structure and sequence 104, 109 and 

as such GPCRs are recognised as important drug targets.  It is estimated over 35% of approved 

drugs target GPCRs, with the receptor class accounting for 17% of all drug targets (Figure 1.22).  

GPCRs are reported as the largest family of protein therapeutic targets due to their significant 

involvement in the central nervous system (CNS) and cardiovascular system 110.   

 

Figure 1.22 Percentage approximation of different targets for approved drugs. Adapted from Sriram et al  110. 

1.4.2. GPCR activation 

GPCR ligands are categorised based on the site they use to bind to the receptor.  Ligands 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 site 111.  Orthosteric binding ligands 

are further classified depending on the nature of their efficacy.  Agonists activate the receptor, 

in turn generating a biological response and can be classified as either full agonists ς where the 

maximum signal response capable within the system is achieved, partial agonists where a lower 

signal response is detected compared to full agonists due to a reduced maximal efficacy for the 
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receptor or inverse agonists 112.  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 agonist 113.  Once 

bound, antagonists produce no effect on their own instead blocking the effects of agonists and 

inverse agonists 112, 114.  

The cubic ternary complex model describes interactions between the G-protein, 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 active (Ra) or inactive 

(Ri).  Activation of G can represent constitutive activity when RaG is formed or once the receptor 

is activated via A 115.  Agonist activation can result in the formation of an ARaG complex and it is 

assumes that all receptor species (Ra, Ri, ARa, RaG and ARaG) coincide in equilibrium 116.  As shown 

in Figure 1.23 agonist binding to the inactive receptor state (ARi) stimulates the formation of 

ARa.  

 

Figure 1.23 Cubic ternary complex model of GPCRs. GPCR (R) exists in an active (Ra) or inactive (Ri) state and either 

bound to an agonist (A), the G-protein (G) or both.  Adapted Weiss et al 116.  Image created using Biorender.com. 



Page | 27  
 

Despite differences between their structures, all GPCRs evoke their therapeutic effects via cell 

signalling through an active conformation of the receptor (Ra), which can be further stabilised 

by a bound ligand (Figure 1.23).   

1.4.3. Discovery and structure of TAAR1 

Discovered independently by Borowsky et al and Bunzow et al in the early 2000s, trace amine-

associated receptor 1 (TAAR1) is a family A Gs-coupled GPCR belonging to the TAAR family 117-

119Φ  5ǳǊƛƴƎ ǘƘŜ ŘƛǎŎƻǾŜǊȅΣ .ƻǊƻǿǎƪȅΩǎ ǊŜǎŜŀǊŎƘ ǘŜŀƳ ǿŀǎ ǎŜŀǊŎƘƛƴƎ ŦƻǊ ƴƻǾŜƭ ǎŜǊƻǘƻƴƛƴ-like 

receptors by screening genomic deoxyribonucleic acid (DNA) with conserved regions of TMs 6 

and 7 of known serotonin receptors.  Identifying a new family of GPCRs, Borowsky et al realised 

the receptors exhibit a high affinity for tyramine (18, half maximal effective concentration (EC50) 

at human TAAR1 (hTAAR1): 0.2-мΦм ˃a 120) and phenethylamine (19, EC50 ŀǘ Ƙ¢!!wмΥ лΦо ˃a 120),  

Figure 1.24, thus coined the term trace amine receptors. 

 

Figure 1.24 Chemical structure of tyramine (18) and phenethylamine (19). 

Similarly, Bunzow et al researched new catecholamine receptors by screening complimentary 

DNA extracted from rodent pancreatic tumour cells against conserved regions of TMs 3 and 6 of 

ƪƴƻǿƴ ŎŀǘŜŎƘƻƭŀƳƛƴŜ Dt/wǎΦ  LŘŜƴǘƛŦȅƛƴƎ ŀ ƴƻǾŜƭ Dt/wΣ .ǳƴȊƻǿΩǎ ǊŜǎŜŀǊŎƘ ǘŜŀƳ ŜǎǘŀōƭƛǎƘŜŘ ƛǘǎ 

pharmacology profile and later named the receptor TAR1, embedding Borowsky et alΩǎ Dt/w 

family discovery.  It was later discovered the receptors identified by Zeng et al (1998) and Lee et 

al όнлллύ ōŜƭƻƴƎŜŘ ǘƻ .ƻǊƻǿǎƪȅΩǎ ƴŜǿƭȅ ƛŘŜƴǘƛŦƛŜŘ Ŏƭŀǎǎ ƻŦ Dt/wǎΣ ǘƘǳǎ in 2005 Lindermann et al 

introduced a uniform naming system 121. 

Found on chromosome 6q23.2, hTAAR1 is 109 kb long 122.  Recorded research is sparse on the 

exact structure of hTAAR1, although several homology models have been produced based on its 
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similarity to Family A GPCRs 123, 124.  Figure 1.25 demonstrates hTAAR1 shares an 83% homology 

with rodent TAAR1 (rTAAR1) and 82% similarity with murine TAAR1 (mTAAR1) differing by 75 

and 85 amino acid residues, respectively 125.  

 

Figure 1.25 Alignment of amino acid sequence of human TAAR1 (hTAAR1), rodent TAAR1 (rTAAR1) and murine TAAR1 

(mTAAR1).  Colour denotation: green; non-polar amino acids, yellow; special case amino acids, red; polar amino acids, 

blue; aromatic amino acids.  Data obtained from UniProt 126.  

Despite being suggested to be a promising pharmacological target, the large sequence 

differences shown in Figure 1.25 ƘƛƴŘŜǊǎ ¢!!wмΩǎ ǇƻǘŜƴǘƛŀƭΦ  /ǳǊǊŜƴǘ ǊŜǎŜŀǊŎƘ ƛƴǘƻ ŘŜǾŜƭƻǇƛƴƎ 

TAAR1 drug-like compounds has revealed species-specificity between human, rodent and 

mouse TAAR1 isoforms to be the main drawback.  Within the drug discovery process, promising 

compounds are subject to in vitro and in vivo experimentation on rodent and murine models, 

thus the lack of interspecies sequence homology evidenced in Figure 1.25 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 humans.  This hypothesis is 

confirmed by Wainscott et al whereby 3-iodothyronamine (20), octopamine (21) and dopamine 

(22) displayed greater potency in rTAAR1 compared to hTAAR1 (Figure 1.26) 121.  Furthermore, 
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TAAR1 species variation also occurs due to pseudogenizations, deletions and duplications within 

the coding regions of DNA 117. 

 

Figure 1.26 Chemical structure of 3-iodothyronamine (20) and neurotransmitters octopamine (21) and dopamine (22). 

1.4.4. TAAR isoforms 

In mammals, there are nine main isoforms of TAAR (1-9) with only TAAR1 being extensively 

studied.  Known to identify primary amines, TAARs 1-4 are evolutionarily recognised as the 

oldest members of the TAAR family whilst TAARs 5-9 detect tertiary amines 127, 128.   

Human TAAR isoforms 

Reported by Lindermann et al, six TAAR isoforms are functional within humans (TAAR1, TAAR2, 

TAAR5, TAAR6, TAAR8 and TAAR9) 127.  It 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 hTAAR4 129.   

TAAR1 is located throughout the body - Borowsky et al and Linderman et al report hTAAR1 in 

the brain and spinal cord whereas Cisneros et al indicate hTAAR1 is present in astrocytes 127, 130, 

131.  Furthermore, hTAAR1 receptors are also present in the stomach, intestines, and pancreatic 

-̡cells 132, 133.  Unlike other hTAAR isoforms, hTAAR1 is the only isoform not present in the 

olfactory system.  

Literature is sparse concerning the distribution of TAAR2 however tissue distribution of TAAR5, 

TAAR6, TAAR8 and TAAR9 has been reported.  Babusyte et al state TAAR5 is expressed in B 

lymphocytes and leukocytes whereas TAAR6 is expressed in the kidney and several regions of 

the brain including the hippocampus, frontal cortex, amygdala, and substantia nigra 134, 135.  Like 
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TAAR6, TAAR8 is also found in the kidneys and amygdala region of the brain, although its 

expression within leukocytes is unknown 131, 134, 136.  In contrast to TAARs 5, 6 and 8, TAAR9 is 

predicted to be present in skeletal muscle and spleen 137, 138. 

Animal TAAR isoforms 

In contrast to humans, studies show many TAAR isoforms are present in animals.  It is reported 

mice have 15 functional TAAR variants whereas rodents have 17 119.  Zebrafish 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 zTAAR 139. 

1.5. Signal transduction in TAAR1 

1.5.1. Neurological disorders 

Due to hTAAR1s expression in the CNS coupled with its specific position on chromosome 6q23.2, 

hTAAR1 is expected to contribute to neurological disorders including schizophrenia and 

tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜΦ Characterised by symptoms including hallucinations, social withdrawal and 

poor memory, schizophrenia is a mental illness affecting 0.72% of the global population 140.  The 

pathophysiology of schizophrenia occurs due to dysregulation of dopamine transmission 

whereby alterations in dopamine receptor stimulation arises 124.  hTAAR1 is proven to be a 

ƴŜƎŀǘƛǾŜ ǊŜƎǳƭŀǘƻǊ ƻŦ ŘƻǇŀƳƛƴŜ ǘǊŀƴǎƳƛǎǎƛƻƴ Ǿƛŀ D{Yоʲ ǎƛƎƴŀƭƭƛƴƎ ς a pathway recognised in 

schizophrenia 129.  Furthermore, current studies demonstrate mTAAR1 activation inhibited 

hyperactivity of N-methyl-D-aspartate receptors whilst rTAAR1 activation modulated ventral 

tegmental area activity, both of which are processes associated with causing schizophrenia 

symptoms 141.  Therefore, agonists of hTAAR1 are proposed to have positive therapeutic effects 

in the management of the mental disorder 124.  

As in the treatment of schizophrenia, hTAAR1 is expected to be a therapeutic target for 

tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ς a neurological disorder characterised by degeneration of dopaminergic 
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neurons 142 which affects approximately 2000 in 100,000 patients over the age of 80, making it 

the second most common neurodegenerative disorder.  {ȅƳǇǘƻƳǎ ƻŦ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ 

include tremor, postural instability, and rigidity 143-145.  Studies suggest inhibition of hTAAR1 by 

antagonists will enhance dopamine stimulation 146.  Further neurological roles of hTAAR1 include 

overcoming substance abuse, addiction and depression 147, 148. 

1.5.2. Metabolic disorders 

As well as the CNS, TAAR1 is also expressed in the periphery (gastrointestinal tract, spleen, 

pancreas, heart, liver, kidney and immune cells 117, 146) whereby it is reported to have a role in 

metabolic disorders including irritable bowel syndrome (IBS), obesity, and T2DM. Dopamine 

transmission can be a factor of food reward, thus contributes to food addiction and binge-eating 

disorders 149.  In turn these disorders may result in obesity ς a condition caused by an increase 

in adipocytes hindering immune response 150.  Furthermore, obesity is a risk factor for many 

diseases including, cancer, cardiovascular disease, and DM thus significantly decreasing a 

ǇŀǘƛŜƴǘΩǎ ǉǳŀƭƛǘȅ ƻŦ ƭƛŦŜ 150, 151.   

Studies suggest TAAR1 is a potential target for the development of a novel class of therapeutic 

agents designed to overcome obesity and binge-eating disorders.  Ferragud et al hypothesise 

activation of hTAAR1 will reduce compulsive overeating.  Testing their hypothesis on rodent 

models, Ferragud et al report compulsive eating was inhibited when rodents were administered 

the TAAR1 agonist RO5256390 (23) discovered by Roche (Figure 1.27) and further hypothesised 

the effects evoked by activated rTAAR1 occurred through modulation of dopaminergic terminals 

in the medial prefrontal cortex 149.  Similarly, Rutigliano et al imply analogues of 20 are promising 

anti-obesity drugs effective at TAAR1 152.   
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Figure 1.27 Chemical structure of Roche agonist, RO5256390 (23). 

Affecting up to 23% of the general population, IBS is a chronic condition with symptoms 

including recurrent abdominal pain and changes in bowel habits 153Φ  5ǳǊƛƴƎ ǘƘŜ ōƻŘȅΩǎ ǊŜǎǇƻƴǎŜ 

to IBS a rise in leukocyte concentration in the gastrointestinal mucosa occurs thus hTAAR1 is 

hypothesised to be a suitable therapeutic target for IBS, although literature confirming this 

hypothesis is limited 117.   

1.5.3. hTAAR1 as a therapeutic target for T2DM  

hTAAR1 is shown to have roles within T2DM via activation of cAMP dependent signalling cascade 

demonstrated in Figure 1.28.  Upon agonist binding, hTAAR1 activates adenylate cyclase thus 

initiating the PKA and Epac2 signalling cascades which amplify insulin secretion 63, 65.  

Furthermore, as reported in Section 1.2.2, activated PKA inhibits K+ channel opening leading to 

membrane depolarization and a rise in insulin secretion occurs 71.   
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Figure 1.28 Therapeutic effects of activated pancreatic hTAAR1.  Agonists bind to hTAAR1 resulting in dissociation of 

Dʰ ǎǳōǳƴƛǘ ŀƴŘ ƭŜŀŘƛƴƎ ǘƻ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ŀŘŜƴȅƭŀǘŜ ŎȅŎƭŀǎŜΦ  cAMP levels increase stimulating the PKA and Epac2 

signalling cascades resulting in insulin endocytosis.  Activated PKA inhibits K+ channel opening, increasing intracellular 

Ca2+ levels and enhanced insulin secretion.  Catalytic PKA subunits phosphorylate CREB leading to insulin receptor 

substrate-2 (IRS-2) upregulation.  Adapted from Michael et al 9.  Image created using Biorender.com. 

²ƛǘƘƛƴ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells, activated hTAAR1 causes upregulation of insulin receptor substrate-2 

(IRS-2) ς a gene responsible for mediating the effects of insulin 154.  Upon activation PKA evokes 

phosphorylation of CREB which binds to the cAMP response element located on the IRS 

promotor thus increasing IRS-2 expression (Figure 1.28) 9, 155-157.  The signalling pathway in Figure 

1.28 indicates hTAAR1 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 

¢!!wмΩǎ ǘǊŀŦŦƛŎƪƛƴƎ ŀƴŘ ǎǳōŎŜƭƭǳƭŀǊ ƭƻŎŀƭƛǎŀǘƛƻƴ ǊŜƳŀƛƴǎ ŎƘŀƭƭŜƴƎƛƴƎ ŘǳŜ ǘƻ ǘƘŜ ǿŜŀƪ ǇƭŀǎƳŀ 
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membrane expression observed during in vitro microscopy studies 158, 159.  As such it is widely 

recognised the majority of TAAR1 signalling occurs intracellularly due to the absence of N-

glycosylation sites (Figure 1.29) 148, 158, 160.  

 

Figure 1.29 Trafficking of TAAR1 to the cell surface membrane, intracellular localisation and cross-talk between TAAR1 

and the dopaminergic system.  Purple pathway: TAAR1 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 pathway.  Green 

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

binds to intracellular TAAR1 receptors that stimulate the AC signalling pathway.  Grey pathway: TAAR1 forms a 

heterodimer with D2 receptors inhibiting the AC signalling pathway.  Adapted from Rutigliano et al 148 and Underhill 

et al 161. Image created using Biorender.com. 

Several efforts have been made to promote cell surface expression of TAAR1 either via 

modification of intracellular loops or by inserting the first nine ǊŜǎƛŘǳŜǎ ƻŦ ƘǳƳŀƴ ʲ2-

adrenoceptors into the N-terminus of TAAR1 to develop an N-glycosylated variant 132, 162, 163.  

Additionally, Quato et al identified TAAR5 traffics to the plasma membrane more readily than 

TAAR1.  Unlike TAAR5, TAAR1 lacks a F(X)6LL amino acid sequence in the C-terminus, thus it is 
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further suggested this is also responsible for the lack of TAAR1 cell surface expression as the C-

terminal motif promotes GPCR trafficking 158.  

Within brain monoaminergic systems, it has been observed that TAAR1 co-localises with 

dopamine D2 receptors, thus it is suggested an accessory protein may be required to promote 

efficient TAAR1 trafficking to the cell membrane (Figure 1.29) 159.  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 receptors (Figure 1.29) 148, 159.  

DƛǾŜƴ ǘƘŀǘ ƛƴǎǳƭƛƴ ǎŜŎǊŜǘƛƴƎ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells express D2 receptors, vesicular monoamine 

transporter 2 (VMAT2) and organic cation transporter 2 (OCT-2) transporters, it is suggested the 

heterodimerisation observed between TAAR1 and D2 receptors in the CNS and exploiting ligand 

transportation into the cell via neurotransmitter transporters could occur in the pancreas, 

subsequently leading to enhanced insulin secretion (Figure 1.29). 

1.6. hTAAR1 activation 

1.6.1. Endogenous ligands 

Borowsky et al and Bunzow et al identified hTAAR1 is activated by endogenous monoaminergic 

modulators (trace amines, TA) and classical monoamine neurotransmitters 164.  Synthesised via 

the decarboxylation of amino acids or metabolism of monoamine precursors, TAs (18 and 19, 

Figure 1.24) are primary amines structurally related to classical monoamine neurotransmitters 

such as dopamine (22, Figure 1.26).  The potency of several endogenous TAs for hTAAR1 is 

shown in Table 1.3.  
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Table 1.3 Structure of endogenous ligands that activate hTAAR1.  Potency is recorded as pEC50 in micromolar 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ό˃aύ 162, 165-167. 

Compound Structure Potency (pEC50) 

Tyramine (18) 

 

5.8-6.7 

Phenethylamine (19) 

 

6.2-7.0 

Octopamine (21) 

 

4.8-5.8 

Tryptamine (24) 

 

4.68 

 

TAs are metabolised via the enzyme monoamine oxidase (MAO) (Figure 1.30).  The half-life of 

TAs is very short (~30 seconds), thus they are only present in nanomolar concentrations 168.  The 

roles of TAs within humans has recently been identified and correlates with the therapeutic 

effects evoked by hTAAR1 activation 169. 
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Figure 1.30 Metabolism of TAs 18, 19, 21 and 24 to yield metabolites 25-32.  MAO; monoamine oxidase.  

1.6.2. Known structure-activity relationships studies for TAAR1 agonists 

Early work 

The development of pharmacological agents aimed to target hTAAR1 is an emerging research 

area due to increased knowledge of hTAAR1.  Initial development of novel TAAR1 targeting 

compounds began through the exploration of 3-iodothyronamine (20, Figure 1.26) derivatives 

by Chiellini et al 170, 171.  Adapted from Guariento et al, Table 1.4 shows the chemical structure of 

these analogues (compounds 33-46).  Unfortunately, the Emax values for compounds 33-46 was 

not reported, but the calculated pEC50 values at mTAAR1 obtained from bioluminescence 

resonance energy transfer (BRET) assays is shown in Table 1.4 132.  Expansion in the development 

of 20 led to the discovery of Guanabenz (47, Figure 1.31) by Lam et al 124.  
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Figure 1.31 Chemical structure of TAAR1 agonist, Guanabenz (47) developed by Lam et al 124. 

From the structures of compounds 33-47, coupled with their biological activity at mTAAR1, a 

common basic pharmacophore of TAAR1 drug-like molecules can be identified due to all 

agonists containing basic amine moieties and substituted aryl rings, suggesting these features 

are essential for optimal TAAR1 binding.  
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Table 1.4 Structure-activity relationship (SAR) exploration carried out by Chiellini et al to identify novel TAAR1 agonists. pEC50 values reported in molar concentration (M) and in reference to mTAAR1 

obtained from cAMP BRET assays 132.   

 

Compound R1 R2 R3 R4 R5 pEC50 

20 - - - - - 6.72 

33 NH2 H H H (CH2)2NH2 6.1 

34 OH H H H O(CH2)2NH2 5.66 

35 NH2 H H H O(CH2)2NH2 5.77 

36 NH2 H H CH3 O(CH2)2NH2 6.62 

37 NH2 H H CH3 (CH2)2NH2 6.92 
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Table 1.4 Continued. 

Compound R1 R2 R3 R4 R5 pEC50 

38 OH H H CH3 (CH2)2NH2 7.01 

39 NHCOCH3 H H CH3 (CH2)2NH2 5.51 

40 NH2 H H CH3 (CH2)2NH2 6.80 

41 NH2 H H CH3 O(CH2)2NH2 6.87 

42 NHCH2CH3 CH(CH3)2 H CH3 (CH2)2NH2 6.99 

43 N(C2H5)COCH3 CH(CH3)2 H CH3 (CH2)2NH2 6.36 

44 N(C2H5)COCH3 CH(CH3)2 H CH3 (CH2)2NHCOCH3 5.00 

45 NH2 H H CH3 

 

5 

46 NHCOCH3 H H CH3 

 

5 
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Biguanides 

Moving away from analogues of 20, virtual screening strategies were employed to identify 

additional TAAR1-targeting chemotypes.  Previous drug discovery programmes identified 

biguanide structures demonstrate antimalarial, antiseptic and antidiabetic properties, thus 

suggesting it is a promising core for novel hTAAR1 therapeutics 132.  Furthermore, the proposed 

core scaffold could act as the amine moiety identified in the TAAR1 pharmacophore.  

Efforts by  Guariento et al 132 and Tonelli et al 133 explored the structure-activity relationship 

(SAR) of biguanide compounds and their effects at hTAAR1.  Whilst compound 54 (Figure 1.32) 

showed improved selectivity towards hTAAR1 compared to mTAAR1 overcoming species-

specificity, it had low potency (EC50 at hTAAR1: 11400 nM).  To form additional interactions with 

the receptor and increase potency at hTAAR1, the aromatic moiety was replaced with 2-

pyrimidine yielding 55, Figure 1.32 132.  Unfortunately, this substitution hindered its biological 

activity at hTAAR1 and thus 55 was identified as a partial agonist.  Removing the rigid piperazine 

linker and replacing it with the more flexible CH2 led to the development of compound 51 (EC50 

at hTAAR1: 1200 nM, Figure 1.32) 133.  Monosubstitution of the chloro group was also 

investigated and showed para substitution led to greater activity (50, EC50 at hTAAR1: 1800 nM, 

Figure 1.32) compared to ortho and meta substitutions.  Evaluation of species-specificity of 50 

revealed a low species-specificity ratio (SSR) of mTAAR1 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: 19.5%) 133.  Although further investigation is 

required to develop effective and potent hTAAR1 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.    
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Figure 1.32 Chemical structures of TAAR1 agonists 48-55 containing a biguanide moiety. Adapted from Guariento et 

al 132 and Tonelli et al 133. 
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Roche 

Most of the efforts to advance the development of hTAAR1 agonists has been carried out by 

Roche, with over 30 patents documented in the literature.  wƻŎƘŜΩǎ ŜŀǊƭȅ ŜŦŦƻǊǘǎ ƛƴ ŘŜǾŜƭƻǇƛƴƎ 

hTAAR1 agonists focused on structural modifications of adrenergic compounds.  Derived from 

S18616 (56, Figure 1.33ύΣ ŀ ǇŀǊǘƛŀƭ ŀƎƻƴƛǎǘ ƻŦ ʰ2A-adrenergic receptor identified from a thorough 

search of literature databases 172, RO5166017 (57, Figure 1.33) is a highly potent and selective 

TAAR1 agonist.  Whilst 57 showed high potency and selectivity at mTAAR1 (EC50: 3 nM) and 

rTAAR1 (EC50: 14 nM), it suffered from high metabolic clearance in rat models thus limiting its 

development.  Identifying 57 underwent N-dealkylation due to the presence of C-N bonds, 

efforts were made to introduce a linker substituent at the benzylic position yielding compound 

RO5256390 (58, Figure 1.33), a highly potent and selective hTAAR1 agonist (EC50: 18 nM) 172.   

 

Figure 1.33 /ƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ ʰ2A-adrenergic partial agonist S18616 (56), and hTAAR1 agonists RO5166017 (57) 

and RO5256390 (58). 
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RO5073012 (59, Figure 1.34) was the result of a SAR study derived from the Roche compound 

library 173.  This compound belonging to the imidazole series was first described in a 2008 patent 

showing preference to an aminomethyl-4-imidazole core.  RO5073012 (59) is a highly selective 

Ƙ¢!!wм ŀƎƻƴƛǎǘ ŀƎŀƛƴǎǘ ǘƘŜ ʰ2A-adrenergic receptor, determined by (S)-4-(2,4-difluorophenyl-3-

tritio)-4,5-dihydro-2-oxazolamine (60) binding assays (Figure 1.34) 173.  Additionally, further in 

vitro investigation identified RO5073012 (59) as a partial agonist of hTAAR1 with balanced 

functional activity across species (EC50(hTAAR1): 23 nM, (rTAAR1): 25 nM and (mTAAR1): 23 nM) 

overcoming the species-specificity drawbacks previously identified by Guariento et al 132 and 

Tonelli et al 133, 173.  Preclinical in vivo studies found RO5073012 (59) was active in rat CNS 

behavioural models 173.  

  

Figure 1.34 Chemical structure of RO5073012 (59) and (S)-4-(2,4-difluorophenyl-3-tritio)-4,5-dihydro-2-oxazolamine 

(60). 

Further advances by Roche led to the patent of ralmitaront (61, Figure 1.35) in 2017 for the 

treatment of CNS disorders.  The patent states the 5-ethyl-4-methyl-pyrazole-3-carboxamide 

derivative is observed to have reduced side effects and increased activity and selectivity at 

hTAAR1 compared to other drug-like molecules described in prior art 174.  As the most advanced 

Roche agonist, ralmitaront (61) was entered into clinical trials 175.  Phase I trials assessed its 

safety and efficacy in schizophrenia cases, where the drug was well tolerated.  Subsequently, 61 

advanced to phase II trials, although Roche terminated the studies due to interim analysis 

showing ralmitaront was not an effective treatment for schizophrenia. 
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Figure 1.35 Chemical structure of ralmitaront (61). 

Ulotaront (Sunovian Pharmaceuticals) 

Identified from a targeted agnostic approach, ulotaront (62, Figure 1.36) was discovered due to 

its lack of antagonism at 5-HT2A and dopamine D2 receptors 176.  Ulotaront (62) is a hTAAR1 

agonist with additional agonism at 5-HT1A receptors and is undergoing clinical trial investigation 

176.  Successful results from phase II trials showing reduced side effects and improved efficacy 

resulted in ulotaront (62) being awarded the US Food and Drug Administration (FDA) 

breakthrough therapy designation for schizophrenia treatment 175.  Subsequently 62 was 

entered into phase III trials, however two studies have revealed 62 failed to significantly benefit 

patients with schizophrenia compared to the placebo.  Additional phase III trials are still ongoing.  

 

Figure 1.36 Chemical structure of ulotaront (62). 

1.7. Project aims 

This chapter has provided an in-depth account of hTAAR1, highlighting its roles in various 

neurological and metabolic disorders and its potential as a therapeutic target in T2DM.  Despite 

the challenges encountered by previous drug-discovery programs including variance in species-

specificity hindering development and concerns of efficacy for ralmitaront (61) and ulotaront 
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(62) which were experienced within clinical trials, there remains a demand to develop novel 

treatments for T2DM.  RO5073012 (59), a compound belonging to a class of aminomethyl-4-

imidazole based hTAAR1 agonists, has shown balanced functional activity across species and 

potency at hTAAR1 overcoming previous drawbacks.  In the absence of an x-ray crystal structure 

of hTAAR1, this project aims to use computational tools (Chapter 2) to develop and evaluate an 

accurate and representative model of hTAAR1 to aid with the development of structure-based 

drug design of hTAAR1 agonists.  

Next, using RO5073012 (59) as a lead compound, this project will rationally design and 

synthesise a library of imidazole based hTAAR1 agonists.  In silico methods will be applied to 

generate a hypothesised binding pose within the hTAAR1 binding site and rationalise the 

molecular interactions owing to their binding affinity as well as evaluation of their 

pharmacological profile in our phenotypic assay in pancreatic ̡ -cells looking at insulin secretion.  

As RO5073012 (59) is reported to have good CNS penetration 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 barrier (BBB), eliminating the likelihood of inducing central effects.  
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2. Development of hTAAR1 homology models and docking of 

selective hTAAR1 ligands  
 

Throughout the initial stages of drug discovery, computational tools are used to identify drug-

like compounds for their proposed therapeutic target.  The process to identify novel potent 

therapeutic ligands is often hindered by the limited diversity and size of screening libraries 

available.  As such efforts into high-throughput screening (HTS) - an automated process which 

can screen up to 500,000 compounds in a relatively short timeframe, were developed.  Despite 

its ability to screen such large compound numbers, HTS is only likely to identify a handful of 

compounds which elicit the desired biological response 177, 178.  Associated costs of HTS can be 

high due to the extensive optimisation required to improve the potency of the identified hit 

molecules 179.  Therefore, further efforts into progressing computer-aided drug design were 

employed 178.  

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 target 180-182.  To ensure reliable data is obtained, the quality of receptor 

structure is imperative, thus crystal structures with high resolution are the most favoured 183, 184.  

Unfortunately, there were no published structures of hTAAR1 available in the Protein Data Bank 

(PDB) at the time of starting this project, and to date the crystal structure of TAAR1 has not been 

solved, therefore it was prudent to develop a hTAAR1 homology model 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, 186.  It predicts a 3D structure of a protein from its amino acid sequence, using a protein with 

a similar amino acid sequence as a template 185.  The process to build a homology model involves 

four key steps186.  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 a bound ligand is 

present in a pocket similar to the binding region of the target site 185, 187, 188.  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 189.  This is demonstrated by Kopp and Schwede who report deterioration in model 

quality when the template and target receptor have less than 50% similarity, and with no reliable 

or accurate data obtained when similarity is below 25% 190.  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 PR0SAII) are used to validate homology models by identifying protein 

stereochemistry and scoring the residues based on their correlation between sequence position 

and location within the structure 191.  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 plots 191, 192.  

2.1. Development of a hTAAR1 homology model 

2.1.1. Initial homology modelling 

To determine the most reliable model of hTAAR1 to recapitulate known SAR, three different 

homology modelling programmes were used to generate <1000 homology models, with an 

overview of the most promising models shown in Table 2.1.  These models were selected based 

on their ability to preference the S-enantiomer of 4-(2,4-difluorophenyl-3-tritio)-4,5-dihydro-2-

oxazolamine (60) over the R-enantiomer, and their free-of-charge availability. 
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Provided by Prof. Charles Laughton, University of Nottingham, UK, models 1-20 were built using 

aƻŘŜƭƭŜǊ ǿƛǘƘ ŜƛǘƘŜǊ ʲ2-adrenoceptors or dopamine D4 receptors as a template 193-198.  

Correlating with the literature, Family A GPCRs were deemed suitable templates for hTAAR1 

ōŜŎŀǳǎŜ ʲ2-adrenoceptors have the best predicted homology over the full protein sequence 

whereas helix-by-helix comparison reveals dopamine D4 receptors most closely resemble TMs 

2 and 3 of hTAAR1 199, 200.  The corresponding models were screened to identify their ability to 

differentiate between the two enantiomers of the radioligand 4-(2,4-difluorophenyl-3-tritio)-

4,5-dihydro-2-oxazolamine.  Any models which showed preference for the S-enantiomer were 

used in this study relating to experiments completed by Galley et al 173, 201.  Additionally, the 

active state of the receptors was chosen for several templates to increase the probability for the 

discovery of agonists.  An additional 10 readily available structures of hTAAR1 were accessed 

online. Homology models 21-25 were obtained from Iterative Threading ASSEmbly Refinement 

(I-TASSER), whilst models 26-30 were acquired from Robetta 202-205. 
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Table 2.1 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 

state 
PDB entries 

Modelling 
software 

Model 1 2̡-adrenoceptor 
Inactive, antagonist-

bound 
5JQH Modeller 

Model 2 2̡-adrenoceptor 
Inactive, antagonist-

bound 
4BVN Modeller 

Model 3 2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 
7DHR, 7DHI 

Modeller 

Model 4 2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 5 
Dopamine D4 

receptor 
Inactive, antagonist-

bound 
6IQL Modeller 

Model 6 2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 7 2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 8 2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 9 2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
10 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
11 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
12 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
13 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
14 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
15 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
16 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
17 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
18 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
19 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
20 

2̡-adrenoceptor 
Active, agonist-

bound 
3PDS, 3P0G, 7DHI Modeller 

Model 
21 

- - - I-TASSER 
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Table 2.1 (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. Software validation 

To examine whether the PDB entries reported in Table 2.1 were appropriate for use as hTAAR1 

homology model templates and to determine the suitability of the proposed software, the co-

crystalised ligands (63-68) were docked back into the original receptor.  Successful redocking of 

co-crystalised ligands was achieved, Figure 2.1.  The bound and re-docked ligands in structures 

PDB: 5JQH, 4BVN, 3PDS, 3P0G, 7DHR and 7DHI overlay well, with the crystal structure binding 

pose obtained by the top docking score thus providing confidence Schrödinger Glide 12.6 and 

the applied docking protocol will accurately predict agonistic binding within hTAAR1. 

¢ƘŜ Ƴŀƛƴ ŘƛŦŦŜǊŜƴŎŜǎ ƻōǎŜǊǾŜŘ ŀŎǊƻǎǎ ŀƭƭ ʲ2-adrenoceptors is the downward left shift of docked 

isoprenaline (67), the right-shift of the aromatic moiety of docked salbutamol (68) and the 

slightly distorted conformation of the secondary amine present on cyanopindolol (65), Figure 

2.1.  These differences are expected due to variation within crystallisation conditions and 

ǇǊƻǘŜƛƴ ŎƻƴŦƻǊƳŀǘƛƻƴ ŘǳǊƛƴƎ ǘƘŜ ǘƛƳŜ ƻŦ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴΦ  ¦ƴƭƛƪŜ ǘƘŜ ʲ2-adrenoceptors, bound and 

top-scoring redocked pose of L745870 (69) present in PDB: 6IQL were not well aligned, Figure 

2.2.  Analysis of lower ranked docking scores did not reveal a more favourable docking pose. 
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Figure 2.1 Overlay of crystal structure agonists and antagonists present in six Protein Data Bank (PDB) entries with 

top ranking docking pose generated. 5ƻŎƪƛƴƎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ {ŎƘǊǀŘƛƴƎŜǊΩǎ aŀŜǎǘǊƻ ŀƴŘ DƭƛŘŜ мнΦс ǇŀŎƪŀƎŜǎ ŀƴŘ 

images created using PyMOL 4.6.0. From left to right: PDB: 3P0G ς green; co-crystalised P0G (63), orange; docked 

pose. PDB: 5JQH ς light orange; co-crystalised carazolol (64), skyblue; docked pose. PDB: 4BVN ς lilac; co-crystalised 

cyanopindolol (65), turquoise; docked pose. PDB: 3PDS ς wheat; co-crystalised 8-hydroxy-5-{1R)-1-hydroxy-2-((2-[3-

sulfanylpropoxyl)phenyl]ethyl)amino)ethyl]quinoline-2(1H)-one (66), deep purple; docked pose. PDB: 7DHR ς light 

pink; co-crystalised isoprenaline (67), forest green; docked pose and PDB: 7DHI ς pale yellow; co-crystalised 

salbutamol (68), magenta; docked pose. 
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Figure 2.2 Overlay of crystal structure antagonist L745870 (69) (deep teal) present in PDB entry 6IQL with top ranking 

ŘƻŎƪŜŘ ǇƻǎŜ ƎŜƴŜǊŀǘŜŘ όǊŀǎǇōŜǊǊȅύΦ 5ƻŎƪƛƴƎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ {ŎƘǊǀŘƛƴƎŜǊΩǎ aŀŜǎǘǊƻ ŀƴŘ DƭƛŘŜ мнΦс ǇŀŎƪŀƎŜǎ ŀƴŘ 

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 molecules 179, 206.  In some software, 

namely AutoDock Vina, the predicted binding affinity (Ki) a ligand has for the target site may be 

calculated from the docking score using various algorithms 207.   

Schrödinger Glide Score is an empirical scoring function that scores docked poses according to 

ligand geometry, solvent exposure, lipophilic interactions and potential effects from the 

Coulomb and van der Waals integration energies 207.  The docking score generated in the 

Schrödinger 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 pKa values and protonation state distributions between the ligand and receptor, 

making it a more accurate scoring system 208.  
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Shown in Table 2.2 three of the docked co-crystalised ligands (63-65ύ ƎŜƴŜǊŀǘŜŘ ΨƎƻƻŘΩ ŘƻŎƪƛƴƎ 

scores (PDB: 3P0G, 5JQH and 4BVN) 209Φ  CƻǊ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ʲ2-adrenoceptor ligands, it is likely 

many of the interactions formed between ligand and protein were hydrophobic in nature, 

evidenced by the lack of interactions displayed in Figure 2.1.  The poor alignment of 69 shown 

in Figure 2.2 is further confirmed by the high docking score obtained, Table 2.2.  Because the 

docked poses still closely resemble the co-crystalised bound ligands for most of the receptors it 

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

Table 2.2 Docking score corresponding to the overlaid poses shown in Figure 2.1 and Figure 2.2. 

PDB entry 
Docking score 

(kcal/mol) 

3P0G -10.860 

5JQH -9.378 

4BVN -10.184 

3PDS -7.380 

7DHR -6.417 

7DHI -7.695 

6IQL -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 and protein 210.  The SiteMap program 

within Schrödinger Maestro allows areas of the protein to be scored based upon set criteria, 

assessing their suitability as potential active sites 211.  Because limited information is known 

about the hTAAR1 receptor, potential binding sites for models 1-4, 6-30 were identified using 

SiteMap. As Asp1033.32 (superscript represents Ballesteros-Weinstein 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 residue 123, 131, 133, 212, 213. 

The druggability of the homology models was predicted using structure-based techniques.  For 

models 1-4, 6-27 and 29-30 the predicted binding sites were expected to interact with drugs 

with high affinity (druggability scores ranging between 0.914 ς 1.122).  Model 28 failed to 

generate a potential binding site containing Asp1033.32 so was deemed unsuitable as an accurate 

representation of hTAAR1, thus its use in this study was discontinued.  As model 5 is co-

crystalised with L745870 (69), it was assumed this binding site would be appropriate for hTAAR1, 

thus the sitemap program was not applied.  Across models 1-27, 29-30 the orthosteric binding 

site was similar to other available structures for aminergic GPCRs, with several residues within 

the core binding site being identical to other readily available TAAR1 homology models, 

suggesting the models generated are accurate representations of hTAAR1 123, 124, 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 124, 176.  Although many residues are well aligned, it is clear the ring structures of 

Trp89ECL1, His993.28 and Phe1955.43 occupy different chemical space over the range of homology 

models analysed.  Minimal differences were observed between the binding sites of models 1-25 

(Figure 2.3) suggesting the active state of models 3, 4 and 6-20 does not affect potential binding 

between the ligand and target site despite undergoing a conformational change.   
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Figure 2.3 Alignment of key residues in hTAAR1 binding site of homology models 1-4, 6-25. Images created using 

PyMOL 4.6.0. 

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

Trp89ECL1, His993.28, Pro2837.32 and Tyr2947.43 (Figure 2.4).  

 

Figure 2.4 5ƛŦŦŜǊŜƴŎŜǎ ƻōǎŜǊǾŜŘ ƛƴ Ƙ¢!!wм ōƛƴŘƛƴƎ ǎƛǘŜǎ ǿƘŜƴ ǘƘŜ ǘŜƳǇƭŀǘŜ ǊŜŎŜǇǘƻǊ ƛǎ ǾŀǊƛŜŘΦ DǊŜȅΤ ʲ2-adrenoceptor 

homology models, magenta; dopamine D4 receptor homology model. Images created using PyMOL 4.6.0. 



  

Page | 57  

Contrasting to the models generated using Modeller and I-TASSER software, models 26-30 

demonstrate vast levels of variation (Figure 2.5).  It is hypothesised the differences in 

conformation of aromatic rings present in sidechains of Trp89ECL1 and Phe185ECL2 could block 

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

 

Figure 2.5 Alignment of key residues in hTAAR1 binding site of homology models 26-30. Images created using PyMOL 

4.6.0. 

2.1.5. Statistical evaluation of hTAAR1 homology models 

Quantitative comparison of three-dimensional structures is essential in structural biology.  The 

most used technique to determine the similarity between two superimposed coordinates is root 

mean squared deviation (RMSD) 214, 215.  RMSD analysis was used to assess the differences 

between homology models 1-27 and 29-30 and was achieved using an in-house python script 

utilizing mdtraj (Appendix 9.1).  The script generated graphs (Figure 2.6 and Figure 2.7) where 

the models are positioned according to their similarity: the lower the RMSD the more similar the 

models are.  The visual differences observed in Figure 2.3-Figure 2.5 correlate with the results 
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obtained from RMSD analysis.  Figure 2.6 shows model 5 is significantly different to the other 

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

 

Figure 2.6 wƻƻǘ ƳŜŀƴ ǎǉǳŀǊŜ ŘŜǾƛŀǘƛƻƴ ŦƻǊ ǘƘŜ ōƛƴŘƛƴƎ ǎƛǘŜ ƻŦ Ƙ¢!!wм ƘƻƳƻƭƻƎȅ ƳƻŘŜƭǎ ŘŜǎƛƎƴŜŘ ǳǎƛƴƎ ʲ2-

adrenoceptors and dopamine D4 receptors. 

Removing model 5 from analysis, Figure 2.7 shows minimal variation within each set of models 

generated using individual software and the similarities between the Modeller and I-TASSER 

software.   
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Figure 2.7 wƻƻǘ ƳŜŀƴ ǎǉǳŀǊŜ ŘŜǾƛŀǘƛƻƴ ŦƻǊ ǘƘŜ ōƛƴŘƛƴƎ ǎƛǘŜ ƻŦ Ƙ¢!!wм ƘƻƳƻƭƻƎȅ ƳƻŘŜƭǎ ŘŜǎƛƎƴŜŘ ǳǎƛƴƎ ʲ2-

adrenoceptors. 

To compliment the RMSD data, cluster analysis was performed on each of the homology models.  

¢Ƙƛǎ ǎǘŀǘƛǎǘƛŎŀƭ ǇǊƻŎŜǎǎ ŎƭŀǎǎƛŦƛŜŘ ǘƘŜ ƳƻŘŜƭǎ ƛƴǘƻ ǎǇŜŎƛŦƛŎ ƎǊƻǳǇǎ ƻǊ ΨŎƭǳǎǘŜǊǎΩ ōŀǎŜŘ ƻƴ ǘƘŜ 

similarities within characteristics and properties between the other homology models present 

in this study 216, 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 different clusters.  

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 patterns, Figure 2.8 shows the binding sites of the 

Robetta homology models are different to those produced using Modeller and I-TASSER.  

Additionally, the inactive models (models 1 and 2) occupy a different chemical space to the 

activated models.  
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Figure 2.8 Cluster analysis plot for the binding site of hTAAR1 homology models.  X-axis: embedding dimension 1.  Y-

axis: embedding dimension 2.  All models are built using active PDB entries except for plots 0 and 1 which were built 

using inactive PDB structures.  Models are identified with a number and the distance between the models represents 

the RMSD.  Blue; Robetta, Green; I-TASSER, Red; Modeller (active forms), Orange; Modeller (inactive forms).  

The clustering analysis was calculated using the aforementioned python script (Appendix 9.1).  

The analysis ǿŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ wa{5 ŀƴŘ ǘƘŜ ǎǳǇŜǊǇƻǎƛǘƛƻƴ ƻŦ ʰ-carbons of 

selected amino acid residues found within the active site 124.  The amino acid residues used in 

the cluster analysis were considered crucial for the binding of TAAR1 ligands and identified in 

literature hTAAR1 homology models 124.  

The data shown in Figure 2.8 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 little is known regarding hTAAR1, it was concluded all models will be employed for the 

subsequent docking steps to gain the most accurate representation of hTAAR1.  

 

(A) 
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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 

hTAAR1 agonists, an antagonist and decoy compounds into the models using Maestro from the 

Schrödinger suite.  The grid used comprised of all the residues involved in hTAAR1 binding 

according to the literature 124.  All ligands were docked into the binding site with a hydrogen 

bond constraint with Asp1033.32 applied 123, 133, 212.  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 stabilisation through other interactions and the binding score generated.  Although it 

is suggested an accurate binding representation is achieved with a docking score of -10, it is 

imperative to self-assess the generated poses to determine reasonable results.  For example, 

targets with shallow active sites will generate accurate binding poses via achieving a docking 

score of -8, whilst metalloproteins generate a docking score of -15 218.  As the cut-ƻŦŦ ŦƻǊ ŀ ΨƎƻƻŘΩ 

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 

pocket was 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 219, 220. 
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Endogenous agonists of hTAAR1 include the trace amines tryptamine (Ki: 1084 nM) and tyramine 

(Ki: 34 nM).  Tryptamine (24) and tyramine (18) were docked into each homology model with 

the data reported in Table 2.3.  

Upon docking of 24Σ у ƘƻƳƻƭƻƎȅ ƳƻŘŜƭǎ όмΣ пΣ рΣ тΣ млΣ моΣ мтΣ нпΣ нрύ ƎŜƴŜǊŀǘŜŘ ΨƎƻƻŘΩ ŘƻŎƪƛƴƎ 

scores whereas tyramine (18) 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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Table 2.3 Docking score for the top scoring docked pose for endogenous agonists tryptamine (24) and tyramine (18) 

into hTAAR1 homology models. 

 Docking score (kcal/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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Table 2.3 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 hTAAR1 binding.  The top predicted binding poses for tryptamine and tyramine in homology 

models 4, 14, 17 and 25 are shown in Figure 2.9 and Figure 2.10.  The aromatic rings are deeply 

inserted into the binding pocket whilst the primary amine moieties formed strong interactions 

with Asp1033.32.  The salt bridge and hydrogen bond length predicted between the endogenous 

agonists and Asp1033.32 were deemed optimal for homology models 4, 17 and 25 varying 

between 1.75 ς 3.04 Å, whilst slightly elongated bond lengths (2.86 ς 3.94 Å) were predicted for 

model 14 221.  Furthermore, for each of the selected homology models, 18 and 24 were further 

ǎǘŀōƛƭƛǎŜŘ Ǿƛŀ ˉ-ˉ ƻǊ ˉ-cation interactions with Phe185ECL2, Phe2676.51 and Phe2686.52.  

Additionally, the site where both compounds bind is lined with residues reported in other 

hTAAR1 molecular docking studies including Phe1955.43, Val184ECL2, Ile2907.39, Ile1043.33, 

Trp2646.48, Tyr2947.43, Thr1003.29 124, 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 interactions 213.  
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Figure 2.9 (A) Docked pose of tyramine (18) (cyan) and tryptamine (24) (magenta) in homology model 4. (B) Docked 

pose of 18 (cyan) and 24 (magenta) into homology model 14.  (C) Docked pose of 18 (cyan) and 24 (magenta) into 

homology model 17.  (D) Docked pose of 18 (cyan) and 24 (magenta) into homology model 25.  All Images visualised 

down transmembrane 3. Crucial receptor residues lining the pocket are shown as sticks.  Docking performed using 

{ŎƘǊǀŘƛƴƎŜǊΩǎ aŀŜǎǘǊƻ ŀƴŘ DƭƛŘŜ мнΦс ǇŀŎƪŀƎŜǎ ŀƴŘ ƛƳŀƎŜǎ ŎǊŜŀǘŜŘ ǳǎƛƴƎ tȅah[ 4.6.0.  
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Figure 2.10 Tyramine (18, left) and tryptamine (24, right) interactions with hTAAR1 homology models. (A) Homology 

model 4.  (B) homology model 14.  (C) Homology model 17.  (D) Homology model 25.  Images generated with Maestro 

from the Schrödinger suite.  










































































































































































































































































































































































