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Abstract

Mitochondria play essential roles in cell health, including production of the energy carrying
molecule adenosine triphosphate (ATP) via oxidative phosphorylation (OXPHOS). OXPHOS
is a coupled process where the energy derived from nutrient oxidation is used to generate a
proton gradient across the mitochondrial inner membrane (MIM) that is used to power the
enzyme ATP-synthase. Mitochondrial uncouplers are typically weak acid protonophores that
shuttle protons across the MIM to collapse the proton gradient, leading to futile cycles of
nutrient oxidation without ATP synthesis. In response, cells ramp up nutrient and oxygen
consumption and production of reactive oxygen species (ROS) is affected. Mitochondrial
uncouplers have shown potential as treatments for neurodegenerative diseases, cancer and
obesity, however their clinical progress is hindered by major toxicity concerns. For example,
the uncoupler 2,4-dinitrophenol (DNP) was used in the 1930’s as a weight loss drug but was
later prohibited for human consumption due to significant adverse side effects which included
several fatalities. Recent attention has been directed to the development of mild mitochondrial
uncouplers, which partially collapse the proton gradient across the MIM without affecting ATP
production or causing mitochondrial toxicity. Previous attempts to develop mild uncouplers
have focused on lipophilic cations as self-limiting uncouplers and yielded mixed results. This
thesis explores, for the first time, the influence of proton transport rate in the development of
mild uncouplers.

In 2020, aryl-urea substituted fatty acids were reported as a new class of protonophoric
mitochondrial uncoupler that displayed anticancer activity in vitro and in vivo. These agents
act as full mitochondrial uncouplers, however in contrast to classical protonophores like DNP,
aryl-urea substituted fatty acids utilise a urea-based anion transport group to facilitate the

critical step in their protonophoric cycle; permeation of the deprotonated anionic form of the



uncoupler across the MIM. Here, the aryl-ureas self-assemble into membrane permeable
dimers via intermolecular hydrogen bonds between carboxylate and urea groups.

This thesis introduces “aryl amides” a new class of fatty acid protonophores derived
from aryl-urea substituted fatty acids, where the urea group is replaced with an amide group.
In Chapter 2, the first library of aryl amides were designed and synthesised as close derivatives
of their aryl urea counterparts. Thus, these aryl amides possessed C18 fatty acid chains capped
with chloro- and/or trifluoromethyl-substituted phenylamides in 3,4- and 3,5-substitution
patterns. In cell-based studies, it emerged that all aryl amides were active uncouplers that
diminished the proton gradient across the MIM and stimulated respiration. However, in
contrast to the 3,5-substituted analogues, the 3,4-substituted aryl amides produced only partial
proton gradient collapse, and did not affect ATP production and therefore have an activity
profile consistent with mild mitochondrial uncoupling. In vesicle-based assays used to study
proton transport, the 3,4-substituted aryl amides transported protons across model lipid bilayers
at slower rates than full uncouplers in the series, indicating that proton transport rate may be a
determinant of mild mitochondrial uncoupling. Upon further investigation, their slower rate of
transport can be attributed to their diminished capacity to dimerise, which is a key factor in
their protonophoric cycle. Computational studies suggested that 3,4-substitution caused a
misalignment of the dipole angle relative to the amide hydrogen bond axis, which in turn
hinders dimerisation and lowers proton transport rate, therefore leading to mild uncoupling.
This is the first study to draw a link between proton transport rate and mild mitochondrial
uncoupling.

The aryl amides presented in Chapter 2 have cLogP values between 6.94-7.27, therefore
they are not ‘drug-like’ molecules due to their high lipophilicity (>5) and rotatable bond count
(>10) as per Lipinski and Verber’s rules of oral bioavailability. These sub-optimal

physicochemical properties are likely to result in poor pharmacokinetic properties in vivo



which arises from the C18 fatty acid chain. Therefore, in Chapter 3 chain contraction of the
aryl amides was explored with the aim of developing drug-like mild uncouplers. 3.4-
Substituted aryl amides with C16, C12 and C8 fatty acid chains were synthesised and their
protonophoric and uncoupling activity was first assessed in vitro. Despite their 3,4-substitution,
most C16 aryl amides acted as full uncouplers, and produced similar effects as DNP. In
contrast, most of the C12 aryl amides acted as mild uncouplers while all C8 aryl amides were
largely inactive. This pattern in activity was also observed in vesicle-based proton transport
assays and was attributed to reductions in the lipophilicity of the aryl amides as the alkyl chain
was shortened. From these studies the C12 aryl amide 10 emerged as the most potent and drug-
like mild uncoupler in the series and was studied in mouse models with high fat diet (HFD)-
induced obesity. Although mice administered with 10 (10 mg/kg) through oral gavage
exhibited no adverse effects, the aryl amide failed to induce statistically significant reductions
in body weight compared to control mice. Further investigations on the pharmacokinetics of
10 could prove whether fatty acid protonophores can have feasible physiochemical properties
to be used as a potential option for treating obesity.

Overall, this project provides the first experimental evidence linking mild
mitochondrial uncoupling to proton transport rate, and that proton transport rate of the aryl
amides can be manipulated by substitution pattern and lipophilicity. Further studies should aim
to substantiate these findings by investigating the proton transport rates of a wide variety of
known full and mild uncouplers. These studies may also identify new mild uncouplers with
superior physicochemical properties than the aryl amides that may show improved efficacy in

animal models of obesity.



CHAPTER 1

Introduction



1.1 Mitochondria: Structure, Function and Mitochondrial Uncoupling

as a Therapeutic Strategy
Mitochondria are small organelles within mammalian cells which have the primary
function of converting energy stored in nutrients (e.g. fats and sugars) into adenosine
triphosphate (ATP), the energy currency of cells used to power many cellular processes!. The
metabolic pathway of converting energy from nutrients into ATP is known as oxidative
phosphorylation (OXPHOS). Due to their vital role in nutrient metabolism, the mitochondria

has been a prominent therapeutic drug target for decades.

1.1.1 Mitochondria: Structure and Function

The mitochondria consists of an outer membrane, inner membrane and matrix which
play different roles in cellular function. The outer membrane is permeable to small molecules
and contains channels which allow for the transport of larger molecules through it>. The matrix
is the site for OXPHOS and contains vital enzymes involved in the citric acid cycle?. The
mitochondrial inner membrane (MIM) is widely impermeable, surrounds the matrix and is a
common therapeutic target’. Within the matrix, nutrients are metabolised through the citric
acid cycle and the energy from this process is transferred in the form of electrons onto carriers
such as flavin adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide (NAD"). As
a result, reducing them into FADH2 and NADH and allowing them to carry electrons to the
electron transport chain (ETC), which contains a series of enzymes embedded in the MIM*.
These enzymes are known as “Complexes”, where Complexes I, IIT and IV are proton pumps
which shuttle protons from the matrix into the intermembrane space, forming a proton gradient
across the MIM?. Protons that travel in the direction of the induced gradient pass through the
MIM through ATP synthase, an enzyme consisting of two molecular motors which couples

protonmotive force and mitochondrial inner membrane potential (A¥m) to ATP production®”’.



The protons being channelled across the MIM power conformational changes within ATP
synthase’s molecular motors, in turn facilitating the conversion of adenosine diphosphate
(ADP) into ATP. This describes OXPHOS (Figure 1), the metabolic pathway of converting
energy from nutrients into ATP, where nutrient oxidation is coupled to ATP synthesis through
the MIM proton gradient. Thus, the mitochondria is a prominent therapeutic drug target due to

its regulation of energy metabolism.
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Figure 1: The process of mitochondrial OXPHOS. Nutrients are oxidised by the citric acid
cycle and energy is transferred to the ETC via electron carriers NADH and FADHz. Complexes
I, IIT and IV use this energy to pump protons into the intermembrane space to produce a proton
gradient. The PMF generated by this gradient drives protons back into the matrix through ATP
synthase which catalyses the conversion of ADP to ATP.



1.1.2 Mitochondrial Uncoupling

Mitochondrial uncoupling is a process where protons are shuttled from the
intermembrane space into the matrix without passing through ATP-synthase, as a result
collapsing the proton gradient and inhibiting ATP formation®. Uncoupling is a regular
physiological process occurring within cells in which proton leak from the intermembrane
space is required to help regulate metabolic rate, assist in thermogenesis and prevent excess
reactive oxygen species formation (ROS)’!?. Fatty acids such as 4-hydroxynonenal (4-HNE)
and reactive species such as superoxide play a role in proton leakage through the activation of
uncoupling proteins (UCPs)'?>. UCP1 and UCP2 are uncoupling proteins which have been
studied extensively for decades for their differing roles and tissue distribution. UCP1 is
expressed in brown and beige adipose tissue with the primary role in non-shivering
thermogenesis whilst UCP2 has a broad tissue distribution and has the role of preventing

excessive ROS formation'% 13-14,

Another mechanism of mitochondrial uncoupling within cells involves repeated
protonation and de-protonation of fatty acids as they travel across the MIM. This process of
fatty acid movement is commonly facilitated by UCPs or by Adenine Nucleotide Translocase
(ANT), a MIM transporter which primarily facilitates the import/export of ADP/ATP to and
from the matrix but also assists in uncoupling'>-'®. Lastly, mitochondrial uncoupling can be
induced by protonophores, which are molecules that transport protons across the MIM into the

matrix either independently or facilitated by UCPs and ANT'.



1.1.3 Small Molecule Mitochondrial Uncouplers

Protonophores are able to act as mitochondrial uncouplers as they are lipophilic enough
to move through the MIM and are weakly acidic, allowing for reversible
protonation/deprotonation'® "!¥, The anionic form of uncouplers can be protonated in the
intermembrane space, travel across the MIM, release a proton into the matrix and move back
across the MIM while in their anionic form repeatedly (Figure 2)'8. Although cells still
continue to oxidise nutrients, the lack of energy provided for ATP synthesis causes an increase
in oxygen respiration and potential for mitophagy'®?!. Potential energy is also dissipated as
heat, causing rapid metabolism and consumption of calories. An example of two classical
protonophores are carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP) and
carbonylcyanide-3-chlorophenylhydrazone (CCCP) (Figure 3), which are lipophilic weak

acids and can easily traffic across biological membranes while carrying protons's.
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Figure 2: Mechanism of a protonophore (A) transporting protons from the intermembrane
space into the matrix. After releasing the protons into the matrix, they can move back through

the MIM in their anionic form and return to the intermembrane space to continue the process.
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Figure 3: a) Structure of FCCP. b) Structure of CCCP



In contrast to protonophores like FCCP and CCCP which can transport protons across
the MIM independently, UCP1 and UCP2 can facilitate proton transport across the MIM via a
fatty acid-activated mechanism??>*. These two uncoupling proteins require activation by free
fatty acids, which in the case of UCP1, remains inactive until changes in temperature cause a
fatty acid-releasing cascade which activates it*>*. This is also known as the “flip-flop”
mechanism, due to the nature of which UCPs indirectly facilitate proton transport by assisting
anionic fatty acid transbilayer movement, allowing for the protonophoric cycle to continue?®.
Studies has shown that without the assistance of UCPs, the rate of anionic fatty acid flip-flop
is extremely slow and as a result cellular effects caused by mitochondrial uncoupling is unlikely

to occur®.

As our understanding of the different mechanisms of protonophores has developed over
time, mitochondrial uncoupling has become a prominent therapeutic strategy for its ability to

affect cellular metabolism and increase energy expenditure®!2,
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1.1.4 Potential Therapeutic Applications of Mitochondrial Uncouplers

Mitochondrial uncouplers have various therapeutic applications that have been studied
extensively for almost a century including treatment of neurodegenerative diseases, cancer and

more prominently weight loss.

1.14.1 Neurodegenerative Diseases

Neurodegenerative diseases such as Alzheimer’s Disease, Parkinson’s Disease and
Dementia are the leading cause for illness and disability worldwide with 1 in 3 people globally
being affected®®. These diseases are also prevalent in Australian society today, with an estimate
of over 500,000 Australians diagnosed to date which is expected to almost double by 205427
28 Neurodegenerative diseases are characterised by progressive functional impairment or death
of neuronal cells in the central or peripheral nervous system?’. Due to the mitochondria being
an important site for energy metabolism and controlling apoptosis, in recent studies
mitochondrial dysfunction has been linked to neurogenerative diseases*’. Mitochondria is a
major source for ROS, in which low concentration of ROS is required for maintaining
homeostasis whilst excessive levels can be detrimental to cells as they cause oxidative stress

which can damage key cellular components®® 3!

. In early stages of Alzheimer’s disease,
oxidative damage caused by increased ROS levels can reduce fatty acids present in neurons of
the inner olfactory cortex, leading to eventual degradation of neuron cells?>32. ROS generation
non-linearly depends on AWm, where small decreases in AWmleads to a significant reduction in
ROS production®!. A notable effect of mitochondrial uncoupling is the decrease of AW as a
result of proton transport across the MIM®1% 18 21 Therefore, mitochondrial uncoupling has

been studied for its therapeutic potential to treat neurodegenerative diseases in vivo such as

low-dose 2,4-dinitrophenol (DNP), lanosterol and attempts to increase expression of UCP2%"

33-35
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1.14.2 Anti-cancer Agents

Cancer continues to be a major health concern worldwide, where in 2022 alone
approximately 20 million new cases of cancer arose alongside 9.7 million deaths globally and
one in five men or women will develop it at some point in their lifetime*®. Cancer has had
significant social and economic effects on the Australian population in particular. It is
estimated that on average, one in two Australians will be diagnosed with cancer at some point
in their life and one in five will die from it by the age of 85°”. Cancer is a cellular disease where
healthy cells within the body undergo genetic damage which prevents proliferation, whilst
cancer cells continuously divide and can evade programmed death*®. Contrary to initial views
on cancer cell metabolism made by Walburg in 1956, research over the past few decades show
that the mitochondria also plays a vital role in cancer cell metabolism and functions utilising
both OXPHOS and aerobic glycolysis to produce ATP***°, In many cases of chemo-resistant
and metastatic cancers and cancer stem cells, they rely heavily on OXPHOS for ATP
production rather than glycolysis*® 1. Cancer cell mitochondria is generally hyperpolarised
(A¥Yc~-220 mV) in comparison to normal cells (A¥N~—140 mV), which has resulted in higher
rates of mitochondrial uncoupling in comparison to normal cells, however the reason behind
this selective vulnerability remains unclear’® **. Uncouplers in the literature such as SR4, F16,
SMBF and TPP+Cio have shown to preferentially accumulate in cancer cell mitochondrial
matrix in comparison to normal cells*®. Thus, mitochondrial uncoupling has potential as a
therapeutic option for treating cancer due to inherent differences between mitochondria of
cancer and normal cells where various types of cancer cells rely on OXPHOS for producing

ATP.
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1.14.3 Weight Loss Treatment

Obesity is a worldwide health problem generally caused by ingesting a greater number
of calories compared to expended calories, causing an excess accumulation of body fat which
leads to a plethora of health issues including type 2 diabetes, hypertension, coronary artery
disease, respiratory issues and liver and gallbladder disease****. A common recommendation
of treatment is lifestyle changes, such as diet and physical activity in order to achieve caloric
balance*®. This is achieved by creating a caloric deficit, eating fewer calories than required
while expending more calories through physical activity. Despite treatment recommendations,
as of 2022 43% of adults worldwide are overweight with 16% living with obesity*’. Obesity
has become prevalent in Australian society, with 66% of the Australian adult population in
2022 were considered overweight or obese (Figure 4)*. It has also had major economic
impacts, as it affects the demand and supply of healthcare and markets such as grocery stores,
fast food, restaurants, advertising, physical exercising and dieting. Obesity accounts for 2-9%
of the total health budget in most developed countries, which is similar to the impact of
smoking*®. Income and prices of food influence food consumption choices greatly, where
economic theory predicts an inverted U-shape relationship between income and body weight™°.
The poor are hungry and malnourished, and as their income increases, consumption of food
typically increases and therefore body weight will also increase. This theory is also consistent
with obesity being more common in developed countries compared to developing countries,
where Indonesia for example only has 5.7% of the adult population being overweight®'.As a
result of the various impacts on society and on the wellbeing of the human population,
treatment options for obesity are constantly in high demand for those who struggle with

adapting to lifestyle changes.
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Figure 4: Australian adults by weight status in 2022, a national survey from the Australian
Bureau of Statistics*

Anti-obesity drugs are another option for treating obesity, however they are limited by
their substantial adverse effects and/or low efficacy of weight loss compared to lifestyle
changes. These drugs aim to reduce appetite and/or alter metabolism to increase energy
expenditure and induce weight loss through different mechanisms. Common anti-obesity drugs
today target norepinephrine, dopamine, serotonin or pancreatic lipases in order to either reduce
appetite, promote energy expenditure or lowering calorie absorption®?34, Generally, if at least
5% total weight is not lost after the first 12 weeks, the patient should gradually discontinue use
and attempt other medical options such as bariatric surgery>2. The decision on which weight
loss drug is appropriate depends on the pre-existing medical conditions of the patient, as some
contraindications are present for specific drugs such as cardiovascular disease, opioid addiction

and pregnancy>>°.

The Therapeutic Goods Administration (TGA) have approved
phentermine, orlistat, naltrexone/bupropion and liraglutide for treatment of obesity in

Australia, which are summarised in Table 1.
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Table 1: Current drugs approved by the TGA for treating weight loss in Australia with their

mechanism of action, weight loss reported in clinical trials, common side effects and their

o

/_/_/u‘.. o}
0.0

J X,
H

Orlistat

At

Naltrexone (above)
Bupropion (below)

dopamine in the central
nervous system (CNS)
to suppress appetite®’.

Acts as a selective
inhibitor of pancreatic
lipases in the stomach
and intestines, in turn
reducing intestinal
digestion of fat >2,

Naltrexone is an opioid
antagonist, acting as a
dopamine and
norepinephrine reuptake
inhibitor’>-76,

Bupropion causes
stimulation of pro-
opiomelanocortin
(POMC) neurons in the
hypothalamus, a
precursor for both a-
melanocyte stimulating
hormone (a-MSH),
which decreases food
intake, and 3-endorphin
which sends feedback
inhibition to POMC
neurons to weaken the
effect of a-MSH?2.
Naltrexone blocks the

daily’$62,

Used to treat weight
loss since 1959 but
was first approved
by the TGA in May
20205364,

2.4% total body
weight lost but
increased to 8-11%
when in
combination with
lifestyle changes
depending on
dosage’-72,

Approved by the
TGA in 2000 under
the name Xenical”>.

6-12% body weight
lost over a one-year
span depending on
lifestyle changes
and dosage’”-°.

Approved by the
TGA in August
2023 under the
name Contrave®!

patients with
glaucoma and/or

hyperthyroidism®3->%
58,65

Mild/moderate
gastrointestinal events
and slight interference
with absorption of fat-
soluble vitamins’2.
This is caused by low
absorption in the
gastrointestinal tract,
resulting in a
blockade of
triglyceride digestion
in the intestine3.

Nausea, constipation,
headache, depression
and increased heart
rate and blood
pressure’’-80

limitations.

Drug Mechanism of Weight loss Side Effects Limitations
Action
Sympathomimetic agent  3-8% total body Dry mouth, insomnia  Short treatment time

NHz  Chich inhibits the weight lost over a and headache*->°, due to concerns of
reuptake of 12-week span when increased risk of
. norepinephrine and/or taking 30-40 mg Contraindications for ~ cardiovascular
Phentermine

disease and
potential for
addiction®-%8.

Has been replaced
by combination
therapy with
topiramate in other
countries (yet to be
approved by the
TGA)55—56, 60, 69
Low efficacy in
comparison to other
anti-obesity drugs
on the market.

High
discontinuation rate
(48% in clinical
trials) but patients
are commonly
prescribed with
fibre supplements to
counteract this’> 74,
High discontinue
rate (40-48%) due to
adverse effects and
risks for
cardiovascular
issues.
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Liraglutide (see
appendix for
structure)

negative feedback of -
endorphin, allowing for
greater reduction in
food intake when taken
in combination.
Glucagon like peptide-1
(GLP-1) is a hormone
released in the small
intestine in response to
food intake which
causes delayed gastric
emptying and appetite
suppression®?,

Liraglutide is a
derivative of GLP-1 and
acts as a GLP-1
receptor agonist to
induce weight loss.

22-37% of patients
maintained > 10%
body weight loss
after one year of
treatment®3,

Patients lost
significantly more
weight using
liraglutide in
comparison to
orlistat®4-83

First approved by
the TGA in January
2018 as a
subcutaneous
injection under the
name Saxenda®®

Nausea,
hypoglycaemia and
gastrointestinal
intolerability®3.

Potential
contraindications with
patients with impaired
kidneys or liver®.

Generally well
tolerated long-term.

Only available as
subcutaneous
injection and is not
orally bioavailable.

Due to the adverse effects or low efficacy of current anti-obesity drugs, there is a need
for a new drug with safer and better weight loss capabilities. Treatment is still heavily reliant
on other methods which show greater weight loss results such as bariatric surgery®’. Each of
the drugs in Table 1 have different targets and mechanisms of action. A mechanism that is not

conducted by any currently approved drugs to induce weight loss is mitochondrial uncoupling.

The first instance of a mitochondrial uncoupler being used as an anti-obesity drug
dates back to the 1930’s with 2,4-dinitrophenol (DNP), a protonophore which uncouples the

MIM through repeated protonation and deprotonation of its hydroxy group (Figure 5)%.

OH

O,N NO,
Figure 5: Structure of DNP
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DNP was first used in World War I for the manufacture of ammunition and explosives
in France and the US*. However, it was found that workers in these factories experienced
substantial weight loss and hyperthermia as a result of excessive exposure to DNP’. By 1933,
its ability to induce rapid weight loss was published by Maurice Tainter at Stanford University,
causing its widespread commercialisation and use without the need of a medical prescription®’.
Tainter had treated approximately 170 obese patients for 3 months with a daily dose of 300 mg
DNP orally, causing patients to lose up to 1.5 kg per week without restrictions on caloric

intake®!-92.

Due to its strong uncoupling ability, the drug caused a great increase in metabolism of
fats and carbohydrates. However, DNP was found to cause harsh adverse effects which has led
to 72 known deaths between 1919 and 2019 worldwide® !7. The most common visible side
effects when used therapeutically are rashes, accompanied by yellow discolouration of skin,
sclera and urine®?. Other serious side effects include hyperthermia, nausea, vomiting, dizziness,
convulsions, confusion, headache, agitation, tachycardia, diaphoresis, tachypnoea and
cataracts® 738, As a result, the consumption of DNP was prohibited in the US in 1938 by the
Federal Food, Drug and Cosmetic Act (FFDCA)”. Due to the rise of social media and the
resurgence in popularity of body building or body sculpting, INTERPOL issued an alert to
inform the general public of the dangers of consuming DNP in 2015%*. In Australia, DNP has
been classified as a schedule 10 drug since 2017, prohibiting its sale, supply and use®. Despite
the numerous warnings, publications of deaths and prohibitions associated with the drug, it
continues to be sold on the internet under various names and the demand for a weight loss drug
with comparable results continues to rise. As a result of DNP’s toxicity, mitochondrial

uncoupling was abandoned as a mechanism for weight loss for decades.
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1.1.5 Strategies to Address Mitochondrial Uncoupler Toxicity

As a result of DNP’s full mitochondrial uncoupling activity, it has a small margin
between therapeutic and toxic doses, leading to harsh adverse effects which eventually caused
its prohibition. Since 2002, there has been 33 published deaths directly related to DNP use and

9l7. 9697 " These deaths were caused by

120 cases of intoxication between 2007-201
cardiovascular collapse due to the lack of ATP production in cells along with the heat
dissipation inducing a fever that develops into severe hyperthermia (with reported body
temperatures reaching up to 43 °C), tachycardia and tachypnoea®. These fatalities have been
linked with both deliberate and accidental overdoses while being used by bodybuilders, for
general weight loss or from accidental occupational exposure® !”. The history of DNP use
suggests that it can induce rapid weight loss that exceeds any of the current anti-obesity drugs.

However, due to the small difference between effective and fatal doses, it is too toxic to be

used safely.

Due to the promising weight loss induced by DNP and the relatively poor efficacy of
other weight loss drugs that operate by different mechanisms of action, recent attention has
been directed towards the development of mild mitochondrial uncouplers. Mild uncouplers are
characterised by their ability to induce uncoupling effects to a lesser extent, allowing for the
ETC to still provide enough energy for ATP synthase to function adequately®®!%!. An ideal
mild uncoupler could partially depolarise the MIM and increase cellular respiration without
affecting ATP production, therefore having potential to be a safe weight loss drug that
surpasses the current 4-11 anti-obesity drugs on the market (depending on individual country
guidelines and regulations)?!> 1°2. This would have significant economic impact, as Ozempic
reached a total sales of approximately 19 billion USD in 2024'%. The first instances of

developing a mild uncoupler involved altering the structure of DNP in attempts to develop a
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“self-limiting” protonophore by adding membrane-penetrating cation groups, such as adding a
triphenylphosphonium group (TPP) known as MitoDNP (Figure 6a) or a photocleavable linker

known as MitoPhotoDNP (Figure 6b)!%+1%%,

a OH b
O,N NO /@
2 2 NO, O\/\/\p

&G0
. NO,
PPh, ON

Figure 6: a) Structure of MitoDNP. b) Structure of MitoPhotoDNP.

However, both DNP derivatives were not able to act as a protonophores primarily due
to their deprotonated form not being able to leave the mitochondrion and continue the
protonophoric cycle.!*1% Following this, mitochondria-penetrating cations such as SkQ1 and
Ci12TPP (Figure 7) were also investigated for their uncoupling potential as they theoretically
could accumulate within the mitochondria and either leave or redistribute across the membrane
when AW decreases, thus being potential self-limiting protonophores!®-1%7, C;2TPP and its
alkylTPP derivatives however were unable to act as self-limiting protonophores due to multiple
reasons including their lack of hydroxyl or carboxyl groups capable of carrying protons across
the membrane, being trapped within the mitochondrial matrix and excessive accumulation
within the mitochondria caused toxicity at higher doses!® 1% 1% SkQ1 on the other hand was
found to act as an antioxidant rather than a protonophore, leading to decreases in reactive

oxygen species (ROS) without disrupting MIM potential'%6 109110,
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OH

)
Figure 7: a) Structure of SkQ1. b) Structure of C12TPP.

As an extension of the SkQ family of uncouplers, rhodamine 19 derivative C4R1 was
developed!%s: 11-112 - Anti-obesity effects of C4R1 were first published in 2015, where it
reduced food intake and increased resting metabolic rate in a murine mouse obesity model
through what was initially believed to be mitochondrial uncoupling'!'. However, it was
discovered in 2023 that C4R1 does not act as a protonophore and instead binds to the B-subunit
of the F1 component of ATP synthase!!2. Therefore, C4R1 should be more appropriately
characterised as an ATP synthase inhibitor rather than a mitochondrial uncoupler. Thus, after
decades of research on derivatives of mitochondria-penetrating cations in the SkQ family, the
development of a mild mitochondrial uncoupler and its underlying mechanism remained

elusive.

BAMI1S5, a protonophore with oxadiazole, pyrazine and aniline moieties, has been
studied extensively for its mitochondrial uncoupling ability for over 10 years'!'>'''®. It was

initially characterised as a novel mitochondrial uncoupler which does not depolarise the plasma
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membrane of L6 rat skeletal muscle cells, which was believed to be a cause of uncoupling
toxicity!'!'> ', Following this, BAM15 was found to have anti-obesity effects in murine mouse
models without signs of adverse effects'!*. Interestingly, rather than being characterised as a
“mild” uncoupler, BAM15 is described as a “safe” uncoupler due to its minimal of toxicity in
vivo and lack of understanding surrounding the exact mechanism of mild uncoupling.
Subsequently, BAMI15 derivatives such as SHC517, SHD865 and SHM115 (Figure 8) have
also shown to exhibit anti-obesity effects in vivo but their exact mechanism which differentiates
them from classical full uncouplers such as DNP and FCCP is not fully understood!/%7%,
Similarly, other uncouplers in the literature have either been labelled as “safe” rather than mild

or are simply labelled as mitochondrial uncouplers without fully distinguishing whether they

are mild or full uncouplers such as OPC-163493, Ppc-1 and FR58P1a'?!-1%3,

a b
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Figure 8: Structures of BAM15 (a), SHC517 (b), SHD865 (¢) and SHM115 (d).
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Despite these recent advancements, a structure-activity relationship (SAR) or
mechanistic understanding of the properties that lead to either full or mild uncoupling is yet to
be established. Most definitions on mild uncoupling focus on the fact that ATP production is

not inhibited, but the reasoning behind this is yet to be proven experimentally?3: 19 196,

1.2 Synthetic Anion Transporters (Anionophores)

Synthetic anion transporters (anionophores) are small-molecule organic compounds
which assist in facilitating movement of anionic species such as Cl~ and HCO3;~ across
phospholipid bilayers. These anionophores can either form channels within the membrane,
which allow for the movement of ions through it or alternatively, they can form covalent bonds
with the anion to form supramolecular complexes which can diffuse across the membrane and
translocate the anion'?*'?°. Anionophores have received significant attention due to their
therapeutic applications such as treating cystic fibrosis and acting as anticancer agents!?6-1?7,
In 2016, anion transporters were found to also facilitate the movement of protons across lipid

bilayers with the assistance of free fatty acids®*. Thus, providing an alternative mechanism to

the protonophoric cycle conducted by classical uncouplers such as DNP and FCCP.

1.2.1 Anionophore Mediated Mitochondrial Uncoupling

Non-channel forming anionophores contain anion recognition moieties such as urea,
thiourea or square-amide groups which bind to the guest anion, spread their negative charge
across a larger surface and therefore are able to facilitate their transport across bilayer
membranes?® 124125 Another function of anionophores is their ability to mimic the function of
UCPs by facilitating proton transport via activation by free fatty acids?>?. Firstly, the fatty

acid in anionic form accepts a proton and travels across the membrane as a neutral species. The
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fatty acid is then deprotonated, releasing a proton on the opposite side of the membrane. Lastly,
the anionophore binds to the carboxylate group of the fatty acid via parallel hydrogen bonds,
allowing for the fatty acid to be lipophilic enough to traverse back across the membrane and

repeat the protonophoric cycle (Figure 9).

9 = phospholipid @2 ’ = neutral and anionic fatty acids G = anion transporter

Figure 9: Fatty-acid activated proton transport mechanism via anionophores across a bilayer
membrane. The anionophore binds to the fatty acid carboxylate, making it lipophilic enough
to traverse back across the membrane to repeat the protonophoric cycle?’. Diagram from the

work of York et al. (https://doi.org/10.3390/biom13081202)%?

This function of anionophores was first discovered by Wu and Gale and was further
explored by York et al, who investigated a scaffold of bisaryl ureas and their activity as
mitochondrial uncouplers through this same fatty acid activated mechanism***}. The anion
binding motif of bisaryl ureas were replaced with squaramide, amide and diurea groups and
bisaryl rings were substituted with various electron withdrawing groups?’. The bisaryl urea
analogues inhibited OXPHOS in MDA-MB-231 cells and reduced cell viability, confirming

their activity as mitochondrial uncouplers®?. Utilising a HPTS proton transport assay developed

23


https://doi.org/10.3390/biom13081202

by Wu and Gale, the proton transport mechanisms of these anionophores across vesicle
membranes were explored further such as stoichiometry of transport, proton transport rate and

concentration needed to reach 50% of maximum transport (ECs0)*>2% 128,

1.2.2 Aryl Urea-Substituted Fatty Acids: A New Class of Mitochondrial

Uncouplers
In 2020, Rawling et al reported a new class of anticancer agents: aryl urea-substituted

fatty acids or “aryl ureas” (Figure 10)'?* 12,

o] /—'R
|
H H

0

Figure 10: General structure of aryl ureas developed by Rawling et al.

In mechanistic studies, it was shown that these compounds induce apoptosis in cancer
cells by acting as mitochondrial uncouplers and can operate independently of uncoupling

proteins or synthetic anion transporters'?*

. Aryl urea-substituted fatty acids are able to stabilise
the negative charge on the carboxylate through supramolecular hydrogen bonding interactions
between the urea NH protons of an aryl urea fatty acid molecule and the carboxylate of another
independent aryl urea molecule. This allows the molecules to self-assemble into dimeric
complexes (Figure 11), masking the charge of the species and permitting the anionic form to
permeate the MIM'?*, Forming membrane-permeable dimeric complexes allows a complete
protonophoric cycle to occur via flip-flop diffusion, leading to mitochondrial uncoupling'?*
130 Derivatives such as aryl carbamates have also induced full mitochondrial uncoupling in
MBA-MD-231 breast cancer cells via flip-flop diffusion, where they depolarised the MIM,

increased cellular respiration and inhibited ATP production®® 131132,
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Electron withdrawing substituents in the meta and para positions have shown to
improve the aryl urea’s ability to disrupt energy production in cancer cells'?® '3, Thus, the
2020 aryl urea study involved preparing aryl ureas with different electron withdrawing
substituents on the aromatic ring with varying polarity to assess the influence of substituent

124

lipophilicity on activity “*. Having chloro- and trifluoromethyl- substituents in a 3,4- or 3,5-

substitution pattern appeared to improve potency in JC-1 assays and these analogues were

investigated further in alkyl chain length studies!34!1%,
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Figure 11: Proposed mechanism of uncoupling via dimer formation and flip-flop diffusion.

To further explore this new class of uncouplers, the Rawling group have investigated
replacing the urea group with other anion binding units such as an amide group (aryl amides).
Whereas ureas form parallel hydrogen bonds to carboxylate anions, amides bind via single
hydrogen bonds via their NH group and thus have relatively lower carboxylate affinities. This
change was anticipated to affect the dimerization and protonophoric activity of the amide

series. In preliminary cell-based studies, it emerged that all aryl amide fatty acids were able to
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diminish the proton gradient across the MIM, but a subset of amides had an activity profile
consistent with mild mitochondrial uncouplers. However, investigating the underlying
mechanism of mild uncouplers and distinguishing them from full uncouplers such as DNP and
CCCP has been a challenge for decades. Thus, there is a growing need to further distinguish
between mild and full uncouplers experimentally, which in turn could improve the screening

and development of safe and effective anti-obesity drugs.

1.3  Project Aims and Thesis Structure

This thesis sought to investigate the mitochondrial uncoupling ability of aryl amide
fatty acid protonophores and characterise them as full or mild uncouplers. This knowledge was
then applied to the development of a library of shorter chain aryl amide fatty acids, in hopes of
developing a mild uncoupler with favourable physiochemical properties for oral bioavailability
and causes weight loss in murine mouse obesity models.

The specific aims of this thesis are:

1. To synthesise a library of long chain (C18) aryl amides with lipophilic electron
withdrawing groups in 3,4- and 3,5- substitution patterns and assess their
mitochondrial uncoupling ability in vitro.

2. To study anion binding and dimerization of the full and mild arylamide uncouplers
using a combination of experimental and computational approaches.

3. To synthesise shorter chain (C16-C8) mild uncoupler analogues which are more
“drug-like” and would have more favourable physiochemical properties for oral
bioavailability.

4. Assess these short chain aryl amides for their uncoupling activity in vitro, proton
transport mechanisms in vesicle membranes and assess the most potent analogue’s

potential weight loss effects in vivo.
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To achieve these aims, aryl amides with a C18 hydrocarbon chain and an aromatic ring
with chloro- and/or trifluoromethyl- substituents in either 3,4- or 3,5- substitution pattern were
synthesised. Their uncoupling ability was assessed both in vitro in a human breast cancer cell
line and through mechanistic studies investigating proton transport, anion binding and
dimerisation ability. Following the C18 aryl amide scaffold, shorter chain analogues (C16, C12
and C8) were developed using substituents which promoted mild uncoupling. The aim of this
short chain library was to improve physiochemical properties of aryl amides in hopes of
developing a more “drug-like” mild uncoupler based on Lipinski’s rules of bioavailability.
Their protonophoric abilities were assessed in vitro using rat skeletal muscle cells and through
proton transport assays. Lastly, the most potent short chain aryl amide with optimal
physiochemical properties for oral bioavailability was then tested for its ability to induce

weight loss in vivo.

In Chapter 2, the design, synthesis and characterisation of the long chain aryl amides
and their mitochondrial effects in vitro including membrane potential, ATP production, cell
viability and oxygen consumption rate is reported along with mechanistic studies which
distinguished between mild and full uncoupling. In Chapter 3, the design, synthesis and
characterisation of short chain aryl amides along with their uncoupling ability in vitro,
protonophoric mechanisms across vesicle membranes and activity in murine mouse obesity
models are described. Lastly, Chapter 4 involves conclusions and suggestions for future

developments whilst chemistry and cell culture experimental procedures are in Chapter 5.
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CHAPTER 2

The role of transbilayer proton transport
rate in mild mitochondrial uncoupling
produced by aryl amide substituted fatty

acids




2.1 Background

As described in Chapter 1, aryl ureas are fatty acid protonophores which have been
investigated in recent years for their ability to induce mitochondrial uncoupling!?-!*°. These
agents differ from most protonophores such as DNP or CCCP because their acidic group is not
conjugated to an extended m-system. Instead aryl urea-substituted fatty acids are able to
stabilise the negative charge on the carboxylate via supramolecular hydrogen bonding
interactions between the urea NH protons and the carboxylate of two independent molecular
units. This allows the molecules to self-assemble into dimeric complexes masking the charge
of the species and permitting the anionic form to permeate the MIM!?*. The addition of
lipophilic and strong electron withdrawing substituents to aryl ureas appears to improve
mitochondrial dysfunction!?* 1?°, In this thesis, a series of aryl urea-substituted fatty acid
derivates in which the urea groups were replaced with amide functional groups were prepared.
Whereas ureas form parallel hydrogen bonds to carboxylate anions, amides bind via single
hydrogen bonds via their NH group, and thus have relatively lower carboxylate affinities®.
This change was anticipated to affect the dimerization and protonophoric activity of the amide

series.

The objective of this chapter was to identify key determinants of mild uncoupling and
experimentally distinguish between a full uncoupler and mild uncoupler using a scaffold of
aryl amides, a new class of fatty acid protonophores. To achieve this, a library of aryl amides
which mimics substituents and alkyl chain length of aryl ureas was prepared for in vitro

evaluation, which is reported in this chapter.
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2.2 Design of Aryl Amide Library 1 — Long Chain Analogues

Aryl Amide Library 1 was designed to investigate the mechanism of mild uncoupling
and explore the effect substitution pattern has on uncoupling ability (Figure 12). Since
lipophilic and strong electron withdrawing groups improved potency in aryl ureas, chloro- and
trifluoromethyl- substituents were used in this aryl amide library'?* %, Similarly, the chain
length of these aryl amides (C18) were identical to the aryl ureas used in a previous study

investigating their flip-flop diffusion mechanism of uncoupling'?*.
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Figure 12: Chemical structures of library 1, a series of C18 aryl amides with varying aryl

substituents
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2.2.1 Synthesis of Aryl Amide Library 1

The synthesis of long chain aryl amides involved an amide coupling reaction followed

by tert-butyl ester hydrolysis (Scheme 1).

(o]
XO\H/\/\/\/\/\/\/\/\)\OH
0 23

1a-ba

]

1-5
Cl CF3 Cl
k4 f CF3 'q i CF3 % i Cl
1 2 3
CF3 Cl
‘Q : Cl l',: : :CI
4 5

Scheme 1: General synthesis of aryl amides 1-5. Reagents and conditions: i) COMU, Et3N,
RT, 3 h.ii) TFA,RT,3 h
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The precursor octadecanedioic acid mono tert-butyl ester (23) was available for
purchase and obtained from a commercial supplier. 23 was then reacted with the corresponding
aniline to afford aryl amide tert-butyl esters 1a-5a through an amide coupling reaction. Amide
bonds are typically formed by the union of carboxylic acids and amines, requiring the

136

carboxylic acid to be activated by converting it into a good leaving group ~°. Coupling reagents

have been used since 1955 to activate carboxylic acids, with the first group of reagents being

)!37. Common amide coupling reagents

carbodiimides such as dicyclohexylcarbodiimide (DCC
such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) and 1-hydroxybenzotriazole
(HOBt) were not suitable for this synthesis due to the anilines with electron-withdrawing
substituents being poor nucleophiles, preventing adequate formation of amide bonds!3-140,
Over the past decade, COMU has shown to be a superior amide coupling reagent with safer
leaving groups, greater stability, lower reaction times and assisting in forming amide bonds
with high yields despite poor nucleophilic amines and/or sterically hindered acids being
used!*!"1%4, Therefore, COMU was selected as the coupling reagent to synthesise 1a-5a.
Following the procedure outlined by El-Faham and Albericio, compound 23 was mixed with

the corresponding aniline, COMU and triethylamine (Et3N) in dry dimethylformamide

(DMF)',

The reaction mixture was stirred for 5 minutes to activate the carboxylic acid before
adding the corresponding substituted aniline and stirring for a further 3 hours under strict
anhydrous conditions in order to prevent COMU degradation when absorbing moisture from
the air and form 1a-5a'*. These aryl amide tert-butyl esters were then isolated by dry column
vacuum chromatography (DCVC) with decent yields and characterized by '"H NMR and "*C

NMR spectroscopy (see appendix).
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Lastly, the tert-butyl protecting group was removed through trifluoroacetic acid (TFA)
mediated hydrolysis'*. Compounds 1a-5a were dissolved in anhydrous dichloromethane
(DCM) and TFA was added dropwise which cleaves the tert-butyl group to form a carboxylate
in solution. After liquid-liquid extraction and the addition of hydrochloric acid (HCI), the
carboxylate is protonated, forming the corresponding aryl amide. The success of the hydrolysis
was determined by the disappearance of the tert-butyl CH3 protons and appearance of COOH

proton in '"H NMR and '*C NMR spectra (see appendix).

Compound purity was also assessed by absolute quantitative 'H NMR (qNMR)
spectroscopy, which involves using 1,3,5-trioxane as an internal standard in deuterated DMSO
(DMSO-d¢). Purity (w/w %) was determined by calculating the proportionality between the
average integration of one proton from the internal standard and a proton from the
corresponding aryl amide. The purity of all aryl amides were determined to by > 95% by qNMR

spectroscopy prior to in vitro testing.
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2.3  Effects of Aryl Amides on MDA-MB-231 cell viability

Firstly, the capacity of aryl amides 1-5 (1, 10 and 40 uM, 24 hours) to reduce the
viability of MDA-MB-231 breast cancer cells was assessed using MTS assays, since aryl urea
fatty acids were shown to induce apoptosis in the same cell line!?’. This assay is a colorimetric
method of assessing cell viability, where the tetrazolium MTS dye is reduced by living cells to
form a coloured formazan product. This formazan product is measured by its absorbance at
490 nm, which is directly proportional to the number of viable cells in the population. In these
assays, and all subsequent cell-based assays, the maximum test concentration of each aryl
amide was 40 uM, as these compounds precipitated out of cell media at higher concentrations.
As shown in Figure 13, aryl amide 2 was the most active in the series and reduced cell viability
to 54.7 £ 4.5 % (P < 0.001) and 35.4 £ 6.5 % (P < 0.0001) of control at 10 and 40 uM
respectively. 3,5-Substituted aryl amides 1 and 3 also significantly reduced cell viability at 40
uM, whereas 3,4-substituted aryl amides 4 and 5 showed no activity at all test concentrations.
Thus, displaying varying effects on cellular function between aryl amides depending on

substitution pattern.
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Figure 13: MTS cell viability of MDA-MB-231 breast cancer cells when treated with aryl
amides 1-5 at 1, 10 and 40 uM for 24 hours. Data represents the mean + SEM of 3 independent
experiments. Difference from DMSO control: (*) P <0.05, (**) P <0.001, (****) P <0.0001.
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2.4  Effects of Aryl Amides on Mitochondrial Function of MDA-MB-231

cells

The aryl urea fatty acids, from which aryl amides 1-5 were derived, kill MDA-MB-231
cells by uncoupling OXPHOS and inducing mitochondrial dysfunction!?* 2% 133 We therefore
assessed the effects of the aryl amides on mitochondrial function. We first measured oxygen
consumption rates (OCR) in MDA-MB-231 cells treated with aryl amides 1-5, as well as the
classical protonophores CCCP and DNP, using an XFe24 Seahorse analyser. Seahorse XF
instrumentation provides direct real-time measurements of various metabolic functions such as
OCR, extracellular acidification rate (ECAR), glycolysis, ETC-specific ATP production, and
proton efflux rate (PER)'7-1%8, A mito-stress test is the most common assay conducted using
Seahorse XF instruments, which uses FCCP, oligomycin and rotenone/antimycin A to inhibit
metabolic functions such as ATP synthase and OXPHOS in order to assess the maximal
respiration of cell lines or uncouplers'4’-'*¥_ A simpler assay employs the single addition of a
protonophore and measuring the OCR of cells over time, which is commonly conducted when
screening for mitochondrial uncouplers''® ¥-151 Oxygen is consumed by the ETC during
OXPHOS, and OCR is expected to increase in cells treated with mitochondrial uncouplers as

they increase respiration to compensate for proton leak.

To carry out these assays, MDA-MB-231 breast cancer cells were treated aryl amides
1-5 at the highest possible concentration of 40 uM and OCR was monitored over 3 hours. As
shown in Figure 14, all aryl amides increased OCR, as well as the classical uncouplers CCCP
and DNP. This data shows that all test compounds stimulated respiration in MDA-MB-231

cells, which is consistent with mitochondrial uncoupling.
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Figure 14: OCR of MDA-MB-231 breast cancer cells when treated with aryl amides 1-5 at
their maximal solubility limit (40 uM) as well as CCCP (5 uM) and DNP (20 uM) over 3

hours. Data represents mean £ SEM of 3 independent experiments.

Next the capacity of the aryl amides, as well as CCCP and DNP, to depolarise the MIM
in MDA-MB-231 cells was assessed using a JC-1 assay. JC-1 dye is a fluorescent cationic dye
that accumulates in polarised mitochondria, forming aggregates that fluoresce red (=590
nm)'52-153 Upon depolarisation, JC-1 migrates to the cell cytosol where is disaggregates into
monomers that fluoresces green (= 529 nm). Thus, the JC-1 red/green fluorescence intensity
ratio can be used to determine the extent of mitochondrial depolarisation. In the JC-1 assays,
MDA-MB-231 cells were treated with the aryl amides over a range of concentrations for 1 hour
to capture early cellular effects of the compounds. JC-1 ICso concentrations, defined as the
concentration of test compounds required to shift the red/green fluorescence by 50% of control,
and Emax values, defined as the maximum shift in JC-1 fluorescence ratio at the highest test

concentration, were determined from dose-response curves (Figure 15) and are shown in

Table 2.
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Figure 15: Dose response curve displaying JC-1 red/green fluorescence ratio which is
indicative of depolarisation of MDA-MB-231 cell’s MIM. Cells were treated with aryl amide
1-5at 0.1-40 uM, DNP and CCCP at 0.1-100 uM using a JC-1 assay. Data represents the mean

+ SEM of 3 independent experiments.

Table 2: Summarised JC-1 activity of aryl amides 1-5, DNP and CCCP. Data represents the

mean = SEM of 3 independent experiments.

Compound Relative JC-1 I1Cso (uM) Maximum Epax (%)
1 0.844 £0.37 146+1.9
2 397+£1.8 10.7 +£0.99
3 528+1.7 11.7+0.65
4 5.53+03 21.1+1.2
5 923+14 341+£3.2
DNP 9.99+1.7 13.7+0.90
CCCPp 395+2.6 5713
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All aryl amides 1-5 and full uncouplers CCCP and DNP were active in JC-1 assays,
which indicates all compounds were able to reduce the proton gradient across the MIM in
MDA-MB-231 cells. Combined with the increases in OCR observed in Seahorse data, these
assays indicate that all test compounds are active mitochondrial uncouplers. The JC-1 ICso
concentrations of aryl amides 2-5, which is a measure of the uncoupling potency, were similar
to those of DNP and CCCP, and fell with a concentration range of 3.97 — 9.99 uM. Compound

1 had the lowest JC-1 ICso concentration and is the most potent in the series.

Although all aryl amides were active uncouplers, the maximum level of depolarisation
(Emax) achieved by each compound did vary significantly. The Emax values for 3,5-substituted
aryl amides 1-5, as well as the full uncouplers DNP and CCCP, were all below 15%. In contrast,
the Emax values of the 3,4-substituted aryl amides 4 and 5§ were 21.1 + 1.2 and 34.1 + 3.2,
respectively. The Emax values of 4 and 5 appear to reflect their maximum level of activity, rather
than resulting from lower potency or insufficiently high test concentrations. Thus, 3 and 4 have
similar ICso concentrations, yet the Emax of 4 is approximately twice that of 3, and the dose-
response curves of 4 and 5 show little increase in activity from 20-40 uM. The results imply
that 3,5-substituted aryl amides 1, 2 and 3 act as full uncouplers with similar activity to that of
DNP and CCCP, while 4 and S can only cause partial depolarisation, which is consistent with

mild mitochondrial uncoupling.
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2.5 Effects of Aryl Amides on ATP Production

To further characterise the uncoupling effect of the aryl amides, we assessed their
capacity to inhibit ATP production in MDA-MB-231 cells using the CellTiter-Glo 2.0 Assay.
Full uncouplers such as DNP and CCCP inhibit ATP synthesis by collapsing mitochondrial
proton gradients to the point where the PMF is no longer strong enough to drive proton flow
through ATP-synthase,® '3 2! while mild uncoupling maintains the PMF at a level that allows
ATP synthesis via OXPHOS to occur®® %, CellTiter-Glo is a bioluminescence assay utilising
the oxidation of luciferin into oxyluciferin, a reaction catalysed by the firefly luciferase enzyme
on which ATP is dependent!**!3 ATP is the limiting reagent of the reaction and is used to
generate light; therefore, luminescence is directly proportional to the number of ATP molecules

present.

As shown in Figure 16, all 3,5-substituted analogues (1, 2 and 3), along with DNP and
CCCP, significantly decreased ATP production after 1-6 hr treatment at 20 uM. These
relatively small decreases in ATP production are consistent with other full uncouplers in the
literature!" 12%_ In contrast, ATP production was not significantly affected by 3,4-substituted
aryl amides 4 and 5. To ensure that the observed changes in intracellular ATP levels were not
caused by cell death, LDH release assays were performed on MDA-MB-231 cells treated for
6 hours at 20 uM. Lactate dehydrogenase (LDH) is an intracellular enzyme that is released as
cells die and therefore serves as a marker of cell death. All aryl amides failed to induce LDH
release after 6 hours, (Figure 17), thus decreases in ATP are likely to result from inhibition of
OXPHOS by uncoupling. In light of these results, it seems likely that aryl amides 4 and 5 are
acting as mild mitochondrial uncouplers and depolarising the MIM without affecting ATP

production.
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Figure 16: Intracellular ATP production in MDA-MB-231 cells when treated with amides 1-
5, DNP and CCCP at 20 uM for 1-6 hours. Data represents the mean = SEM of 3 independent
experiments. Difference from DMSO control: (*) P < 0.05, (**) P < 0.01, (***) P < 0.001,
(****) P < 0.0001.
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Figure 17: LDH release of MDA-MB-231 cells when treated with aryl amides 1-5 at 40 uM
for 6 hours relative to DMSO control. Triton X-100 was used as a positive control which

exhibits maximal LDH release.
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2.6  Proton Transport of Aryl Amides Using the HPTS Assay

The in vitro data reveals that 3,4-substituted aryl amides induce mild mitochondrial
uncoupling, while 3,5-substituted aryl amides act as full uncouplers. However, the reasons for
these distinct uncoupling behaviours remain unclear. Previously reported mild uncouplers are
lipophilic cations that diffuse out of mitochondria as depolarisation occurs, however this
mechanism cannot apply to the aryl amides. Instead, it was hypothesised that the proton
transport rates of individual aryl amides may determine the mild or full uncoupling activity.
The ETC has a maximal rate in which it can pump protons into the intermembrane space and
maintain the proton gradient. However, if an uncoupler is transporting protons across the MIM
at a faster rate than the ETC is pumping protons into the intermembrane space, full uncoupling
would arise as the proton gradient dissipates. If the uncoupler transports protons at a slower
rate and does not out-pace the ETC, ATP synthesis will not be inhibited and mild uncoupling

would occur.

To investigate the proton transport mechanisms driving these differences, a HPTS
vesicular assay was employed. This assay utilises vesicles containing specific salt species
encapsulated within a lipid membrane, allowing proton transport activity to be isolated from
other cellular processes present in more complex in vitro assays. This simplified system
provides a direct analysis of the transport process. An aqueous solution (pH 7) of potassium
gluconate (100 mM), HEPES buffer (10 mM), and HPTS (1 mM), a pH-sensitive fluorescent
probe, was encapsulated within large unilamellar vesicles (200 nm) composed of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC). These vesicles were suspended in a similar
solution where HPTS was not present. A pH gradient was created across the vesicle membrane

by adding a NaOH pulse to the external solution, mimicking the proton gradient found in the
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MIM?, The compound being tested in this assay facilitates the dissipation of this gradient via
proton transport, which is tracked by ratiometric changes in the emission wavelengths of the
HPTS dye. After 200 s, the vesicles were lysed with detergent to release all encapsulated

protons and provide a 100% efflux calibration.

Dose-response studies were conducted to generate Hill plots and determine the ECso
value for each compound, representing the concentration of protonophore (mol%) required to
achieve 50% proton efflux after 200 s. Briefly, the fractional fluorescence intensity (Ir) was
calculated based on the acidic and basic forms of the HPTS probe at excited wavelengths. The
Ir was plotted as a function of transporter concentration, and at ¢ = 200 s each transporter
concentration was fitted to an adapted Hill Equation and eventually derived to calculate ECso
values (please refer to Chapter 5.4.1.2 for more details). The ECso values, displayed in Table
3, are reliable indicators of protonophoric activity, and the results partially correlate with the
JC-1ICso concentrations. The 3,5-substituted compounds 1 and 2 exhibited the highest activity,
with ECso values of 0.060 and 0.041 mol %, respectively. The third most active compounds in
the series was 3,4-substituted aryl amide 5 and 3,5-substituted aryl amide 3 (ECso = 0.14
mol%). The Hill coefficients (n) provide insight into the relative stoichiometry of the transport
event. In all cases, Hill coefficients ranging from 1.4 to 1.8 were observed. Values greater than
1 indicate a 2:1 transporter:proton stoichiometry consistent with the fatty-acid dimer transport
mechanism proposed for this series of compounds. An n value of between 1 and 2 indicates the
presence of both mono-deprotonated dimers and doubly deprotonated dimers, which together
dissipate the pH gradient. Similar Hill coefficients across the series suggest that both classes
of aryl amides operate via the same mechanism. The coexistence of these two mechanisms

within the lipid bilayer has been discussed for analogous fatty acid protonophores previously'**

131
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Table 3: ECso and Hill coefficients for 1-5 in HPTS assays. CLogP values were calculated
using ALOGPS 2.1'%6, HPTS data collected by Daniel McNaughton.

Aryl Amide ECso (mol %) n CLog P
1 0.060 = 0.003 1.8+0.1 7.28
2 0.041 +0.001 1.4+0.1 7.19
3 0.14 £ 0.001 1.8£0.02 6.95
4 0.08 £ 0.001 1.6 £0.01 7.27
5 0.14 +£0.009 1.7+0.14 6.94

Mitochondrial uncoupling occurs when protons bypass ATP synthase via alternative
transport mechanisms. It was hypothesised, with support from the in vitro data, that the
distinction between full and mild uncouplers lies in the proton transport rates relative to the
ETC. To explore this potential differentiation between the two classes of uncouplers, the initial
rate (ki) was calculated for each compound in the HPTS assay at a loading of 0.5 mol%. This
rate represents the maximum proton transport rate achieved by each protonophore when the

pH gradient is steepest. The initial rates are presented in Table 4.

Table 4: Initial proton transport rates for aryl amides 1-5 (0.5 mol%) in HPTS assays. HPTS
data collected by Dr Daniel McNaughton.

Aryl kiv kip kii 300 s D T
Amide Base first (% s™!) 30 s incubation incubation (% (kiv/kip) (kip/kii)
(% s s
1 4.06 9.85 12.59 3.1 1.3
2 3.71 13.37 18.05 4.9 1.4
3 2.44 5.37 8.71 3.6 1.6
4 2.57 9.93 6.82 2.7 0.7
5 2.54 5.39 6.83 2.7 1.3
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Under the original assay conditions, the initial rate trends largely mirrored those of the
proton transport activity. The 3,5-substituted compounds 1 and 2 exhibited the highest initial
rates (ki = 4.06 and 3.71 % s™!, respectively). In contrast, the 3,5-dichloro aryl amide 3 did not
display an initial rate discernibly higher than its 3,4-substituted analogue and was again

outperformed by compound 5.

The calculated log P values for the series, presented in Table 3, are all greater than
6.94, which indicates they all possess a high degree of lipophilicity based on Lipinski and
Verber’s rules. Molecules with this structure may take longer to insert into the membrane than
other small molecule protonophores. To address the effect of delayed membrane insertion on
initial rate, the assay was repeated under two different incubation conditions. Firstly, the
protonophore was added in an aliquot of DMSO (0.5 mol% loading) before the experiment was
initiated with a NaOH base pulse after 30 s. Secondly, an incubation period of 300 s was
allowed before initiating the experiment. The results of these experiments are presented in
Table 4. Significantly, these experiments mimic pre-incorporation protocols commonly used
in transport studies of highly lipophilic ionophores'’. However, under these extended
incubation conditions, the protonophores were still administrated via the extravesicular
environment, a crucial consideration when evaluating their pharmaceutical potential and

deliverability.

The results from the 300 s incubation assay provide the clearest distinction in proton
transport rates between the 3,5- and 3,4-substituted aryl amides. Notably, compound 3, which
exhibited relatively modest proton transport rates during shorter incubation periods, emerged
as the third most active compound after the extended incubation, achieving an initial rate of

8.71 % s~'. Compounds 1 and 2 maintained the highest rates, with values of 12.59 % s™! and
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18.05 % s, respectively. In contrast, the 3,4-substituted analogues consistently exhibited
slower transport rates. Compound 4 remained the least active of the series, achieving an initial

rate of 6.82 % s~ ! after 300 s of incubation.

The constants D, representing the rate enhancement after 30 s incubation, and 7,
representing the rate enhancement between 30 and 300 s, were calculated to quantify the effects
of incubation time on the initial proton transport rate. The values of D and T are larger for the
3,5-substituted aryl amides (1-3) than for the 3,4-substituted compounds (4 and 5), indicating
that the 3,5-substituted aryl amides require more time to insert into the lipid bilayer and benefit
more from extended incubation. This trend highlights a key distinction between the two classes
of aryl amides. While the 3,4-substituted compounds appear to integrate more rapidly into the
membrane, their overall rate of proton transport remains lower than that of their 3,5-substituted
counterparts. Values of 7' < 1.0 for 4 and 5 indicate that the proton transport rates of these

compounds decrease with an extended incubation.

The results suggest that the aryl substitution pattern plays a crucial role in both the
membrane insertion dynamics and the proton transport rates achieved by compounds 1-5. This
role goes beyond lipophilicity, as the logP values calculated for the compounds (Table 3) vary
minimally across the series. The 3,5-substituted compounds take longer to insert into the
membrane, but once fully incorporated, they transport protons at a markedly quicker rate than
their 3,4-substituted analogues. These differences in transport rate likely correlate directly with

the ability of the compounds to induce either mild or full mitochondrial uncoupling.
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2.7 Anion Binding Studies of Aryl Amide Esters Using '"H NMR

Titration

To identify possible causes of the different proton transports rates of the aryl amides,
the capacity of the compounds to self-assemble into membrane permeable anionic dimers was
studied, as this forms part of the rate-limiting step in their protonophoric cycle'?* *°, Dimer
formation occurs via hydrogen bonding between an amide NH from one aryl amide molecule
with the carboxylate group of another. Therefore, the carboxylate (acetate) affinity of the amide
groups in aryl amides 1-5 was assessed by 'H NMR titration experiments. Calculating anion
binding affinity involves dissolving the host molecule in an appropriate deuterated solvent
where solvent-host hydrogen bonding is minimised and sequentially adding the guest anion
into solution?* 18, As the guest anion is added, the hydrogen bond donor’s (in this case the aryl
amide NH) proton is shifted downfield, indicating hydrogen bond formation and complexation
with the anion. These changes in chemical shift can be plotted against the concentration of the
guest anion and by fitting the data into a 1:1 binding model, the binding constant (Ka) can be
calculated. A 1:1 binding model was considered most likely as this binding stoichiometry was

131

reported for the structurally related arylureas ”', however it is possible the arylamides bind to

acetate via a different arrangement.

Firstly, tert-butyl ester analogues of the aryl amides (1a-5a) were titrated against tert-
butyl ammonium acetate (TBAOAc) in acetone-d°. Compounds 1a-5a were selected rather
than aryl amide fatty acids 1-5 in order to minimise binding interactions between the carboxylic
acid group and the anion. Solutions were titrated with up to 10 equiv. of TBAOAc, and changes
in resonance attributed to the NH peak were tracked with increasing concentrations of
TBAOACc (Figure 18). The chemical shift of the aryl amide NH shifted downfield initially

before plateauing at higher equivalences. The changes in chemical shift were inputted into the
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Bindfit applet and fitted to a 1:1 receptor:guest binding model, which is an applicable model

to fit this dataset due to aryl amides having a single NH group acting as a hydrogen bond

donor'>. Since the aryl amide tert-butyl esters are used, there is no competitive dimerisation

occurring, which supports the use of this binding model further. The binding constants of each

aryl amide tert-butyl ester are displayed in Table S.
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Figure 18: 'H NMR titration spectra as a stack plot for aryl amide tert-butyl ester 2a +

TBAOACc in acetone-d® at 298 K. OAc™ binding constant determined was 936.59 M! which

was calculated by fitting the change in aryl amide N-H chemical shift to a 1:1 binding model

on bindfit'> with changing [OAc™] from 0-9 mM/mM equivalents guest/host.

47



Table 5: Anion binding constants (K/M™) of aryl amide ester’s to OAc™ in acetone-d® at
298K, calculated using a 1:1 binding model. Data represents mean + the uncertainty of the

fitted binding constant

Aryl Amide Ester Binding Constant (K/M™)
1 697 +£4.48
2 937 +£4.53
3 1310+ 0.95
4 953 +£3.60
5 926 +£10.05

As shown in Table 5, all aryl amides bound to acetate with moderate affinity, but there
was no clear distinction between the 3,5- and 3,4-substituted aryl amides. Indeed, the full
uncoupler 3 had to the lowest acetate affinity in the series and the mild uncoupler 5 had the
highest acetate affinity. Solvent choice for binding affinity studies is vital to ensure it does not
provide a competing environment for forming hydrogen bonds'®. Acetone-d® was used as a
solvent for '"H NMR titrations rather than CDCIl3 to minimise competitive Cl~ binding.
However, acetone-d® is more polar and can act as a hydrogen bond acceptor, therefore opening
the possibility of it competing with OAc™ for the hydrogen bonding of the aryl amide NH.
Water is also one of the most competitive solvents for anion binding and if deuterated solvents
are not adequately dried, it can weaken anion binding affinity of the host molecule!¢%-1!,
Lastly, it is possible that some aryl amide esters are forming dimers with each other in this
titration study, which in theory would impact their ability to bind to OAc"™.

Despite there being no clear distinction between anion binding affinities of these aryl
amides to OAc™, investigating their ability to form dimeric complexes may be more appropriate

to reflect their activity in vitro and in HPTS assays, considering these dimers facilitate the

movement of these aryl amides through lipid bilayer membranes.
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2.8 Dimerisation Constants of Mild and Full Uncouplers

To further investigate whether aryl amide dimerisation impacts proton transport rate
and subsequently mitochondrial uncoupling activity, concentration-dependent 'H NMR studies
of 1-5 in CDCIl3 were conducted. Deprotonation of the aryl amides was induced using 1 equiv.
of tetrabutylammonium hydroxide (TBAOH). Increasing concentrations of (1-5)-TBAOH
from 5 uM — 5 mM caused downfield shifts in the resonances attributed to the aromatic C-H
protons. The concentration-dependant shifts in these resonances were fitted into a monomer-

dimer aggregation model to give dimerization constants for 1-5 (Table 6)'>°.

Table 6: Dimerisation constants of 1-5 calculated from the aromatic C-H peak chemical
shifts of deprotonated 1-5 at 5 uM — 5 mM in CDCIs when fitted into a monomer-dimer

aggregation model'*® 162,

Aryl Amide Dimerisation Constant (M) Error (%)
1 8270 +21.30
2 8480 +15.66
3 9290 +17.75
4 2820 +23.57
5 2360 +11.51

Echoing the trends seen in previous experiments, the 3,5-substituted aryl amides 1, 2
and 3 had greater dimerisation constants than 3,4-substituted aryl amides 4 and 5. Compound
3 with a 3,5-dichloro head group had the greatest dimerisation constant of 9290 M whilst its
3,4-substituted counterpart 5 had the weakest dimerisation constant with 2360 M '. Aryl
amides 1-3 appear to form head-to-tail dimers more readily, in turn improving their
protonophoric abilities as they can facilitate proton transport at a greater rate in comparison to
mild uncouplers 4 and 5. However, this "H NMR dimerisation study does not explain whether

the rate-limiting step of the protonophoric cycle of these aryl amides is dimer formation or the
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speed in which these dimers move through bilayer membranes to complete the flip-flop
diffusion. How substitution pattern impacts the hydrogen bond donor ability of the aryl amide

NH when forming these dimeric complexes could also be explored further.

2.9 Computational Evaluation of Aryl Amide Dimers

For aryl amides to facilitate proton transport through the MIM, forming membrane
permeable dimeric complexes and appears to be a key determinant in uncoupling ability. In
order to determine the energetics of dimer formation, a computational evaluation of the aryl
amide dimers was performed. Binding energies of dimers formed by a protonated and
deprotonated aryl amine were evaluated using Gaussian 16! at the M062x-D3/6-
31G(d,p)//M062X-D3/6-311++G(2df,2p) level of theory. Complexes were examined in both
water (to mimic the intermembrane space/matrix) and benzene (to mimic the membrane
environment) using implicit solvation. In the hydrophilic environment, dimer formation of 3,5-
substituted aryl amides 1-5 was more energetically favourable in comparison to 3,4-substituted
aryl amides 3 and 5 (Table 7). However, in the hydrophobic environment this trend is not as
apparent, as some 3,4-substituted aryl amides formed more stable dimers than 3,5-substituted
aryl amides. Namely, mild uncoupling aryl amide 4 had a binding energy of -143.3 kJ/mol
whilst in comparison full uncouplers 1 and 3 had lower binding energies of -131.5 kJ/mol and

-128.6 kJ/mol respectively.
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Table 7: Computational evaluation of aryl amides 1-5 dimer formation in water and benzene
environments at the M062x-D3/6-31G(d,p)//M062X-D3/6-311++G(2df,2p) level of theory.

Binding energy calculations were conducted by Dr Katie Wilson and Aaron Pye.

Aryl Amide Binding Energy in Binding Energy in

Water (kJ/mol) Benzene (kJ/mol)
1 -87.1 -131.5
2 -95.6 -147.3
3 -87.9 -128.6
4 -86.5 -143.3
5 -85.9 -131.4

These fatty acid protonophores form dimeric complexes at the interface of the matrix,
which is hydrophilic. The differences in trends between the modelled membrane (benzene) and
solution (water) environments could be inferring that the rate-limiting step of the protonophoric
cycle for these aryl amides is the stability of dimer formation between carboxylate and amide
binding groups, rather than the rate of these dimers moving through the MIM. Specifically,
3,5-substituted aryl amides can form more stable dimers before moving across the MIM, which
leads to faster proton transport, as a result causing full mitochondrial uncoupling. In contrast,
3,4-substituted aryl amides form less stable dimers which causes proton transport rate to

decrease, thus leading to mild uncoupling.

Another factor that could influence the proton transport is the distribution and
orientation of electron density around the aromatic ring of aryl amides. Notably, changes in the
electron density can affect the NH group’s ability to act as a hydrogen bond donor when
forming a dimeric complex with a carboxylate. Measuring the dipole angle of the aromatic ring
relative to the amide hydrogen bond axis provides a measure of the partial positive charge of
the NH moiety, where a better alignment indicates a greater partial positive charge on the NH

group and therefore a stronger hydrogen bonding ability!64-166,
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To investigate this effect, the dipole angles of the aryl substituents relative to the amide
hydrogen bond axis of aryl amides 1-5 were calculated using Gaussian 16'%> at the M062x-
D3/6-31G(d,p)//M062X-D3/6-311++G(2df,2p) level of theory (Table 8). Due to aryl amides
1, 4 and 5 being unsymmetrical, the dipole angle will differ depending on their conformation.
Therefore, the average dipole angle of both conformers was used for these aryl amides after
accounting for the probability of the formation of each conformer, which was calculated using

the binding energies in each environment and applying them to a Boltzmann Distribution.

Table 8: Calculated dipole angles of aryl amides 1-5 at the M062x-D3/6-31G(d,p)//M062X-
D3/6-311++G(2df,2p) level of theory. Aryl amides 1, 4 and 5 are unsymmetrical molecules
and therefore can have two possible conformations. The dipole angle of each conformation for
these aryl amides was calculated and the probability of each conformer’s formation was
calculated using a Boltzmann Distribution. Displayed for the unsymmetrical aryl amides is the
average dipole angle after taking this into account. Initial dipole angle calculations were

conducted by Dr Katie Wilson and Aaron Pye.

Aryl Amide Dipole Angle in Benzene  Dipole Angle in Water

1 27.24° 19.12°
2 28° 21°

3 23.4° 16.7°
4 35.72° 27.91°
5 30.54° 22.4°

As shown in Table 8, the 3,5-substituted aryl amides 1-3 had smaller dipole angles than 3,4-
substituted aryl amides 4 and 5 in benzene and water environments. In both environments, mild
uncoupler 4 had the highest dipole angles of 35.72° and 27.91° whilst full uncoupler 3 had the
lowest dipole angles of 23.4° and 16.7°. The smaller dipole angles infer that the dipole of the
3,5-substituted aromatic ring aligns better within the polarisation of the aryl amide NH group,

therefore making the NH proton more positively polarised and more effective at forming strong
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hydrogen bonds. In contrast, the 3,4-substituted aryl amides had greater dipole angles in both
environments, inferring that the substituent’s dipole does not align as well with the polarisation
of the amide group. As a result, the 3,4-substituted aryl amide’s NH group is generally weaker

at forming hydrogen bonds in comparison to the 3,5-substituted aryl amides.

The differences in dipole alignment with the aryl amide NH group, correlates directly
with the "H NMR dimerisation study (Table 6), where 3,5-substituted aryl amides 1-3 had
greater dimerisation affinities than 3,4-substituted aryl amides 4 and 5. Therefore, this
computational evaluation provides justification as to why 3,5-substituted aryl amides form
more stable dimeric complexes in comparison to 3,4-substituted aryl amides. As a result of
their more energetically efficient dimer formation, 3,5-substitued aryl amides transport protons
across bilayer membranes at a faster rate, causing full mitochondrial uncoupling in vitro. In
contrast, 3,4-substituted aryl amides form less stable membrane permeable dimers, which
slows down their rate of proton transport across bilayer membranes, thus leading to mild

uncoupling.
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2.10 Summary and Conclusions

The data presented in this chapter introduces the concept of proton transport rate being
a key determinant of full or mild mitochondrial uncoupling in aryl amides, a new class of fatty
acid protonophores. Despite only small structural changes in substitution pattern between
analogues in library 1, great differences in in vitro activity were observed. Firstly, aryl amides
1-3 significantly decreased cell viability of MDA-MB-231 breast cancer cells in MTS assays
at 10-40 uM, whilst 4 and 5 showed no activity at all test concentrations. These aryl amides
also differed in their ability to impact mitochondrial function of MDA-MB-231 cells. All aryl
amides 1-5 along with classical protonophores CCCP and DNP increased OCR, which is
consistent with mitochondrial uncoupling. However, the extent in which 1-5 depolarised

mitochondria varied in JC-1 assays.

Whilst aryl amides 1-5 had similar JC-1 ICso’s to CCCP and DNP, which is a measure
of uncoupling potency, the maximum level of depolarisation achieved by each compound
varied significantly. Emax values of 3,5-substituted aryl amides 1-3 along with DNP and CCCP
were below 15%, whereas 3,4-substituted aryl amides 4 and 5 Emax values ranged between 20-
35%. These Emax values appeared to represent their maximum level of uncoupling activity, as
they appear to plateau at higher concentrations in JC-1 dose-response curves. Therefore, 3,5-
substituted aryl amides 1-3 act as full uncouplers with similar activity to classical uncouplers
DNP and CCCP, whereas 3,4-substituted aryl amides 4 and S could only cause partial

depolarisation which indicates mild uncoupling is occurring.

Assessing intracellular ATP production of MDA-MB-231 cells when treated with 1-5
distinguished between full and mild uncoupling further. Aryl amides 1-3, DNP and CCCP
significantly inhibited intracellular ATP levels. This is consistent with full mitochondrial

uncoupling, as protons are transported from the intermembrane space across the MIM by these
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protonophores and bypass ATP synthase, thus preventing sufficient energy for the catalysis of
ADP to ATP. Aryl amides 4 and 5 on the other hand failed to affect ATP production. Since 4
and 5 increased OCR and depolarised mitochondria without inhibiting ATP production, they

are acting as mild mitochondrial uncouplers.

The differences which distinguish full and mild uncoupling is largely unknown, as most
definitions in the literature of mild uncoupling simply refer to either differences in impacting
ATP production or being “self-limiting” by diffusing out of mitochondria as depolarisation
occurs”®101:106-107 Tt was hypothesised that the proton transport rates when facilitated by these
aryl amides may determine full or mild uncoupling. If full uncouplers are carrying protons
across the MIM at a faster rate in which the ETC pumps protons into the intermembrane space,
the proton gradient dissipates and fails to provide ATP synthase with sufficient energy to
produce ATP. However, mild uncoupling could occur if protons are transported across the
MIM at a slower rate, in which there is sufficient energy to produce ATP whilst still inducing

cellular effects such as increased OCR and partially depolarising the MIM.

HPTS assays were used to assess the proton transport mechanisms of aryl amides 1-5.
The ECso values of 1-5 in HPTS assays partially correlated with the JC-1 ICso concentrations,
where aryl amides 1 and 2 had the lowest ECso concentrations from library 1. Hill coefficients
of 1-5 ranged from 1.4 to 1.8, indicating a 2:1 transporter:proton stoichiometry which is
consistent with the fatty-acid dimer transport mechanism proposed by previous research into
aryl urea fatty acids®> 12+ 128, Despite having the same mechanism of movement through bilayer
membranes, the initial rates of proton transport conducted by 1-5 varied. 3,5-substituted aryl
amides 1-3 achieved faster rates of proton transport in comparison to 3,4-substituted aryl

amides 4 and 5 when accounting for delayed bilayer membrane insertion. These differences in
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transport rate correlate directly with the in vifro data, where these aryl amide’s induced either

full or mild mitochondrial uncoupling.

To identify possible causes for these different proton transport rates, 'H NMR titrations
were conducted to first assess the binding affinity of the aryl amide tert-butyl esters 1a-5a with
OAc". However, there was no clear distinction between 3,4-substituted and 3,5-substituted aryl
amides. To explore this further, their dimerisation constants were calculated when titrating
against TBAOH. 3,5-substituted aryl amides 1-3 had greater dimerisation constants in
comparison to 3,4-substituted aryl amides 4 and 5, inferring that dimer stability is a key factor

in their ability to facilitate proton transport.

Fatty acid protonophores form dimeric complexes with their carboxylate anion
counterpart in order to facilitate their movement back through bilayer membranes and
dissociate once reaching the other side of the membrane. To determine whether the rate-
limiting step of the protonophoric cycle of aryl amides 1-5 is the stability of these dimeric
complexes, a computational evaluation of aryl amide dimers was performed. 3,5-substituted
aryl amides 1-3 appeared to have more energetically favourable dimer formation than 3,4-
substituted aryl amides 4 and 5 in a hydrophilic environment which mimics the intermembrane
space/matrix. However, this trend was not apparent in a hydrophobic environment which
mimics the bilayer membrane. This could be inferring that the rate-limiting step of the
protonophoric cycle for aryl amides is the formation of the dimers at the interface of the matrix

rather than their actual rate in which these dimers transport across the membrane.

However, the only structural differences between aryl amides 1-3 and 4 and S is
substitution pattern, which appears to be impacting their dimer formation, proton transport rate

and subsequently mitochondrial uncoupling ability significantly. Comparing dipole angles of
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substituents on the aromatic ring relative to the amide hydrogen bond axis appeared to explain
this effect. 3,5-substituted aryl amides 1-3 had lower relative dipole angles than 3,4-substituted
aryl amides 4 and 5 in benzene and water environments. Thus, inferring that the dipole of 3,5-
substituents aligned with the aryl amide NH’s dipole vector better, thus improving its hydrogen
bond donor ability. In contrast, the larger dipole angles of 3,4-substituents infers their
misalignment with the dipole vector of the amide group, therefore weakening the NH’s

hydrogen bond donor ability.

This correlates directly with their calculated dimerisation constants and binding
energies, where 3,5-substituted aryl amides 1-3 are able to form more energetically favourable
dimers in comparison to 3,4-substituted aryl amides 4 and 5. As a result of this, 1-3 are able to
transport protons across bilayer membranes at a faster rate and achieve maximal proton
transport at lower concentrations in comparison to 4 and 5. Thus, impacting their cellular
effects, where 1-3 act as full mitochondrial uncouplers since they inhibit ATP production,
increase OCR and depolarise the MIM greatly. In contrast, 3,4-substituted aryl amides 4 and 5
form less stable membrane permeable dimers to facilitate proton transport across bilayer
membranes, thus hindering their rate of proton transport. As a result, they act as mild
uncouplers as they still cause an increase OCR but without decreasing intracellular ATP levels

and only partially depolarising the MIM.

These findings provide insight into the differences in efficiency between mild and full
mitochondrial uncouplers in a scaffold of aryl amide fatty acid protonophores. As a result, this
newfound understanding of proton transport rate being a key determinant in uncoupling ability
will assist in identifying uncouplers for their therapeutic uses and widens the structural

diversity of fatty acid protonophores.
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CHAPTER 3
Investigation of the Effect of Chain Length

on the Mitochondrial Uncoupling Ability of
Aryl Amides




3.1 Background

As discussed in Chapter 1, there is increasing interest in recent years to develop mild
mitochondrial uncouplers that can be used for therapeutic interventions in humans without the
toxicity concerns of full uncouplers such as DNP. For example, within the past 5 years several
‘safe’ uncouplers such as BAMI15 and its derivatives SHC517, SHM115 and SHD865 have
been tested in vivo for their anti-obesity properties. These agents were generally well-tolerated
in mice and showed promising activity in mouse models of obesity, but their short half-lives
between 44 min — 1.4 h limits their clinical use!'* 8120, Thus, there remains an urgent need
for safe and effective mild mitochondrial uncouplers with pharmacokinetic profiles suitable for

use in humans.

Aryl amides 4 and 5 introduced in Chapter 2 acted as mild uncouplers, however their
physicochemical properties suggest these compounds are not ‘drug-like’ and will have poor
pharmacokinetic profiles (see Table 9). For drugs to be orally bioavailable and drug-like, they
must adhere to lipinski’s rule of 5 where number of hydrogen bond acceptors, hydrogen bond
donors, rotatable bonds, molecular weight and logP can impact drug absorption'¢’-1%8. As
shown in Table 9, these aryl amides are too lipophilic and have too many rotatable bonds to
be considered drug-like, which largely arises from the long alkyl chain. Interestingly, the aryl
amides share structural similarities to Vorinostat (Figure 19), an orally bioavailable drug
currently used in Australia to treat cutaneous T-cell lymphoma (CTCL)!'%°. Vorinostat has a
terminal aryl amide moiety and hydroxamic acid group (a bio-isostere of carboxylic acid)
connected by a C8 chain. Although Vorinostat has a different use, its similar structure to aryl

amides invokes the hypothesis that shortening the C18 chain of the aryl amides may make them

drug-like molecules with acceptable oral bioavailability’s. Therefore, the aim of this chapter
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was to develop a series of chain-shortened aryl amides and assess their protonophoric activities

in cell, vesicle and animal models.

Table 9: Physiochemical properties of aryl amides 4 and 5 in relation to Lipinski’s Rule of

Five. The table presents calculated LogP (CLogP), molecular weight (MW) and number of

hydrogen bond acceptors (HBA), hydrogen bond donors (HBD) and rotatable bonds (RB)
Aryl Amide  CLogP MW HBA HBD RB

4 7.27 492.02 2 2 16
5 6.94 458.46 2 2 16
Y\/\/\)J\ﬁ’
0

Figure 19: Structure of Vorinostat

3.2 Design of Short Chain Aryl Amides — Library 2

To develop a more drug-like mild uncoupler, a series of aryl amides with three chain
lengths were studied: C16, C12 and C8 (Figure 20). Since Vorinostat has a C8 hydrocarbon
chain and had favourable pharmacokinetics in vivo, C8 aryl amides were synthesised along
with intermediate lengths of C12 and C16. Table 10 displays the physiochemical properties of
aryl amides 6, 10 and 14, with each having a 3-chloro-4-trifluoromethyl headgroup and chain
lengths of C16, C12 and CS8 respectively. By removing four carbons from the hydrocarbon
chain of these aryl amides, LogP decreases by 1.75-1.34 and the number of rotatable bonds
decrease by 4. In contrast to aryl amides 4 and 5, aryl amides 10 and 14 satisfy Lipinski’s Rules
as LogP is less than or equal to 5 and the number of rotatable bonds is less than or equal to
10'67-168  Aryl amide 6 does not satisfy Lipinski’s Rules due to its high LogP of 6.76 and having

14 rotatable bonds and is therefore unlikely to have favourable oral bioavailability. Substituents
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used were consistent with long chain (C18) aryl amides, with CI- and CF3- groups in the 3,4-

position, since this substitution pattern influenced mild uncoupling as outlined in Chapter 2.

O

HOW NP
o) n £
cl CFy CF; c
6 7 8 9

cl CFs CF4 cl
(n=5) % CFs i : ci g : :CF:; L' : :CI
11 12

17

Cl CF, CF; Cl
(h=1) % : :CF3 'S : :0| % : :CF3 Y : :CI
15 16
Figure 20: Chemical structures of short chain aryl amides in Library 2

Table 10: Physiochemical properties of aryl amides 6, 10 and 14 in relation to Lipinski’s Rule
of Five. The table presents calculated LogP (CLogP), molecular weight (MW) and number of
hydrogen bond acceptors (HBA), hydrogen bond donors (HBD) and rotatable bonds (RB).
CLogP values were calculated using ALOGPS 2.1'36,

Aryl Amide CLogP MW HBA HBD RB
6 6.76 463.97 2 2 14
10 5.01 407.86 2 2 10
14 3.67 351.75 2 2 6
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3.3  Synthesis of Short Chain Aryl Amides

Shorter chain aryl amides 6-17 were synthesised as depicted in Scheme 2. Due to the
commercial availability of 16-(fert-butoxy)-16-oxohexadecanoic acid (20), 12-methoxy-12-
oxododecanoic acid (21) and 8-methoxy-8-oxooctanoic acid (22), aryl amides 6-9, 11 and 14-
17 were synthesised and characterised using a similar procedure proposed in Chapter 2.2.1
involving COMU coupling (reaction 1) and ester hydrolysis (reaction ii or c). However, the
ester-protected precursor 21 was not as widely commercially available and therefore aryl

amides 10, 12 and 13 required a more extensive synthesis (reactions a, b, 1 and ¢).
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Scheme 2: General reaction scheme for the synthesis of shorter chain aryl amides 6-17. a)
CHzsl, acetone, 80 °C, 5 h. b) Jones reagent, acetone, 0 °C, 4.5 h. i) Substituted aniline, COMU,
ETsN, DMF, RT, 3 h. ¢) NaOH, EtOH, 40°C, 4 h. ii) TFA, RT, 3 h
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In order to synthesise C12 aryl amides 10, 12 and 13, the first reaction involved the
esterification of 12-hydroxydodecanoic acid (18) in the presence of iodomethane and
potassium carbonate (K2CO3) in acetone (reaction a, Scheme 2)!7°. Initially, 1 mol of
iodoethane was added to the reaction mixture and the reaction was refluxed for 5 hours at 80
°C. However, upon isolating the product after liquid-liquid extraction and analysing its 'H
NMR spectrum, remnants of 18 were present which indicated the reaction had not reached
completion. Due to iodomethane’s low boiling point of 42.5 °C, it likely evaporated before it
could be subjected to nucleophilic substitution. To rectify this, sequential addition of 0.5 mol
of iodomethane was added at the beginning of the reaction and the remaining 0.5 mol was
added 2.5 hours later to ensure the reaction reaches completion before iodomethane
evaporated'”!. As a result, methyl-12-hydroxydodecanoate (19) was successfully isolated as a

white solid in high yield (85%).

Step b in the synthesis of the C12 aryl amides (Scheme 2) involved oxidising the
primary alcohol group of 19 to a carboxylic acid using jones reagent®’. Jones reagent is a
mixture of chromium trioxide in diluted sulfuric acid which forms chromic acid in situ'’2. Only
very acid-sensitive functional groups are incompatible with this oxidation, therefore allowing
for the methyl ester group to remain unchanged. As the reaction proceeded the solution turned
from red to green over time, which indicates the chromium has reduced from 6" to 3" whilst
the alcohol group was oxidised to form an aldehyde initially, then converted into a carboxylic
acid after 4.5 hours. After celite filtering and liquid-liquid extraction, 21 was isolated with

nearly quantitative yield (98%)

Reaction 1 (Scheme 2) was covered extensively in Chapter 2.2.1, where COMU

coupling was used to convert the COOH group to an amide and introduced an aromatic ring to
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the fatty acid structure. This was followed by de-protection of the methyl ester through base-
catalysed hydrolysis using NaOH (reaction ¢, Scheme 2)!7*. The reaction involved adding 1 M
NaOH dropwise to the aryl amide methyl ester in ethanol (EtOH) to cleave the ester bond and
form a carboxylate ion. By acidifying with HCI, the carboxylate ion protonates to form a
carboxylic acid group in which the aryl amides precipitated in solution. Completion of the
reaction was characterised by the disappearance of the methyl ester peak and appearance of the
COOH peak in both 'H and '*C NMR spectra (see appendix). The purity of all aryl amides

was determined to be >95% by qNMR spectroscopy prior to in vitro testing.

3.4  Effects of Short Chain Aryl Amides on AW,

The ability for short chain aryl amides to depolarise mitochondria was investigated in
vitro using a JC-1 assay, as outlined in Chapter 2.3. For these studies L6 rat skeletal muscle
cells were used as the primary aim of this library was to develop drug-like mild uncouplers as
potential weight loss drugs. JC-1 dose-response curves are shown in Figure 21, and the relative

1Cso concentrations and Emax values are summarised in Table 11.

Alkyl chain length appears to affect the ability of aryl amides 6-17 to depolarise the
MIM. The C16 aryl amides 6-9 induced the greatest depolarisation relative to control in the
series, with A%m decreasing to 8-20 % of control and were the most potent of the short chain
aryl amide series with relative ICso values were between 1.7-6.9 uM (Figure 21 panel a and
Table 11). This extent of depolarisation along with similar ICso concentrations were exhibited
by C18 aryl amides 1-3 as well as DNP and CCCP, which suggests that 6-9 act as full
mitochondrial uncouplers.

In contrast, C12 aryl amides 10-13 partially depolarised the MIM, with A¥m decreasing

to 18-36 % along with higher relative ICso’s between 9.4-27.5 uM in comparison to 6-9. This

65



extent of depolarisation was also exhibited by C18 aryl amides 4 and 5 which were
characterised as mild uncouplers in Chapter 2, where membrane potential was decreased to
21-35 % with relative ICso’s between 5.5-9.2 uM. However, it is important to note that for aryl
amides 12 and 13, their effect on A¥m did not plateau at higher concentrations in comparison
to 10 and 11 and due to solubility limitations, they could only be tested at a maximum
concentration of 100 uM. Therefore, the characterisation of 12 and 13 as mild uncouplers based

solely on the JC-1 data is not as definitive compared to other aryl amides in this library.

Lastly, the C8 aryl amides 14-17 had the weakest impact on A¥m and were largely inactive.
These compounds depolarised the MIM to 71-85% of control at the highest test concentration
of 100 uM, and therefore relative ICso concentrations could not be determined. CCCP and DNP
were also tested in L6’s cells and depolarised the MIM to a similar extent as in MDA-MB-231
cells outlined in Chapter 2 (see Table 11). Therefore, as chain length decreases the ability for

aryl amides 6-17 to impact AWm weakens.
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Figure 21: Dose response curves of membrane depolarisation induced by aryl amides in L6
rat skeletal muscle cells using a JC-1 assay: a) C16 aryl amides 6-9. b) C12 aryl amides 10-13.
¢) C8 aryl amides 14-17. Data represents the mean + SEM of 3 independent experiments
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Table 11: Effect of aryl amides 6-17, DNP and CCCP on A%Wm in L6 rat skeletal muscle cells
using a JC-1 assay. Concentrations of aryl amides tested were between 1-100 puM. Data

represents the mean = SEM of 3 independent experiments.

Compound Relative JC-1 ICso (nM) Emax (%)
6 1.68 £0.12 7.98+1.2
7 2.41£0.40 12.8+1.5
8 6.88 £0.84 19.7+1.3
9 2.52+0.58 10.9 £0.85
10 9.36 £0.22 344+52
11 22.4+3.6 36.1£4.2
12 18.6+5.2 244425
13 27.5+10 179+2.2
14 > 100 82.8+3.8
15 > 100 76.4+1.5
16 > 100 74.4+4.5
17 > 100 84.7+3.8
DNP 9.84 +£0.24 12.80 £ 1.36
CCCP 0.65+1.12 10.21 £1.18

Altering alkyl chain length of aryl substituted fatty acid protonophores has been an area
of interest in recent years. A study on the effect of altering carbon chain length of an aryl urea
fatty acid with the same head group as aryl amides 6, 10 and 14 was published by Murray et al
in 2019'%. The study tested chain lengths between C16-C10 and found that relative JC-1 ICso0’s
ranged between 3.5 = 1.2 uM to 7.6 = 1.1 uM for aryl ureas with C16-C12 alkyl chains.
However, the two shortest alkyl chain analogues (C11 and C10) were ineffective in
depolarising the MIM with relative I1Cso’s of 113 £ 1 uM and 99 = 1 uM respectively,
displaying a lack of activity similar to C8 aryl amides 14-17'3°. Following this, a similar chain
length study published in 2024 by Elmaghrabi et al investigated the in vitro effects of altering
alkyl chain length of an aryl urea with a 3-chloro-5-trifluoromethyl head group (the same

headgroup as aryl amide 1)'74. The study tested alkyl chain lengths C16-C11 and found that
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C14 and C13 aryl ureas were the most potent in JC-1 assays, with ICso’s 0f 4.9 +£ 0.9 pM and

4.8 + 0.8 pM respectively!”.

Interestingly, the most potent aryl amides of the C16 and C12 analogues (6 and 10)
both had the same 3-chloro-4-trifluoromethyl head group. Similar results were seen in Chapter
2, where pairing of 3,4- or 3,5-substituted chloro- and trifluoromethyl- substituents led to
greater potency in comparison to their other 3,4- or 3,5-substituted counterparts consisting of
dichloro or bis-trifluoromethyl substituents. For aryl ureas and their derivatives, 3,4- or 3,5-
substituted chloro- and trifluoromethyl- substituents appear to improve potency and promote
mitochondrial dysfunction in vitro. This is consistent with the findings of Rawling et al in 2020,
where it is reported that aryl urea substituted fatty acids with 3-trifluoromethyl-4-chloro and 3-
trifluoromethyl-5-chloro head groups were the most potent in JC-1 assays, with relative JC-1
ICs0’s of 4.51 = 1.1 uM and 2.9 + 1.1 uM respectively'?*. An SAR study conducted by York
et al published in 2022 involved adding substituents to a bis-aryl urea known as SR4 also found
that analogues with 3,4- and 3,5- substituted chloro and trifluoromethyl groups were more
potent compared to other 3,4- or 3,5- substituted counterparts, with JC-1 ICso’s between 0.26
£ 0.1 uM to 1.24 £ 0.3 uM!'”. These particular head groups have also been effective in
improving anti-cancer properties of other aryl urea derivatives such as with aryl carbamate

fatty acids, bisaryl square amide, amide and diureas and aryl urea CTU?% 132176,
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3.5 Effects of Short Chain Aryl Amides on ATP Production

The JC-1 data indicated that generally the C16 aryl amides act as full uncouplers, the
C12 aryl amides as mild uncouplers, and the C8 aryl amides were inactive. To further support
these findings, the effects of the aryl amides 6-17 on intracellular ATP production in L6 cells
was assessed using a Cell-Titer Glo assay (Figure 22). L6 cells were treated with each aryl
amide at concentrations at least double their relative JC-1 ICso concentration and intracellular
ATP levels were monitored over 6 hours. Full uncouplers were expected to lower ATP levels
in L6 cells, while mild uncouplers and inactive compounds were expected to have no effect on

ATP production.

Similar to the JC-1 data, chain length appeared to greatly affect the extent of which aryl
amides affected ATP production. C16 aryl amides 6-9 significantly decreased ATP production
with the exception of 8 (Figure 22 panel a). Interestingly, 8 had the depolarised the MIM in
JC-1 assays to 19.7 £ 1.3 % of control, the lowest Emax in comparison to other C16 aryl amides.
In contrast, shorter chain aryl amides 10-17 (C12 and C8) did not significantly affect ATP
production (Figure 22 panels b and ¢) with the exception of 13. Out of the C12 aryl amides,
13 also had the lowest Emax in JC-1 assays with 17.9 £2.2 %.

It appears as though chain length also plays a significant role in determining mild or
full uncoupling. C16 aryl amides 6,7 and 9 and C12 aryl amide 13 decreased A%¥m to a greater
extent and significantly inhibited the production of ATP, similar to full uncoupling aryl amides
1-3 in Chapter 2. C12 aryl amides 10-12 on the other hand along with C16 aryl amide 8
partially depolarised the MIM AWn and did not affect ATP production significantly, similar to
mild uncoupler aryl amides 4 and 5 in Chapter 2. Lastly, C8 aryl amides 14-17 were inactive
in ATP assays. This finding is consistent with the JC-1 assay data where 14-17 only partially

depolarised mitochondria at the highest test concentration of 100 uM.
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Figure 22: ATP production in L6 cells treated with aryl amides 6-17 at least double their JC-
1 ICso concentrations for 6 hours. a) ATP production when treated with C16 aryl amides 6-9.
b) ATP production when treated with C12 aryl amides 10-13. ¢) ATP production when treated
with C8 aryl amides 14-17. Data represents the mean = SEM of 3 independent experiments.
Different from DMSO control: (*) P <0.05, (**) P <0.01, (***) P <0.001
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3.6 Effects of Short Chain Aryl Amides on Cellular Respiration

Next, seahorse assays were used to further characterise the effects of aryl amides 6-17
on mitochondrial function in L6 cells. Chain shortened aryl amides with the 4-chloro-3-
trifluoromethyl substituted aryl rings were selected (6, 10 and 14) as this substitution pattern
produced the most potent analogues within each chain length series in JC-1 assays. L6 cells
were treated with each aryl amide at concentrations at least double their JC-1 ICso and OCR,
ECAR and PER were monitored over three hours. The ECAR measures the rate in which
protons are released by cells into the extracellular environment. ECAR is generally considered
to be proportional to the rate of glycolysis and is expected to increase when OXPHOS is
inhibited!””!"8, However, other sources of acidification within cells and pH changes within the
media heavily impact ECAR!”. Real-time ECAR data can be transformed into PER, which
accounts for the buffer capacity of the media and sensor system and volume scaling factor!'””-
78 PER is the sum of protons from glycolysis-derived lactate, OXPHOS-derived CO:

generation and other proton leaking pathways'®’.

As shown in Figure 23 panel a, aryl amides 6 and 10 and classical full uncouplers DNP
and CCCP increased OCR of L6 cells compared to control. In contrast, the shortest chain
analogue 14 did not impact OCR, which was expected due to its inactivity in all other in vitro
assays. Thus, providing further confirmation that aryl amides 6 and 10 are acting as

mitochondrial uncouplers.
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Figure 23: Seahorse assay analysis of mitochondrial function of L6 cells relative to DMSO
control when treated with aryl amides 6, 10 and 14 for 3 hours. a) OCR of L6 cells. b) ECAR
of L6 cells. ¢) PER of L6 cells. Aryl amides were compared against classical full uncouplers

CCCP and DNP and a 0.1% DMSO vehicle containing no uncouplers as a control.
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The ECAR and PER of L6 cells when treated with aryl amides 6, 10 and 14 as well as
DNP and CCCP were measured (Figure 23 panels b and ¢). DNP and CCCP produced
immediate increases in ECAR and PER, while ECAR and PER increased slowly in L6 cells
treated with the C16 aryl amide 6. At the end of the assay, all 3 compounds appeared to reach
similar levels, indicating that OXPHOS has been inhibited and to compensate, L6 cells increase
glycolytic activity to produce ATP anaerobically. Similar to the OCR data, aryl amide 10 also
increased ECAR and PER compared to control whilst 14 had minimal effects on ECAR and
PER compared to control since it has been inactive in all in vitro assays. Overall, the Seahorse
assay data provides confirmation that aryl amides 6 and 10 are acting as mitochondrial

uncouplers as they inhibit OXPHOS which in turn caused an increase in OCR, PER and ECAR.

The Seahorse data, in combination with the JC-1 and ATP data, allow for a detailed
characterisation of the effects of the aryl amides on mitochondrial function in L6 cells. The
C16 aryl amides 6, 7 and 9, and the C12 aryl amide 13 all produced similar effects to CCCP,
DNP and aryl amides 1-3 in Chapter 2. All of these compounds had Emax values below 17.9 +
2.2 % in JC-1 assays and significantly inhibited ATP production in L6 cells, thus acting as full
uncouplers. In contrast, C12 aryl amides 10-12 and C16 aryl amide 8 produced results similar
to aryl amides 4 and 5 in Chapter 2. Each of these compounds had Emax values between 19.7
+ 1.3 % and 36.1 + 4.2 % in JC-1 assays and lacked the ability to inhibit ATP production, thus
acting as mild uncouplers. Aryl amides 6 and 10 increased OCR, ECAR and PER in L6 cells,
confirming that they are acting as mitochondrial uncouplers and not causing these
mitochondrial effects through an alternative mechanism. C8 aryl amides 14-17 appeared to be
inactive in vitro, as they failed to affect A¥Ym, ATP production or OCR in L6 cells. Thus,
confirming that they are not acting as mitochondrial uncouplers and affirms the importance of

the lipophilicity of protonophores in order to effectively inhibit OXPHOS.
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3.7 Effects of Short Chain Aryl Amides on Cell Viability

Since aryl amides 1-3 were shown to significantly decrease cell viability in vitro, the
capacity for short chain aryl amides to impact cell viability of L6 rat skeletal muscle cells was
assessed using an MTS assay as outlined in Chapter 2. Short chain aryl amides had greater
solubility in cell culture media in comparison to C18 aryl amides, therefore a broader

concentration range (0.1-100 uM) was used.

Despite being tested at concentrations up to 100 uM, shorter chain aryl amides did not
significantly decrease cell viability of L6 cells with the exception of 12 which decreased cell
viability to 56.3 % at 100 uM (Figure 24). Due to all aryl amides 6-17 not decreasing cell
viability to below 50%, it can be assumed that the ICso of all short chain aryl amides is greater
than 100 uM. Therefore, shorter chain aryl amides do not appear to impact cell viability at high
concentrations (100 uM) to the extent that full uncouplers such as aryl amides 1-3 did at 40
uM. However, it is important to note that MDA-MB-231 triple negative breast cancer cells are
more susceptible to uncoupling due to its reliance on OXPHOS metabolism'®!. Since the aim
of this chapter was to develop a safe drug-like aryl amide, cell viability and ATP production

not decreasing for aryl amides 8 and 10-12 is encouraging.
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Figure 24: MTS cell viability of L6 rat skeletal muscle cells treated with: a) C16 aryl amides
6-9, b) C12 aryl amides 10-13, ¢) C8 aryl amides 14-17, at concentrations 1, 10 and 100 uM
for 24 hours. Data represents the mean = SEM of 3 independent experiments. Difference from

DMSO control: (*) P <0.05.
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In contrast to aryl amides, aryl ureas with chain lengths between C12-C16 were found
to induce apoptosis in MDA-MB-231 cells"**!*°. In Murray et al’s work in 2019 which
involved a chain length study with an aryl urea with the same head group as aryl amides 6, 10
and 14, having an alkyl chain greater than C11 decreased cell viability by preventing
completion of the cell cycle and impairing mitosis'*. In Elmagrahbi et al’s work in 2024 where
a chain length study on an aryl urea with the same head group as aryl amide 1 in Chapter 2
was conducted, only having an alkyl chain length greater than C12 decreased cell viability in
MDA-MB-231 cells'™. However, it is important to note that both studies involved studying
ATP production and conducting annexin V-FTIC/7AAD staining rather than MTS assays to
assess cell viability'*> 174, A possible reason for this difference between aryl ureas and aryl
amides could be that MDA-MB-231 cells are more susceptible to uncoupling in comparison to
L6 cells'®!. Alternatively, as covered extensively in Chapter 2, aryl ureas form parallel
hydrogen bonds to carboxylate anions to facilitate transport through the MIM, whereas aryl
amides bind via single hydrogen bonds with their NH group, therefore having relatively lower

carboxylate affinities which could impact their uncoupling ability.

3.8 Effect of Chain Length on Proton Transport Rate

In Chapter 2, it was proposed that the underlying factor that distinguishes full and mild
mitochondrial uncouplers is the rate at which they can transport protons across lipid bilayer
membranes. Therefore, the proton transport rates of the 4-chloro-3-trifluoromethyl substituted
aryl amides 6 (C16), 10 (C12) and 14 (C8) were investigated using the HPTS assay as outlined
in Chapter 2.6. As chain length appears to impact their activity in vitro, where shorter chain
length weakens aryl amide’s uncoupling ability, we hypothesised this is linked with their rate
of proton transport across the membrane based on our findings in Chapter 2. The initial proton

rate and ECso values are presented in Table 12.
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Table 12: Summary of HPTS transport data and CLogP of aryl amides 6, 10 and 14. CLogP
values were calculated using ALOGPS 2.1'°°. HPTS data was collected by Dr Daniel
McNaughton.

Uncoupler Initial Rate (0.5 mol%) (% s™) ECso (mol%) CLogP
6 5.30 0.0773 £ 0.011 6.7
10 0.06 1.76 £ 0.25 5.01
14 - - 3.63

C16 aryl amide 6 had the lowest ECso and fastest proton transport rate of 0.0773 £0.011
mol% and 5.30 % s! of the short chain aryl amide series. C12 aryl amide 10 was a poor proton
transporter, with an ECso approximately 100-fold greater than 6 and had a slow initial rate of
0.06 % s!. Lastly, C8 aryl amide 14 failed to act as a protonophore in HPTS assays, which is
consistent with its inactivity in vitro.

The in vitro and HPTS data infers that as chain length decreases, the rate of proton
transport facilitated by aryl amides 6, 10 and 14 decreases, in turn weakening their uncoupling
ability. A potential reason for is due to the decrease in LogP when removing CH2 molecules
from the hydrocarbon chain, since lipophilicity and molecular size affect anion transporter
activity!3* 182183 In previous studies, the activity of aryl ureas were abolished when having
polar substituents (even if they were also electron withdrawing) and by decreasing chain
length!?* 135 Therefore, the in vitro and HPTS data of the aryl amides 6-17 indicates that chain
length is an important determinant of protonophoric and mitochondrial uncoupling activity.
This finding is consistent with previous studies of the aryl ureas which found that alkyl chain
lengths below C12 diminished their ability to cause mitochondrial dysfunction in cancer

C6118135’ 174.
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3.9 In Vivo activity of Aryl Amide 10 in a murine model of obesity

The aim of this chapter was to develop a mild mitochondrial uncoupler based on the
aryl amide scaffold with the shortest possible chain length. From the cell-based studies
presented in Chapters 3.4-3.9, four chain shortened aryl amides were identified as mild
uncouplers - the C16 analogue 9 and C12 analogues 10, 11 and 12. From these aryl amides, 10
was selected for study in a mouse model of obesity as it has the shortest chain length and

greatest potency in JC-1 assays.

To conduct this study, four-week old female wild-type BALB/c mice were fed either a
high fat diet (HFD) (n = 8/group) or control chow (CC) for 12 weeks and were weighed weekly.
Aryl amide 10 was then administered to the mice by oral gavage daily at 1 mg/kg (low dose)
and 10 mg/kg (high dose) and the mice were weighed daily for a period of 3 weeks. The average
weight of the mice in each treatment group were then compared to control groups that
continued on either HFD or CC without administered doses of aryl amide 10. Fasting blood
glucose and insulin levels were also monitored as readouts of efficacy, similar to other safe
uncouplers tested in vivo such as BAM15 and SHC517'!'* 18, The results are presented in

Figures 25 and 26.

79



CC veh

-
- HFD veh
—_
e

30
Wobks days HFD low dose
. HFD high dose

c
= 25-
i
2
2
>
g 20-
oM

15

Figure 25: Body weight of female BALB/c mice on CC or HFD. Body weight was measured
weekly until aryl amide 10 was administered from week 12 onwards in low and high doses,
where body weight was then measured daily. Mice on CC diet and HFD veh were not
administered with 10. Data represents mean = SEM of 8 mice per group. In vivo data was

collected by Dr Richard Kim and Dr Chantal Donovan.
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Figure 26: Effects of low and high doses of aryl amide 10 on fasting blood glucose levels (a),
insulin levels (b) and calculated insulin resistance index (c¢) in mice. n=8 animals for all

treatment groups, data from one study. /n vivo data was collected by Dr Richard Kim and Dr

Chantal Donovan.
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The mice on the HFD appeared to increase in weight over the first 12 weeks, prior to
the administration of aryl amide 10. Upon receiving low and high doses of aryl amide 10, the
weight of on the HFD appeared to plateau and eventually decrease over the span of the next 3
weeks. The weight of the control mice (HFD veh) also followed the same trend and as a result,
the weight loss between mice administered with aryl amide 10 at both high and low doses was
not significantly different to control mice as per a one-way ANOVA stats test. The mice on a
CC diet appeared to increase in weight from weeks 1-10, then plateaued even after being
administered with 10. Aryl amide 10 did not affect fasting blood glucose levels while insulin
was increased by both low and high doses, although not significantly as per a one-way ANOVA
stats test. In comparison to safe uncouplers in the literature, BAM15, SHC517 and SHD86H5
were found to decrease body fat without affecting activity or food intake and significantly

affecting fasting blood and insulin levels!!* 118-119. 184,

The lack of in vivo activity of 10 may result from a lack of potency, poor
pharmacokinetics or both. Although the alkyl chain length of 10 was reduced to C12, it still is
on the cusp of having unfavourable bioavailability relative to Lipinski’s rule of five due to its
LogP of 5.01 and having 10 rotatable bonds (see Table 10)!¢7-1%® Furthermore, it is well known
that fatty acids with a hydrocarbon chain greater than 10 carbons bind to human plasma
albumin (HPA) and bovine serum albumin (BSA), which greatly reduces the concentrations of
unbound drug in the blood available for target engagement'®>187. Thus, the pharmacokinetics
of 10 needs to be studied further to investigate the lack of anti-obesity effects, such as half-life,
bioavailability and whether the uncoupler is being absorbed in the fats before exhibiting its
protonophoric effects. Pharmacokinetics has been a challenge for some mitochondrial
uncouplers such as BAM15, SHC517 and SHDS865 in vivo and have limited their potential

commercial use''* #1119 Vorinostat, which has a similar structure to aryl amides 14-17,
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exhibited suboptimal pharmacokinetics both such as low bioavailability (43% for humans and
11% in rats) and a short half-life of approximately 2 hours in both human and mice studies'®®.
Thus, developing a mild mitochondrial uncoupler for weight loss still remains a challenge for

the scientific community.
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3.10 Summary and Conclusions

The data presented in this chapter shows that chain length heavily impacts the ability
for aryl amides, a new class of fatty acid protonophores, to induce mitochondrial uncoupling
and the pharmacokinetics associated with chain length limit their potential use as anti-obesity
drugs. When assessing each chain length for their effects on cellular function of L6 rat skeletal
muscle cells, their protonophoric and uncoupling abilities differed. Aryl amides 6, 7 and 9 with
the longest chain length (C16) in this library along with C12 aryl amide 13 had Emax values
below 18 %, the lowest of Library 2. These aryl amides were also found to inhibit intracellular
ATP of L6 cells, similarly to aryl amides 1-3, DNP and CCCP, therefore confirming they act
as full uncouplers. In contrast, C12 aryl amides 6, 7, 9 and C16 aryl amide 13, partially
depolarised the MIM in JC-1 assays, with Emax values between 20 — 40 % and did not decrease
ATP production of L6 cells. This is consistent with aryl amides 4 and S, thus they are acting as
mild uncouplers. Lastly, aryl amides 14-17 with the shortest chain length in this library (C8)
were inactive in JC-1 and CellTiter Glo 2.0 assays, thus failing to decrease AWm and ATP

production of L6 cells.

Aryl amides 6, 10 and 14 were investigated further for their protonophoric actions. In
Seahorse assays, 6 and 10 along with DNP and CCCP caused an increase in OCR, ECAR and
PER in L6 cells, which is indicative of their ability to act as mitochondrial uncouplers.
Consistent with other in vitro assays, C8 aryl amide 14 failed to stimulate cellular respiration.
The reasoning behind this difference in uncoupling ability can be attributed to the rate of which
these aryl amides transport protons across the MIM. C16 Aryl amide 6 transported protons at
almost a 100-fold faster rate and 100-fold more potent based on its ECso in comparison to C12
aryl amide 10. Conducting a HPTS assay showed that shortening the chain length of aryl

amides slowed the rate in which they facilitate proton transport. Aryl amide 14 was unable to
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facilitate proton transport, proving that excessive shortening of the chain length of aryl amides
diminishes uncoupling ability, which was also seen in other fatty acid protonophores!?% 134-135,
Altering chain length to improve activity has been studied for other protonophores such as
ionic liquids, where although their mechanism of facilitating proton transport is different to
aryl amides, increased alkyl chain length improved mitochondrial disfunction'®’. Based on the
in vitro and HPTS data presented in this chapter, there is a clear reliance on logP/alkyl chain
length of aryl amides in order to maintain uncoupling ability which was also seen in aryl

ureas!3> 174,

Aryl amide 10 acted as a mild mitochondrial uncoupler in vitro and was the most potent
of the C12 aryl amide series in JC-1 assays. Therefore, it was selected for in vivo testing in a
murine mouse obesity model. Despite having promising effects on cellular function in vitro
whilst being more “drug-like” than the long chain aryl amides studied in Chapter 2, it was
unable to exhibit significant anti-obesity effects compared to control mice when 10 mg/kg
(high-dose) was administered by oral gavage. Further research on investigating its
bioavailability and pharmacokinetics more extensively would assist in determining the
feasibility of fatty acid protonophores as weight loss drugs. The work proposed in this chapter
provides insight on how alkyl chain length impacts the protonophoric capabilities of aryl
amides and using the newfound knowledge of distinguishing between mild and full
mitochondrial uncoupling outlined in Chapter 2, these short chain aryl amides were able to be

characterised as either full or mild uncouplers based on their in vitro and proton transport data.
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CHAPTER 4

Conclusions and Future Directions



4.1 Conclusions

Mitochondrial uncoupling is a promising therapeutic strategy for clinically important
disease such as neurodegenerative diseases, cancer and obesity, however the toxicity of full
uncouplers such as DNP limits their safe use in humans. One possible solution to this problem
is the development of mild uncouplers that retain the beneficial actions of full uncouplers but
lack their toxic side effects, however the development of mild uncouplers has been a significant
challenge for decades. This thesis sought to address this by providing a new insight into
distinguishing between full and mild uncoupling, with proton transport rate being a key

determinant for this in aryl amides, a new class of fatty acid protonophores.

In Chapter 2, A library of C18 aryl amides (1-5) with varying headgroups of chloro-
and/or trifluoromethyl- substituents in 3,5- and 3,4-substitution patterns were prepared. When
their impact on mitochondrial function in MDA-MB-231 breast cancer cells was assessed, stark
differences in activity were observed depending on the aryl amide’s substitution pattern. 3,5-
substituted aryl amides 1-3 had similar in vitro effects as classical protonophores CCCP and
DNP, as they were found to increase OCR, decrease cell viability, depolarise the MIM and
inhibit intracellular ATP production of MDA-MB-231 cells, inferring that they are acting as
full mitochondrial uncouplers. In contrast, 3,4-substituted aryl amides 4 and 5 only partially
depolarised the MIM and increased OCR without decreasing cell viability or intracellular ATP
levels, consistent with mild mitochondrial uncoupling. Next the proton transport rates of the
protonophores was assessed using the HPTS assay, which revealed that 3,5-substituted aryl
amides 1-3 transport protons at a faster rate and reach maximal proton transport at lower
concentrations in comparison to 3,4-substituted aryl amides 4 and 5. "H NMR titrations showed
that compounds 1-3 dimerise more favourably than 4 and 5, which might explain their superior

rates of transport. Computational analysis indicated that 3,5-substituted aryl amides 1-3 have
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substituent dipole angles relative to the amide hydrogen bond axis more aligned with the aryl
amide NH group, thus improving its ability to act as a hydrogen bond donor. Thus, this chapter
explores the distinctions between mild and full uncoupling and presents proton transport rate

as a key determinant in uncoupling ability.

Aryl amides 4 and S showed promise as mild uncouplers but lack drug-like
physiochemical properties due to their high lipophilicity and number of rotatable bonds, which
largely arises from their C18 alkyl chain. Therefore, the work in Chapter 3 aimed to develop
a more drug-like aryl amide which acts as a mild mitochondrial uncoupler to be tested in murine
mouse obesity models for its ability to induce weight loss. A library of short chain (C16, C12
and C8) aryl amides (6-17) with 3,4-substituted chloro- and/or trifluoromethyl- head groups
were synthesised and their uncoupling activity were assessed in vitro with the same
methodology as Chapter 2. In contrast to 3,4-substituted aryl amides 4 and 5, most C16 aryl
amides acted as full uncouplers and produced similar effects as compounds 1-3, DNP and
CCCP. Notably, they fully dissipated the MIM proton gradient and as a result significantly
inhibited intracellular ATP production in L6 cells. In contrast, most of the C12 aryl amides
acted as mild uncouplers as they only partially depolarised the MIM and did not decrease ATP
production. C8 aryl amides on the other hand were largely inactive. In HPTS assays, the same
pattern in activity was observed where C16 aryl amide 6 had faster proton transport rate and a
lower ECso concentration than C12 aryl amide 10, while C8 aryl amide 14 failed as a proton
transporter. From this, aryl amide 10 emerged as the most potent and drug-like mild uncoupler
in this library and its ability to induce weight loss was assessed in murine mouse models with
HFD-induced obesity. Although mice showed no signs of adverse effects as a result of being
administered 10 by oral gavage, this aryl amide failed to induce statistically significant weight

loss in comparison to control mice.
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This, Chapter 3 presents the effect of contracting alkyl chain length of aryl amides on
their uncoupling ability. Lipophilicity appears to play a key role in the ability for fatty acid
protonophores to facilitate proton transport. As the alkyl chain is shortened, their uncoupling
activity weakens to the point of inactivity once reaching C8 in length. This has implications on
the feasibility of aryl amides as potential weight loss drugs, as they lack the physiochemical
properties which promote oral bioavailability at chain lengths that act as uncouplers (C18, C16
and C12). Taken together Chapter 1 and 2 demonstrate the importance of both proton transport

rate and lipophilicity in determining full or mild uncoupling activity in aryl urea fatty acids.

4.2  Future Directions

Further research to substantiate the findings of Chapter 2 involve investigating the
proton transport rates of a wide variety of known full and mild uncouplers. There are various
examples of compounds or drugs in the literature which are yet to be characterised as mild or
full uncouplers explicitly. BAM15 and its derivatives SHC517, SHD865 and SHM115 have
shown potential in vivo for their ability to act as “safe” uncouplers and induce weight loss''®
119, 149-150 " There are also various repurposed drugs such as Niclosamide, Nitazoxanide and
Oxyclozanide despite their different therapeutic uses have shown to exhibit properties which
mimic mitochondrial uncoupling such as decreasing AW, intracellular ATP or inducing
apoptosis in cancer cells*® '°. The protonophores mentioned above do not operate with the
same flip-flop diffusion mechanism as aryl amides. Therefore, further investigation into
whether proton transport rate is also a key factor in a wide variety of mitochondrial uncouplers
would be worthwhile. If this theory is upheld by other classes of protonophores, HPTS could
be used as a cheap high throughput screening assay to search for new mild uncouplers to be

safely used in humans.
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Following from the findings in Chapter 3, the pharmacokinetics of C12 aryl amide 10
in vivo could be explored further including half-life, bioavailability and locations of tissue
accumulation. Considering the difficulty of fatty acids reaching their therapeutic target due to
binding to HPA and BSA, the feasibility of aryl amides as anti-obesity drugs is still unknown.
Fatty acid protonophores are somewhat limited in regard to oral bioavailability due to their
high lipophilicity which, as shown in Chapter 3, are necessary for their ability to act as
uncouplers. If aryl amide 10 truly has a poor pharmacokinetic profile, HPTS assays could be

used to screen for new mild uncouplers which have more drug-like physiochemical properties.
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CHAPTER 5

Experimental



5.1 Materials and General Procedures

All chemical reagents, analytical grade solvents and aryl amide intermediates were
purchased from Sigma Aldrich/Merck (Castle Hill, NSW, Australia) or Fluorochem
(Derbyshire, United Kingdom). The purity of all tested compounds was confirmed to be > 95%
by absolute quantitative 'H NMR (qNMR) spectroscopy. Reactions were monitored by thin-
layer chromatography (TLC) using silica gel 60 F2s4 plates. TLC plates were visualised with
UV light and potassium permanganate TLC stain. 'H and '*C NMR spectra were acquired using
an Agilent and/or Bruker 400/500 MHz spectrometer (500.13 MHz for 'H and 125.76 MHz for
13C) in deuterated chloroform (CDCIls) at 298 K unless otherwise specified. Melting point
determination was preformed using Stuart automatic melting point. High-resolution mass
spectroscopy (HRMS) was performed on an Agilent 6510 Accurate-Mass Q-TOF Mass

Spectrometer equipped with an ESI source.

5.2  Synthesis
5.2.1 General Procedure “a” for Methyl Esterification

12-hydroxydodecanoic acid (19) (9.25 mmol, 2.00 g), potassium carbonate (27.74 mmol, 3.83
g) and iodomethane (46.23 mmol, 2.88 mL) was dissolved in acetone (160 mL) and the mixture
was refluxed for 5 hours at 80 °C. Solvent was evaporated under reduced pressure and the
residue was re-dissolved in 60 mL H20. The solution was acidified with 1M HCI and the
aqueous layer was extracted three times with DCM (100 mL). The combined organic layers
were washed with brine (200 mL) and dried over a minimum amount of Mg>SOa. Solvent was
removed under reduced pressure, leading to the isolation of methyl 12-hydroxydodecanoate

(20) (1.91 g, 85%) in the form of a yellow oil which crystallises at room temperature.
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20 — Methyl-12-hydroxydodecanoate:

Synthesised with general procedure a. Yellow solid (85%). 'H NMR (500 MHz, CDCI3): §
3.66 (s, 3H), 3.65-3.62 (t, J = 14 Hz, 2H), 2.31-2.28 (t, J = 14 Hz, 2H), 1.64-1.59 (m, J = 14
Hz, 2H), 1.58-1.53 (m, J = 14 Hz, 2H), 1.35-1.25 (m, 14H). 3C NMR (125 MHz, CDCI3): &
174.4,77.3-76.8, 63.1, 51.4, 34.1, 32.8, 29.5-29.1, 25.7, 24.9.

/O\II/\/\/\/\/\/\OH

o)

5.2.2 General Procedure “b” for Jones Oxidation

Methyl 12-hydroxydodecanoate (20) (7.16 mmol, 1.75 g) was dissolved in acetone (175 mL)
and jones reagent (4.2 mL) was added while the solution stirred in an ice bath. The reaction
mixture was left to stir for 4.5 hours while the ice melted and finished at room temperature.
Isopropanol (8.75 mL) was added to the mixture which was then filtered on celite and washed
with acetone. The filtrate was evaporated under reduced pressure and the residue was re-
dissolved in EtOAc (150 mL). The organic layer was washed twice with brine (150 mL) and
dried over a minimum amount of Mg>SO4. Solvent was removed under reduced pressure,
leading to the isolation of 12-Methoxy-12-oxododecanoic acid (22) (1.813 g, 98%) in the form

of a yellow oil which crystallises at room temperature.
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22 — [2-Methoxy-12-oxododecanoic acid

Synthesised with general procedure b. Yellow solid (98%). 'H NMR (500 MHz, CDCI3): §
3.66 (s, 3H), 2.35-2.32 (t, J = 15 Hz, 2H), 2.31-2.28 (t, J = 15 Hz, 2H), 1.65-1.62 (m, J = 15
Hz, 2H), 1.61-1.58 (m, J = 15 Hz, 2H), 1.31-1.27 (m, 12H). *C NMR (125 MHz, CDCI3): §

179.4,174.4,77.3-76.8, 51.5, 34.1-33.9, 29.3-29.0, 24.9, 24.7.

0]

5.2.3 General Procedure “i" for COMU Coupling

While under the constant flow of nitrogen gas, either 16-Methoxy-16-hexadecanoic
acid (20), 12-Methoxy-12-oxododecanoic acid (21), 8-Methoxy-8-octanoic acid (22) or 18-
tert-butyl ester-18-octodecanoic acid (23) (0.77 mmol, 200 mg), COMU (0.77 mmol, 332 mg)
and Et3N (1.54 mmol) were dissolved in anhydrous DMF (6 mL) and stirred for 5 minutes at
room temperature. The appropriately substituted aniline (0.77 mmol) was added, and the
reaction mixture was stirred at room temperature for 3 hrs. The reaction mixture was diluted
with EtOAc (50 mL), and the organic layer was washed with 1 M HCI twice (25 mL), saturated
NaHCOs3 twice (25 mL) and brine twice (10 mL). The organic layer was dried over Mg2SOs4,
and EtOAc was removed under reduced pressure. The crude products were purified using

stepwise gradient elution on silica gel with DCM/EtOAc (100:0 to 98:2).
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1a — tert-butyl 18-((3-chloro-5-(trifluoromethyl)phenyl)amino)-18-oxooctadecanoate

Synthesised with general procedure i. White solid (64%). 'H NMR (400 MHz, CdCI3): § 7.90
(s, 1H), 7.67 (s, 1H), 7.39 (s, 1H), 7.35 (s, 1H), 2.41-2.38 (t, /= 7.4 Hz, 2H), 2.24-2.20 (t, J =
7.4 Hz, 2H), 1.78-1.71 (m, 2H), 1.62-1.58 (m, 2H), 1.47 (s, 9H), 1.39-1.27 (m, 24H). *C NMR
(100 MHz, CdCl3): 6 173.5, 171.6, 139.6, 135.5, 132.7, 132.4, 122.6 (q, J = 273 Hz), 120.8,

114.4, 80.0, 77.3-76.7, 37.7, 35.7, 29.5-29.1, 28.1, 25.3, 25.2.
Cl
2
>r0\I‘(\/\/\/\/\/\/\/\)l\ﬁ CF3
o]

2a — tert-butyl 18-((3,5-bis(trifluoromethyl)phenyl)amino)- 18-oxooctadecanoate

Synthesised with general procedure i. White solid (56%). '"H NMR (400 MHz, CdCls): 5 8.05
(s, 2H), 7.59 (s, 1H), 7.55 (s, 1H), 2.42-2.38 (t, J= 7.4 Hz, 2H), 2.22-2.17 (t, J= 7.5 Hz, 2H),
1.77-1.70 (m, 2H), 1.57-1.53 (m, 2H), 1.44 (s, 9H), 1.38-1.25 (m, 25H). '*C NMR (100 MHz,
CdCl3): 6 173.6,171.8,139.4,132.5,124.6 (q, /=273 Hz), 119.3,117.3,77.3-76.7,37.7, 35.7,

29.5-29.1, 25.3,25.2.

XOMQ’@%
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3a — tert-butyl 18-((3,5-dichlorophenyl)amino)-18-oxooctadecanoate

General procedure i. White solid (42%). '"H NMR (500 MHz, CDCl3): § 7.50 (s, 2H), 7.27 (s,
1H), 7.08 (s, 1H), 2.36-2.33 (t, J= 15 Hz, 2H), 2.21-2.18 (t, J= 15 Hz, 2H), 1.73-1.67 (m, J=
15 Hz, 2H), 1.58-1.55 (m, J= 15 Hz, 2H), 1.44 (s, 9H), 1.36-1.25 (m, 25H). '3C NMR (125
MHz, CDCl3): & 173.5, 171.5, 139.7, 135.2, 124, 117.8, 80, 77.3-76.8, 37.7, 35.7, 29.6-29.1,

28.1,25.4,25.1.

XOWHQC'

4a — tert-butyl 18-((3-chloro-4-(trifluoromethyl)phenyl)amino)- 1 8-oxooctadecanoate

Synthesised with general procedure i. White solid (53%). 'H NMR (500 MHz, DMSO-ds): &
7.818 (s, 1H), 7.61-7.60 (d, J = 9.0 Hz, 2H), 7.49-7.48 (d, J = 8.0 Hz, 2H), 7.35 (s, 1H), 2.39-
2.36 (t, J=17.5 Hz, 2H), 2.21-2.19 (t, J = 6.5 Hz, 2H), 1.75-1.69 (m, 2H), 1.58-1.54 (m, 2H),
1.44 (s, 9H), 1.37-1.25 (m, 25H). 3*C NMR (125 MHz, CDCl3): & 173.5, 171.6, 141.8, 133.1,

128.2,123.9 (q,J =273 Hz), 121.5, 116.7, 80, 37.8, 35.7, 29.6-29.1, 28.1, 25.3, 25.1.

XO\(\/\/\/\MM)LEQC'
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Sa — tert-butyl 18-((3,4-dichlorophenyl)amino)-18-oxooctadecanoate

Synthesised with general procedure i. White solid (41%). 'H NMR (500 MHz, CDCl3): § 7.77
(s, 1H), 7.37-7.34 (m, 2H), 7.22 (s, 1H), 2.36-2.33 (t, J= 15 Hz, 2H), 2.21-2.18 (t, J= 15 Hz,
2H), 1.72-1.68 (m, J= 15 Hz, 2H), 1.59-1.56 (m, J= 15 Hz, 2H), 1.44 (s, 9H), 1.36-1.25 (m,
25H). *C NMR (125 MHz, CDCl3): & 173.4, 171.4, 138.4, 132.8, 130.5, 121.4, 118.8, 79.9,

77.3-76.8, 37.7,35.7,29.6-29.1, 28.1, 25.4, 25.1.
XO\H/\N\/\N\/\/\Aﬁ Cl
0

6a — Tert-butyl 16-((4-chloro-3-(trifluoromethyl)phenyl)amino)- 1 6-oxohexadecanoate:

Synthesised with general procedure i. White solid (58%). 'H NMR (500 MHz, CDCl3): § 7.827
(s, 1H), 7.77-7.76 (d, J=5 Hz, 1H), 7.47-7.45 (d, J= 10 Hz, 1H), 7.32 (s, 2H), 2.41-2.37 (t,
J=20 Hz, 2H), 2.24-2.20 (t, J= 20 Hz, 2H), 1.78-1.70 (m, 2H), 1.61-1.58 (m, 2H), 1.46 (s,
9H), 1.46-1.39 (m, 20H). '3C NMR (125 MHz, CDCls): § 173.5, 171.6, 136.8, 132, 123.6 (q,

J=273 Hz),37.7,35.7,29.5-29.1, 28.1, 25.4, 25.1.

ﬁ,0\”/\/\/\/\/\/\/\)'\”/lij]:CF3
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Ta — Tert-butyl 16-((3-chloro-4-(trifluoromethyl)phenyl)amino)- 1 6-oxohexadecanoate:

Synthesised with general procedure i. White solid (52%). "H NMR (500 MHz, CDCl3): § 7.81
(s, 1H), 7.62-7.60 (d, /=10 Hz, 1H), 7.50-7.47 (d, /=15 Hz, 1H), 7.32 (s, 1H), 2.40-2.36 (t, J
=20 Hz, 1H), 2.22-2.18 (t, /=20 Hz, 1H), 1.76-1.68 (m, 2H), 1.60-1.54 (m, 2H), 1.44 (s, 9H),
1.37-1.25 (m, 20H). '3C NMR (125 MHz, CDCls): § 173.5, 171.7, 141.8, 133.1, 128.3 (q, J =

273 Hz), 121.6, 116.7, 80, 37.8, 35.7, 29.5-28.1, 25.3, 25.1.
0 ,©[CF3
>r0\f(\/\/\/\/\/\/\)j\u cl
(0]

8a — Tert-butyl 16-((3,4-bis(trifluoromethyl)phenyl)amino)- 1 6-oxohexadecanoate:

Synthesised with general procedure i. White solid (41%). 'H NMR (500 MHz, CDCl3): § 8.02-
8.00 (d, /=10 Hz, 1H), 7.96 (s, 1H), 7.82-7.8 (d, J= 10 Hz, 1H), 7.28 (s, 1H), 2.45-2.41 (t,J
=20 Hz, 2H), 2.24-2.21 (t, J= 15 Hz, 2H), 1.78-1.74 (m, J= 20 Hz, 2H), 1.62-1.58 (m, J= 20
Hz, 2H), 1.47 (s, 9H), 1.31-1.26 (m, 20H). '3C NMR (125 MHz, CDCl3): § 173.7, 172, 139.8,
126, 124.5 (q, J =273 Hz), 122.7, 121.7, 120.7, 114.5, 80.1, 37.7, 35.7, 29.7-29.1, 28.1, 25.4,

25.1.

i /@CFS
o\r(\/\/\/\/\/\/\.)L
N CF
X N 3
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9a — Tert-butyl 16-((3,4-dichlorophenyl)amino)- 1 6-oxohexadecanoate

Synthesised with general procedure i. White solid (48%). 'H NMR (500 MHz, CDCl3): § 7.79
(s, 1H), 7.37 (s, 2H), 7.22 (s, 1H), 2.39-2.35 (t, J= 20 Hz, 2H), 2.24-2.20 (t, J = 20 Hz, 2H),
1.77-1.70 (m, J= 35 Hz, 2H), 1.62-1.55 (m, J= 35 Hz, 2H), 1.46 (s, 9H), 1.38-1.27 (m, 20H).
BC NMR (125 MHz, CDCl3): § 173.5, 171.5, 137.4, 132.8, 130.5, 121.4, 118.9, 80, 37.7, 35.7,

29.5-29.1, 28.1, 25.4, 25.1.
yed
XOW\ANW\)LH Cl
(0]

10a — Methyl 12-((4-chloro-3-(trifluoromethyl)phenyl)amino)- 12-oxododecanoate:

Synthesised with general procedure i. White solid (37%). '"H NMR (500 MHz, CDCl3): § 7.834
(s, 1H), 7.77-7.75 (d, J= 17 Hz, 1H), 7.44 (s, 1H), 7.42 (s, 1H), 3.66 (s, 1H), 2.38-2.32 (t, J =
15 Hz, 2H), 2.32-2.29 (t, J = 15 Hz, 2H), 1.74-1.69 (m, J = 15 Hz, 2H), 1.62-1.58 (m, J = 14
Hz, 2H), 1.37-1.28 (m, 12H). 3C NMR (125 MHz, CDCl3): § 174.5, 171.7, 136.8, 132, 123.6

(q,J =273 Hz), 121.5, 118.6-118.6, 77.3-76.8, 51.5, 37.6, 34, 29.2-29, 25.3, 24.9.
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11a — Methyl 12-((3-chloro-4-(trifluoromethyl)phenyl)amino)- 12-oxododecanoate:

Synthesised with general procedure i. White solid (55%). '"H NMR (500 MHz DMSO-dé): §
7.90 (s, 1H), 7.67 (s, 1H), 7.41 (s, 1H), 7.35 (s, 1H), 2.41-2.38 (t,J = 15 Hz, 2H), 2.24-2.21 (t,
J=15Hz, 2H), 1.78-1.71 (m, J = 35 Hz, 2H), 1.62-1.58 (m, J =20 Hz, 2H), 1.47 (s, 9H), 1.39-
1.28 (m, 12H). 3C NMR (125 MHz, CDCls): § 174.5,171.7, 141.8, 133.1, 128.3-128.2 (q, J =

273 Hz), 121.6, 121.4, 116.8, 51.5, 37.8, 34.1, 29.2-29, 25.3, 24.9.

12a — Methyl 12-((3,4-bis(trifluoromethyl)phenyl)amino)- 12-oxododecanoate:

Synthesised with general procedure i. White solid (49%). 'H NMR (500 MHz, CDCl3): § 8.01-
7.99 (d, J=10 Hz, 1H), 7.96 (s, 1H), 7.83-7.81 (d, J= 10 Hz, 1H), 7.46 (s, 1H), 2.45-2.41 (t,
J =20 Hz, 2H), 2.35-2.31 (t, J = 20 Hz, 2H), 1.80-1.74 (m, J = 30 Hz, 2H), 1.66-1.57 (t, J =
35 Hz, 2H), 1.57 (s, 9H), 1.40-1.31 (m, 12H). 3C NMR (125 MHz, CDCl3): § 174.5, 171.8,

141.3,129.3-129.2 (q, J =273 Hz), 121.5, 118.3-118.2, 51.5, 37.7, 34.1, 29.2-29, 25.2, 24.9.
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13a — Methyl 12-((3,4-dichlorophenyl)amino)-12-oxododecanoate:

Synthesised with general procedure i. White solid (40%). 'H NMR (500 MHz, CDCl3): § 7.77
(s, 1H), 7.35 (s, 1H), 7.34 (s, 1H), 7.25 (s, 1H), 3.67 (s, 3H), 2.36-2.33 (t, /= 15 Hz, 2H), 2.32-
2.29 (t, J=15 Hz, 2H), 1.72-1.69 (m, J = 15 Hz, 2H), 1.63-1.60 (t, J = 15 Hz, 2H), 1.36-1.28
(m, 12H). 3C NMR (125 MHz, CDCl3): § 174.5, 171.6, 136.8, 131.9, 123.6, 121.4, 118.6-

118.6, 77.3-76.8, 51.5, 37.6, 34.1, 29.2-29, 25.3, 24.9

(o)

14a — Methyl 8-((4-chloro-3-(trifluoromethyl)phenyl)amino)-8-oxooctanoate:

Synthesised with general procedure i. White solid (21%). '"H NMR (500 MHz, CDCl3): § 7.86
(s, 1H), 7.77-7.75 (d, J= 11 Hz, 1H), 7.47 (s, 1H), 7.44-7.42 (d, J=10.5 Hz, 1H), 3.67 (s, 3H),
2.38-2.34 (t,J=9.5, 2H), 2.34-2.30 (t,J= 9.5 Hz, 2H), 1.76-1.72 (m, 2H), 1.66-1.62 (m, 2H),
1.42-1.39 (m, 4H). *C NMR (125 MHz, CDCl;): § 174.4, 171.5, 136.8, 132, 123.6 (q, J = 273

Hz), 121.2, 118.6, 77.3-76.7, 51.6, 37.3, 33.9, 28.5-28.5, 25-24.5.
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15a — Methyl 8-((3-chloro-4-(trifluoromethyl)phenyl)amino)-8-oxooctanoate:

Synthesised with general procedure i. White solid (53%). "H NMR (500 MHz, CDCl3): &
7.84 (s, 1H), 7.64-7.62 (d, J= 10 Hz, 1H), 7.59 (s, 1H), 7.53-7.51 (d, J = 10 Hz, 1H), 2.42-
2.33 (m, 4H), 1.78-1.74 (m, 2H), 1.68-1.64 (m, 2H), 1.41-1.39 (m, 4H). 3C NMR (125 MHz,
CDCl3): 6 174.4, 171.7, 141.9, 133, 128.3-128.2, 124.2, 123.7-123.3 (q, J = 273 Hz), 121.6,

116.8,51.6,37.4,33.9, 28.5, 25, 24.5.

16a — Methyl 8-((3,4-bis(trifluoromethyl)phenyl)amino)-8-oxooctanoate:

Synthesised with general procedure i. White solid (39%). 'H NMR (500 MHz, CDCl3): § 8.03-
8.01 (d, /=10 Hz, 1H), 7.97 (s, 1H), 7.82-7.80 (d, J = 10 Hz, 1H), 7.75 (s, 1H), 2.45-2.41 (t,
J =20 Hz, 2H), 2.37-2.34 (t, J = 15 Hz, 2H), 1.80-1.76 (m, 2H), 1.68-1.65 (m, 2H), 1.44-1.40
(m, 4H). 3C NMR (125 MHz, CDCl3): § 174.5, 174.9, 141.4, 129.2, 128.9, 124.1-123.9 (q, J

=273 Hz), 121.6, 118.3,51.6, 37.4, 33.8, 28.4, 24.9, 24.4
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17a — Methyl 8-((3,4-dichlorophenyl)amino)-8-oxooctanoate:

Synthesised with general procedure i. White solid (37%). 'H NMR (500 MHz, CDCl3): § 7.78
(s, 1H), 7.35 (m, 2H), 7.26 (s, 1H), 3.67 (s, 3H), 2.36-2.33 (t,J =9 Hz, 2H), 2.32-2.28 (t, J =
9 Hz, 2H), 1.74-1.71 (m, 2H), 1.63-1.61 (m, 2H), 1.39-1.34 (m, 4H). *C NMR (125 MHz,
CDCl3): 174.3,171.4,137.5,132.8,130.5, 127.2, 121.4, 118.9, 77.3-76.7, 51.6, 37.4, 34, 29.1-

28.6,25.1-24.6.

5.2.4 General Procedure “ii” for tert-Butyl Ester Hydrolysis

To a solution of aryl amide esters 1a-5a (0.20 mmol) in dry DCM (4 mL), TFA (3 mL) was
added dropwise, and the reaction mixture was stirred at room temperature for 3 hours. The
resulting solution was diluted with 20 mL EtOAc, and the organic layer was washed with 0.5
M NaOH (25 mL), H20 (25 mL) and 1% HCI (25 mL). The organic layer was dried with
Mg>SO4, and the solvent was removed under reduced pressure to isolate the aryl-amides 1-5 as

white solids.

102



1 — 18-((3-chloro-5-(trifluoromethyl)phenyl)amino)- 1 8-oxooctadecanoic acid:

Synthesised with general procedure ii. White solid (95%). M.P. = 124-126 °C. '"H NMR (500
MHz, DMSO-ds): 6 10.46 (s, 1H), 7.99-7.95 (d, J = 22 Hz, 2H), 7.49 (s, 1H), 2.35-2.32 (t,J =
15 Hz, 2H), 2.18-2.15 (t, J = 15 Hz, 2H), 1.27-1.20 (m, 24H). 3*C NMR (100 MHz, acetone-
de): & 173.73, 168.63, 140.48, 134.20, 133.09, 131.58, 124.58, 123.23, 41.84, 39.11, 33.29,

29.45-28.48, 26.68, 24.77. HRMS (ESI) m/z [M]+ calculated for C2sH37CIF3sNOs3 = 492.0144,

found 492.0148. gNMR purity = 96.4 %

2 — 18-((3,5-bis(trifluoromethyl)phenyl)amino)- 1 8-oxooctadecanoic acid:

Synthesised with general procedure ii. White solid (92%). M.P. = 102-104 °C. 'H NMR (500
MHz, DMSO-ds): 6 11.93 (s, 1H), 10.52 (s, 1H), 8.26 (s, 2H), 7.72 (s, 1H), 2.36-2.33 (t, J =
15 Hz, 2H), 2.18-2.15 (t, J= 15 Hz, 2H), 1.61-1.58 (t, J = 14 Hz, 2H), 1.48-1.45 (t, /= 14 Hz,
2H), 1.27-1.21 (m, 25H). '*C NMR (125 MHz, DMSO-ds): § 172.87, 141.55, 131.30, 131.03,
124.78, 122.59, 119.00, 40.47-39.47, 36.89, 34.14, 29.47-28.94, 25.17, 24.95. HRMS (ESI)

m/z [M]+ calculated for C26H37FsNO3 = 525.5673, found 525.5675. qNMR purity = 98.6 %

I
O\“/\/\/\/\/\/W\)l\ N CF3
H
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3 — 18-((3,5-dichlorophenyl)amino)- 1 8-oxooctadecanoic acid:

Synthesised general procedure ii. White solid (88%). M.P. = 120-124 °C. 'H NMR (500 MHz,
DMSO-ds): 6 11.93 (s, 1H), 10.19 (s, 1H), 7.65 (s, 2H), 7.23 (s, 1H), 2.31-2.28 (t, J = 15 Hz,
2H), 2.18-2.15 (t, J = 15 Hz, 2H), 1.58-1.55 (t, J = 14 Hz, 2H), 1.48-1.45 (t, J = 14 Hz, 2H),
1.26-1.22 (m, 25H). *C NMR (125 MHz, DMSO-de): § 172.48, 142.03, 134.47, 122.59,
117.48, 109.98, 40.47-40.39.47, 36.89, 29.48-28.96, 25.26, 25.00. HRMS (ESI) m/z [M]+

calculated for C24H37CI2NO3 = 458.4615, found 458.4611. gNMR purity = 98.5 %
Ho\n/\/\/\/\/\/\/\/\)l\ N Cl
H

4 — 18-((3-chloro-4-(trifluoromethyl)phenyl)amino)- 1 8-oxooctadecanoic acid

Synthesising general procedure ii. White solid (93%). M.P. = 122-125 °C. 'TH NMR (400 MHz,
CdCls): 6 10.40 (s, 1H), 8.03 (s, 1H), 7.80-7.77 (d, J = 8.8 Hz, 2H), 7.65-7.63 (d, J = 9.8 Hz,
2H), 2.36-2.33 (d, J = 14.8 Hz, 2H), 1.60-1.57 (m, 2H), 1.49-1.46 (m, 2H), 1.23 (m, 25H). *C
NMR (125 MHz, DMSO-ds): & 174.92, 169.01, 144.01, 132.34, 130.77, 128.79, 128.09,

125.50-124.54, 122.37, 41.93, 34.12, 29.49-29.01, 26.78 24.95. HRMS (ESI) m/z [M]+

calculated for C2sH37CIF3NO3 = 492.0144, found 492.0147. QNMR purity = 98.2 %

0 CF;
H
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5 — 18-((3,4-dichlorophenyl)amino)- 18-oxooctadecanoic acid

Synthesised with general procedure ii. White solid (93%). M.P. = 118-120 *C. '"H NMR (500
MHz, DMSO-ds): & 11.93 (s, 1H), 10.14 (s, 1H), 7.99 (s, 1H), 7.54-7.52 (d, J = 18 Hz, 1H),
7.48-7.45 (dd, J= 18 Hz, 1H), 2.31-2.28 (t,J= 15 Hz, 2H), 2.18-52.16 (t, /= 15 Hz, 2H), 1.58-
1.55 (t,J=14 Hz, 2H), 1.48-1.45 (t,J = 14 Hz, 2H), 1.26-1.22 (m, 24H). '*C NMR (125 MHz,
DMSO-ds): 6 174.94, 163.37,131.03, 120.57, 119.42, 40.47-39.47, 36.83, 29.48-29.00, 25.13,
24.95. HRMS (ESI) m/z [M]+ calculated for C2sH37CIF3NOs = 492.0144, found 492.0142.

qNMR purity = 97.1 %
H
O\n/\/\/\/\/\/\/\/\)]\ N cl
H

5.2.5 General Procedure for “c” Methyl Ester Hydrolysis

To a solution of the aryl amide esters 6a-17a (0.10 mmol) in ethanol (6 mL), IM NaOH
(2 mL) was added dropwise and the reaction mixture was stirred for 3 hours at 40 °C. Ethanol
was removed under reduced pressure and the residue was acidified with 0.5 M HCI until pH =
2 (approximately 6 mL). The aqueous layer was extracted with chloroform 3 times (15 mL)
and the combined organic layers were dried over Mg2SO4. Chloroform was removed under

reduced pressure to isolate aryl amides 6-17.
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6 — 16-((4-chloro-3-(trifluoromethyl)phenyl)amino)- 1 6-oxohexadecanoic acid

Synthesised with general procedure ¢. White solid (94%). M.P. = 86-87 °C. 'H NMR (500
MHz, DMSO-ds): 6 10.30 (s, 1H) 8.19 (s, 1H), 7.84-7.81 (d, J = 15 Hz, 1H), 7.65-7.63 (d, J =
10 Hz, 1H), 2.34-2.30 (t,J = 20 Hz, 2H), 2.20-2.16 (t, /=20 Hz, 2H), 1.60-1.57 (m, 2H), 1.49-
1.46 (m, 2H), 1.26-1.22 (m, 20H). '*C NMR (125 MHz, DMSO-ds): § 175, 172.5,139.2, 132.5,
127.1, 124.2 (q, J = 273 Hz), 118.1, 36.8, 34.1, 29.5-29, 25.3, 24.9. HRMS (ESI) m/z [M]+

calculated for Cy3H33CIF;NO5 = 463.2101 found 463.2104. gNMR purity = 96.3 %

7 — 16-((3-chloro-4-(trifluoromethyl)phenyl)amino)- 1 6-oxohexadecanoic acid

Synthesised with general procedure c. White solid (96%). 114-116 °C. 'H NMR (500 MHz
DMSO-ds): 6 10.41 (s, 1H), 8.02 (s, 1H), 7.79-7.77 (d, J = 10 Hz, 1H), 7.65-7.62 (d, J = 15
Hz, 1H), 2.36-2.32 (t, J = 20 Hz, 2H), 2.19-2.16 (t, J = 15 Hz, 2H), 1.60-1.57 (m, J = 15 Hz,
2H), 1.49-1.45 (m, J = 15 Hz, 2H), 1.26-1.22 (m, 20H). '3C NMR (125 MHz, DMSO-ds): &
175, 172.9, 144.3, 131.6, 129 (q, J = 273 Hz), 120.9, 117.4, 36.9, 34.1, 29.5-29, 25.2, 25.

HRMS (ESI) m/z [M]+ calculated for C,3H;;CIF;NO; = 463.2101, found 463.2102 gqNMR

purity = 95.8 %

CF
0 ¥
H £ I
H

0]

106



8 — 16-((3,4-bis(trifluoromethyl)phenyl)amino)- 1 6-oxohexadecanoic acid

Synthesised with general procedure ¢. White solid (88%). M.P. = 107-108 °C. '"H NMR (500
MHz DMSO-ds): 8 10.69 (s, 1H), 8.32 (s, 1H), 8.07-8.05 (d, J= 10 Hz, 1H), 7.99-7.96 (d, J =
15 Hz, 1H), 2.39-2.36 (t, J = 15 Hz, 2H), 2.17-2.14 (t, J = 15 Hz, 2H), 1.62-1.58 (m, J = 20
Hz, 2H), 1.48-1.45 (m, J = 15 Hz, 2H), 1.28-1.23 (m, 20H). '*C NMR (125 MHz, DMSO-ds):
6 175.1, 173, 143.9, 142.2, 130.1, 122.1 (q, J = 273 Hz), 118.2, 117.9, 36.9, 34.5, 29.4-29.3,

29.2-29, 25.2, 25.1. HRMS (ESI) m/z [M]+ calculated for C,,H33;F(NO; = 497.2365, found

497.2361. qNMR purity = 95.1 %

9 — 16-((3,4-dichlorophenyl)amino)- 1 6-oxohexadecanoic acid

Synthesised with general procedure c. White solid (91%). M.P. = 102-104. '"H NMR (500 MHz
DMSO-ds): 6 10.18 (s, 1H), 7.98 (s, 1H), 7.55-7.53 (d, J = 10 Hz, 1H), 7.48-7.45 (d, J = 15
Hz, 1H), 2.31-2.28 (t, J = 15 Hz, 2H), 2.19-2.15 (t, J = 20 Hz, 2H), 1.59-1.55 (t, J = 20 Hz,
2H), 1.49-1.45 (t, J = 20 Hz, 2H), 1.27-1.22 (m, 20H). '*C NMR (125 MHz, DMSO-ds): &
175.04, 172.37, 139.81, 131.81, 131.08, 124.80, 120.62, 119.49, 39.67, 34.13, 29.48-29.15,

28.99, 25.33, 24.95. HRMS (ESI) m/z [M]+ calculated for C,,H33C1,NO; = 429.1838, found

429.1842. gqNMR purity = 97.3 %
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10 — 12-((4-chloro-3-(trifluoromethyl)phenyl)amino)- 1 2-oxododecanoic acid:

Synthesised with general procedure c. White solid (90%). M.P. = 121-122 ‘C. 'H NMR (500
MHz, DMSO-ds): 6 11.93 (s, 1H), 10.29 (s, 1H), 8.19-8.18 (d, /=5 Hz, 1H), 7.83-7.81 (dd, J
=5 Hz), 7.64-7.62 (d, J = 18 Hz, 1H), 2.33-2.30 (t, J = 15 Hz, 2H), 2.18-2.15 (t, J = 15 Hz,
2H), 1.59-1.56 (t, J = 14 Hz, 2H), 1.48-1.45 (t, J = 14 Hz, 2H), 1.27-1.24 (m, 12H). *C NMR
(125 MHz, DMSO- d¢): 6 172.4, 139.2, 132.5, 124.1 (q, J = 273 Hz), 118, 40.5-39.5, 36.9,

342, 29.3-29, 25.3, 25. HRMS (ESI) m/z [M]+ calculated for C,oH,sCIF;NO; = 407.1475,

found 407.1478. gNMR purity = 95.7 %

11 — 12-((3-chloro-4-(trifluoromethyl)phenyl)amino)- 1 2-oxododecanoic acid

Synthesised with general procedure c. White solid (92%). M.P. = 113-115 °C. '"H NMR (500
MHz DMSO-ds): 6 11.93 (s, 1H), 10.39 (s, 1H), 8.03 (s, 1H), 7.79-7.77 (d, J = 10 Hz, 1H),
7.65-7.63 (d, J =10 Hz, 1H), 2.36-2.33 (t, /= 15 Hz, 2H), 2.20-2.16 (t, J = 20 Hz, 2H), 1.60-
1.57 (m, J = 15 Hz, 2H), 1.50-1.47 (m, J = 15 Hz, 2H), 1.27-1.24 (m, 12H). 3C NMR (125
MHz, DMSO-ds): 6 175.1, 172.9, 144.3, 131.6, 129.1, 124.9 (q, J = 273 Hz), 122.2, 120.9,

117.4, 36.9, 34.1, 29.3-29, 25.2, 25. HRMS (ESI) m/z [M]+ calculated for C,oH,sCIF;NO; =

407.1475, found 407.1477. QNMR purity = 96.5 %
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12 — 12-((3,4-bis(trifluoromethyl)phenyl)amino)- 1 2-oxododecanoic acid:

Synthesised with general procedure c. White solid (83%). 'H NMR (500 MHz DMSO-db): §
10.58 (s, 1H), 8.29 (s, 1H), 8.05-8.03 (d, J = 10 Hz, 1H), 7.98-7.96 (d, J = 10 Hz, 1H), 2.38-
2.35(t,J=15 Hz, 2H), 2.19-2.16 (t, J = 15 Hz, 2H), 1.61-1.58 (m, J = 15 Hz, 2H), 1.48-1.45
(t,J= 15 Hz, 2H), 1.27-1.24 (m, 12H). 3C NMR (125 MHz, DMSO-ds): § 171, 173.1, 143.8,
130, 127.6, 124.9-124.6 (q, J = 273 Hz), 120.1, 118, 36.9, 34.1, 29.3-29, 25.2, 24.9. HRMS

(ESI) m/z [M]+ calculated for C,,H,sF¢NO;=441.1739, found 441.1743. qNMR purity = 95.2

%

13 — 12-((3,4-dichlorophenyl)amino)- 12-oxododecanoic acid:

Synthesised with general procedure c. White solid (91%). M.P. = 152-153 C. 'H NMR (500
MHz, DMSO-ds): 6 11.93 (s, 1H), 10.15 (s, 1H), 7.99 (s, 1H), 7.54-7.52 (d, J = 18 Hz, 1H),
7.48-7.45 (dd, J=17 Hz, 1H), 2.31- 2.28 (t,J= 15 Hz, 2H), 2.18-2.15 (t, J= 15 Hz, 2H), 1.58-
1.55 (t,J=14 Hz, 2H), 1.48-1.45 (t,J = 14 Hz, 2H), 1.27-1.24 (m, 12H). *C NMR (125 MHz,
DMSO-ds): 0 172.4, 139.2, 132.5, 124.1, 118, 40.5-39.5, 36.9, 34.2, 29.3-29, 25.3, 25. HRMS

(ESI) m/z [M]+ calculated for C;gH,5sCl,NO;= 373.1212, found 373.1210. qNMR purity =

97.8 %

HOW\/W\)LN Cl
H

109



14 — 8-((4-chloro-3-(trifluoromethyl)phenyl)amino)-8-oxooctanoic acid:

Synthesised with general procedure ¢. White solid (68%). M.P. = 91-93 C. '"H NMR (500
MHz, DMSO-ds): 6 11.98 (s, 1H), 10.31 (s, 1H), 8.20-8.19 (d, /=3 Hz, 1H), 7.85-7.82 (d, J =
11 Hz, 1H), 7.65-7.63 (d, J = 11 Hz, 2H), 2.35-2.31 (t, J = 9 Hz, 2H), 2.22-2.18 (t, /=9 Hz,
2H), 1.59 (m, 2H), 1.52-1.48 (m, 2H), 1.32 (m, 2H). *C NMR (125 MHz, DMSO-ds): & 174.9,
172.4,139.2, 132.5, 124.2 (q, J =273 Hz), 118.1, 40.6-39.4, 36.8, 34.1, 28.8-28.8, 25.2, 24.8.

HRMS (ESI) m/z [M]+ calculated for C;sH;,CIF;NO; = 351.0849, found 351.0853. gqNMR

purity =96.4 %

15 — 8-((3-chloro-4-(trifluoromethyl)phenyl)amino)-8-oxooctanoic acid

Synthesised with general procedure c. White solid (75%). M.P. = 102-104 °C. 'H NMR (500
MHz DMSO-ds): 6 10.41 (s, 1H), 8.02 (s, 1H), 7.79-7.76 (d, J= 15 Hz, 1H), 7.65-7.62 (d, J =
15 Hz, 1H), 2.36-2.32 (t,J=20 Hz, 2H), 2.21-2.17 (t,J= 20 Hz, 2H), 1.62-1.54 (m, 2H), 1.53-
1.46 (m, 2H), 1.31-1.28 (m, 4H). 3C NMR (125 MHz, DMSO-ds): & 175, 172.8, 144.3, 131.6,
129.1-129 (q, J = 273 Hz), 120.9, 117.5, 36.9, 34.1, 28.7, 25.1, 24.8. HRMS (ESI) m/z [M]+

calculated for C;sH;CIF;NO; = 351.0849, found 351.0846. gNMR purity = 95.9 %
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16 — 8-((3,4-bis(trifluoromethyl)phenyl)amino)-8-oxooctanoic acid:

Synthesised with general procedure c. White solid (61%). M.P. = 112-114 °C. '"H NMR (500
MHz DMSO-ds): & 10.58 (s, 1H), 8.29 (s, 1H), 8.05-8.03 (d, /=10 Hz, 1H), 7.98-7.96 (d, J =
10 Hz, 1H), 2.39-2.35 (t,J =20 Hz, 2H), 2.20-2.16 (t, /=20 Hz, 2H), 1.63-1.56 (m, 2H), 1.53-
1.46 (m, 2H), 1.31-1.29 (m, 4H). *C NMR (125 MHz, DMSO-ds): 5 175, 173, 143.8, 130.1-
130 (q, /=273 Hz), 122.1, 118, 36.9, 34.1, 28.7, 25.1, 24.8. HRMS (ESI) m/z [M]+ calculated

for C;H;,FcNO5=385.1113, found 385.1118. gNMR purity = 95.3 %
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17 — 8-((3,4-dichlorophenyl)amino)-8-oxooctanoic acid:

Synthesised with general procedure c. White solid (43%). M.P. = 122-123 °C. 'H NMR (500
MHz, DMSO-ds): 6 11.98 (s, 1H), 10.15 (s, 1H), 7.99 (s, 1H), 7.54-7.52 (d, J = 8.5 Hz, 1H),
7.48-7.45 (d, J = 8.5 Hz, 1H), 2.31-2.28 (t, J = 7 Hz, 2H), 2.20-2.17 (t, J = 7 Hz, 2H), 1.58-
1.55 (m, 2H), 1.50-1.46 (m, 2H), 1.30-1.27 (m, 4H). '3C NMR (125 MHz, DMSO-ds): &
174.94, 172.23, 139.85, 131.37, 124.75, 120.61, 119.47, 40.61-39.56, 36.81, 34.08, 28.78-

28.76, 25.22, 24.82. HRMS (ESI) m/z [M]+ calculated for C,,H,,C1,NO; = 317.0586, found

317.0589. gNMR purity = 97.2 %
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5.3 Cell Culture

5.3.1 General Cell Culture

Human tumour cell lines were obtained from ATCC (Manassas, VA). Cells were grown
at 37°C in a humidified atmosphere of 5% CO2 in air in DMEM supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Invitrogen).
Confluent cells (80-90%) were harvested using Trypsin/EDTA after washing in PBS. Cells
were treated with various concentrations of the test compounds in DMSO (final concentration

0.1%); control cells were treated with DMSO alone.

5.3.2 Seahorse Assay

Mitochondrial function was measured by determining the OCR of cells with a Seahorse
XF24 extracellular flux analyser (Seahorse Bioscience, MA, USA) according to the
manufacturer’s protocol. MDA-MB-231 cells were seeded in a 24-well XF cell culture
microplate (2.5 x 10* cells per well) and allowed to adhere overnight (37 °C, 5% COz). After
24 h, the culture media was replaced with serum-free media and left to incubate at 37 °C for
16-18 hours. The culture media was then replaced with buffered XF Base Medium
supplemented with 2 mM L-glutamine, 10 mM glucose and 2 mM sodium pyruvate at pH =
7.4. The cells were incubated at 37 °C without CO2 for one hour then OCR was measured using
an XF Cell Mito Stress Test Kit (Seahorse Bioscience, MA, USA). Test compounds (at highest
possible concentration where soluble), CCCP (5 uM) and DNP (20 uM) were loaded into the

sensor cartridge and OCR was measured using a modified cycling program.

5.3.3 MTS Assay

Cells were seeded in a clear 96 well plate (5 x 10° cells per well) in complete media

and incubated at 37 °C for 18-24 hours. The complete media was then replaced with serum-
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free media and left to incubate at 37 °C for 16-18 hours. Media was then aspirated from each
well, and aryl amide was added. The cells were then incubated at 37 °C for 24 hours before
adding 15 pL of Cell Titer AQ One solution (Promega, USA) to each well. Cells were
incubated for 3 hrs at 37 °C, and fluorescence was measured using a plate reader. Cell viability

was determined relative to DMSO control.

5.3.4 JC-1 Assay

Cells were seeded in a black 96 well plate (1.5 x 10* cells per well for both MDA-MB-
231 and L6 cell lines) in complete media and left to incubate for 18-24 hours at 37 “C. The
complete media in each well was then replaced with serum-free media and left to incubate at
37 °C for 16-18 hours. Each well was then replaced with 100 pL of complete media stocks of
each analogue (1 pL of analogue in 999 pL of complete media) at varying concentrations. Cells
were incubated for 1 hour at 37 °C before adding 10 puL of JC-1 dye (Promega, USA) to each
well (except for blank wells). The cells were again incubated for 20 minutes and centrifuged
for 5 minutes at 1250 RPM. Cells were washed with 200 pL PBS twice and centrifuged in
between washes. Each well was then aspirated, and 100 pL of PBS was added before measuring
fluorescence using a plate reader. ICso values were defined as the drug concentration which
depolarised the MIM to 50% (relative to the vehicle control) and was determined using non-
linear regression analysis with Prism 7.0 (GraphPad Software, CA, USA). MIM depolarisation

was determined using the red/green fluorescence intensity ratio relative to DMSO controls.

5.3.5 ATP assay

Cells were seeded in a black clear bottom 96 well plate (7.5 x 10° cells per well) in
complete media and incubated at 37 °C for 18-24 hours. The complete media in each well was

then replaced with serum-free media and left to incubate at 37 °C for 16-18 hours. Each well
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was then replaced with 100 pL of complete media stocks of each analogue (1 pnL of analogue
in 999 pL of complete media) at varying concentrations. The cells were then incubated at 37
°C for 1-6 hours after treatment with aryl amides before adding 75 puL of Cell Titer Glo solution
(Promega, USA) to each well. The plate was shaken using the plate reader for 2 minutes,
followed by incubating at room temperature for 10 minutes and measuring luminescence using

a Tecan M 1000 plate reader. ATP production was determined relative to DMSO control.

5.3.6 LDH Assay

Cells were seeded in a clear 96 well plate (5 x 10° cells per well) in complete media
and left to incubate at 37 °C for 18-24 hours. The complete media was then replaced with serum
free media and left to incubate at 37 °C for 16-18 hours. Media was then aspirated from each
well and aryl amide stocks were added. The cells were then incubated at 37 °C for 6 hours and
3 uL of media was taken out of each well and added to 97 pL of LDH storage buffer. These
solutions containing media were frozen at -20 °C until the day of the assay. After thawing, 50
pL of media sample was transferred to a black 96 well clear bottom plate along with 50 uL of
LDH detection reagent in the same wells. The plate was incubated for 60 minutes at room
temperature and luminescence was recorded using a Tecan M1000 plate reader. LDH release

determined relative to DMSO control
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5.4 Mechanistic Studies

5.4.1 HPTS Assay

The HPTS Assay was conducted by Dr Daniel McNaughton following the procedure
outlined in the supplementary information section of a 2016 study conducted by Wu & Gale?’.
HPTS assays were conducted using POPC LUVs (200 nm diameter) vesicles were loaded with
an internal solution containing pH-sensitive fluorescent dye HPTS (1 mM), HEPES buffer (10
mM) and potassium gluconate (100 mM). An external solution of HEPES buffer (10 mM) and

potassium gluconate (100 mM) was also prepared, and both solutions were buffered to pH 7.

Unilamellar vesicles were prepared following a procedure outlined previously by the
Gale group?. A chloroform solution of POPC (37.5 mM, 4 mL) was transferred to a pre-
weighed round-bottom flask, and the solvent was removed using a rotary evaporator. The
pressure was lowered slowly to ensure the formation of a smooth lipid film. Subsequently, the
film was dried in vacuo for 4-24 h, and the mass of lipid was recorded. The lipids were
rehydrated with 4 mL of internal solution (this number should correspond to the volume of
POPC solution used initially) and vortexed until all lipids were removed from the sides of the
flask and were suspended in solution. The lipids were subjected to 9 cycles of freeze-thaw by
freezing using a dry ice/acetone bath and thawing in lukewarm water. Following this, the
vesicles were left to rest at room temperature for 30 min. The lipids were extruded through a
200 nm polycarbonate membrane 25 times to form monodisperse vesicles. Only 1 mL of
solution was extruded at a time before being collected. Finally, any residual unencapsulated
salt from the internal solution was using a B19 column packed with hydrated G-25 Sephadex®,
which had been pre-saturated with the respective external solution. The lipid suspensions were

diluted with the external solution to afford a stock solution (10 mL) of a known concentration.
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54.1.1 Assay Conditions

For a given experiment, the prepared vesicles were diluted to a concentration of 0.1
mM in a 4.5 mL plastic cuvette. A pH gradient is required to drive transport through the vesicle
membrane in these experiments before the transporter is added. An aliquot of aqueous NaOH
solution (25 pL, 0.5 M) was added to increase the pH of the external solution by approx. one
pH unit to pH 8.0. Following this, valinomycin (5 pL of 25 pM DMSO solution, 0.05 mol%)
was added to each cuvette. Transport was initiated with the addition of the transporter as a
DMSO solution (5 pL) and ended with the addition of detergent (Triton X-100 (10% v/v in
water), 25 pL) at £ = 210 s to lyse the vesicles, and a final fluorescence intensity reading was

recorded at £ =300 s to signify 100% proton efflux.

54.1.2 Dose-Response Hill Analysis

The changes in the fluorescent activity of intravesicular HPTS were used to detect pH
changes during the experiments, and hence represent proton efflux. The acidic and basic forms
of the HPTS probe were excited at Aex = 403 nm and Aex = 460 nm, respectively, and the
fluorescence emission of both forms recorded at Aem = 510 nm. The intensity ratio of basic form
to acidic form was determined, and the fractional fluorescence intensity (/r) was calculated

using the equation:

R — Ry
[ =——2>"
Rqs — Ry

Where R; is the ratiometric fluorescence value at a given time (t), Ro is the ratiometric
fluorescence value at = 0 s and Ry is the fluorescence ratiometric value recorded at # =280 s

following the addition of detergent.
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Dose-response experiments were performed at a minimum of five transporter
concentrations plus a blank DMSO control run. /r was plotted as a function of transporter
concentration (mol%, with respect to lipid concentration). The Ir value at t = 200 s for each
tested transporter concentration was fit to an adapted Hill Equation, using Origin 2021b
(Academic), given as:

xTL

Y= Yo+ Omax = Yo) 1o
Where yo is the Ir value at £ = 200 s for the DMSO blank run, ymax is the maximum /r value, n
is the Hill coefficient, and & is a derived parameter. A derived equation was used to calculate
the ECso value, the transporter concentration required to facilitate 50% chloride efflux, given
as:

0.5
Y1 — Yo

ECsy = k( )1/n

Where k and n are the derived parameters from the Hill equation, yo is the percentage chloride

efflux at =0 s, and y; is the percentage chloride efflux at =280 s.

5.4.1.3 Incubation Studies

Additional experiments were conducted to assess the effect of protonophore incubation
on the rate of proton efflux. Experiments were completed for each compound at the same
loading of protonophore (0.5 mol%) and performed under three conditions. 1.) Base addition
first, followed by protonophore addition to initiate the experiment (¢ = 0 s incubation). 2.)
Protonophore addition first, followed by base addition to initiate the experiment. This provides
a brief incubation after protonophore is added while the experiment and fluorimeter are
prepared (¢ = 30 s incubation). 3.) Protonophore addition first, followed by base addition to

initiate the experiment after a # = 300 s interval (¢ = 300 s incubation). The efflux plots of these
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experiments were depicted on the same axes for qualitative comparison. The initial rates and

incubation enhancement factors were calculated to provide a quantitative analysis.

5.4.2 Anion Binding 'H NMR Studies

Aryl amide esters 1a-5a were dissolved in acetone-d® subject to 'H NMR measurements
on a Bruker AVANCE III 400 NMR Spectrometer. TBA-OAc in acetone-d’ was sequentially
added to the NMR tube, varying in concentrations of 0.1 — 30 mM. The chemical shift of the
N-H peak at various concentrations was fitted to a 1:1 binding model to retrieve anion binding

constants'’!,

5.4.3 Concentration-Dependent 'H NMR Studies

A suspension of aryl amides 1-5in CDCI3 was treated with 1.0 equivalent of
tetrabutylammonium hydroxide (TBAOH, ~40% in H20) and sonicated for 20 min to give a
clear solution of (1-5)-TBAOH at 5 mM. The solution was diluted to various concentrations in
CDCI3 and subject to 'H NMR measurements on a Bruker AVANCE III 400 NMR
Spectrometer. The chemical shifts of two aromatic C-H peaks at various concentrations were

fitted to a monomer-dimer equilibrium model to retrieve dimerisation constants'>® 162,

5.4.4 Computational Evaluation

Both truncated and complete aryl amide structures were constructed using GaussView
6!2. Aryl amide dimers were constructed using the optomized monomeric structures. All DFT
calculations performed using Gaussian 16, revision C.01'®* at the M062x-D3/6-31G(d,
p)//M062X-D3/6-311++G(2df,2p) level of theory. Implicit solvation in benzene (e=2.2706)

and water (e=78.3553) was carried out using the SMD model for all calculations.
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For calculating dipole angle of aryl amides 1, 4 and 5, the probability of the formation

of their two possible conformers were calculated using a Boltzmann Distribution given as:

S exn(- )

=1

Where p: is the probability of formation of the conformer, 7 is the temperature (298 K), £ is
typically a Boltzmann constant but in this case it is the gas constant R (0.00831 kJ/mol-K) and
€1 1s the energy states of the conformer. The average bond angle was calculated by addition of

the bond angles of each conformer when considering their probabilities:

Haverage = (01 X 1) + (62 X po)
Where Oaverage 1s the average dipole angle for that aryl amide, 8; and 6: are the dipole angles of

the conformers and p; and p: are the probabilities of the formation of each conformer.

5.5 Mice Studies

5.5.1 Mice and Ethics

All studies were performed under the protocol approved by the Animal Care and Ethics
Committee at The University of Newcastle (A-2019-928). Six-8 week old female wild-type
BALB/c mice (Animal Resource Centre, Western Australia, Australia or Central Animal
House, Newcastle, Australia) were housed under specific pathogen free (SPF) conditions in the
Hunter Medical Research Institute PC2 Facility (Newcastle, Australia) and maintained on a
12-hour day-night cycle with food and water available ad libitum. Mice were either placed on
a high fat diet (HFD; 60% energy derived from lipids, 15% energy from protein [SF14-154],
Specialty Feeds, Glen Forrest, Western Australia, Australia) or control chow (CC) diet (16%

energy derived from lipids, 21% energy from protein [SF09-091], Specialty Feeds, Australia)
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as outlined in model Figures throughout and we have previously established'”®. Following
euthanasia by intraperitoneal (i.p.) injection with sodium pentobarbitone (60 mg/kg) in 200ul
phosphate buffered saline (PBS), parametrial, retroperitoneal and inguinal fat pads were
collected and weighed to confirm HFD-induced increase in weight and adiposity.
Gastrocnemius muscle weight was also recorded. Following 9 weeks of HFD or CC, mice were

administered EP4 (1 mg/kg or 10 mg/kg; oral gavage) or PBS (oral gavage) on days 21-34.

On day 35 of the study protocol, mice were anaesthetised with a mixture of ketamine
(100mg/kg, Parnell Laboratories, Alexandria, New South Wales, Australia) and xylazine
(10mg/kg, Troy Laboratories, Smithfield, New South Wales, Australia) in 200uL PBS i.p.
Following tracheostomy, cannulae were inserted into the trachea and ligated. Rn and Rrs (tidal
volume of 8mL/kg at a respiratory rate of 450 breaths/min) were measured in response to
increasing doses of nebulised methacholine (up to 10mg/mL, 15uL saline; Sigma-Aldrich,
Sydney, Australia) and expressed as a percentage change to saline nebulization. Mice were
subsequently euthanized by intraperitoneal (i.p.) injection with sodium pentobarbitone

(60mg/kg) in 200pL phosphate buffered saline (PBS) and BALF collected.

5.5.2 Glucose and insulin measurements (blood)

In some groups, mice were fasted for 12 hours prior to euthanasia by i.p. injection with
sodium pentobarbitone (60mg/kg) in 200 puL phosphate buffered saline (PBS). Blood was
immediately collected via cardiac puncture and glucose measured using an Accu-Chek glucose
monitor. Blood was clotted at room temperature, centrifuged (300 xg, 10 mins), serum
collected and ran fresh using an Ultra-Sensitive Mouse Insulin ELISA Kit (Cat no. 90080;

Crystal Chem, IL, USA) as per the manufacturer’s instructions.
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5.5.3 Statistics

Comparisons between two groups were made using unpaired #-tests where appropriate.
Comparisons between multiple groups were made using a One-way ANOVA and Fisher’s LSD
Post Test where appropriate. Analyzes were performed using GraphPad Prism Software
(version 10.4.0). All data points shown are representative of individual mice. No data has been

pooled. *P<0.05 was considered statistically significant.
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Figure 27: Structure of Liraglutide
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Figure 28: MTS Cell viability of aryl amides. Dose-response curves of cell viability (%)
relative to control of MDA-MB-231 breast cancer cells when treated with aryl amides 1-5 for
24 hours at concentrations between 0.1 uM to 40 uM using an MTS assay. Only aryl amide 2
had an ICso < 100 with 7.15 = 1.5 uM. Data represents mean + SEM of three independent

experiments.
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Figure 29: Aryl amides effect on membrane potential. Individual dose-response curves of
membrane depolarisation (%) relative to control of MDA-MB-231 breast cancer cells when
treated with aryl amides 1-5 for 1 hour at concentrations between 0.1 uM to 40 uM using a JC-
1 assay. CCCP and DNP tested at concentrations of 0.01-100 uM Data represents mean + SEM

of three independent experiments.
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Figure 30: Hill plot analysis of H"/OH™ transport facilitated by compound 1 measured using
the KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles
before the addition of 1 at 0 s. Detergent was added at =210 s to lyse the vesicles. Compound
concentrations are shown as compound-to-lipid molar ratios. Error bars represent standard

deviations from two repeats.
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Figure 31: Hill plot analysis of H"/OH™ transport facilitated by compound 2 measured using
the KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles
before the addition of 2 at 0 s. Detergent was added at # =210 s to lyse the vesicles. Compound
concentrations are shown as compound-to-lipid molar ratios. Error bars represent standard

deviations from two repeats.
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Figure 32: Hill plot analysis of H"/OH™ transport facilitated by compound 3 measured using
the KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles
before the addition of 3 at 0 s. Detergent was added at # =210 s to lyse the vesicles. Compound
concentrations are shown as compound-to-lipid molar ratios. Error bars represent standard

deviations from two repeats.
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Figure 33: Hill plot analysis of H/OH™ transport facilitated by compound 4 measured using
the KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles
before the addition of 4 at 0 s. Detergent was added at # =210 s to lyse the vesicles. Compound
concentrations are shown as compound-to-lipid molar ratios. Error bars represent standard

deviations from two repeats.
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Figure 34: Hill plot analysis of H'/OH™ transport facilitated by compound 5 measured using
the KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles
before the addition of 5 at 0 s. Detergent was added at =210 s to lyse the vesicles. Compound
concentrations are shown as compound-to-lipid molar ratios. Error bars represent standard

deviations from two repeats.
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Figure 35: The HPTS efflux plots for compound 1 (0.5 mol%) measured using the KGluc
assay under three incubation conditions. Valinomycin (0.05 mol%) were added to the vesicles
in each experiment before the addition of 1 and NaOH (5 mM) in various orders. 0 s incubation
represents base-first addition followed by protonophore initiation. 40 s incubation represents
protonophore-first addition followed by base initiation. 300 s incubation represents
protonophore first addition followed by base initiation after a 300 s period. Detergent was

added at =210 s to lyse the vesicles. Error bars represent standard deviations from two repeats.
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Figure 36: The HPTS efflux plots for compound 2 (0.5 mol%) measured using the KGluc
assay under three incubation conditions. Valinomycin (0.05 mol%) were added to the vesicles
in each experiment before the addition of 2 and NaOH (5 mM) in various orders. 0 s incubation
represents base-first addition followed by protonophore initiation. 40 s incubation represents
protonophore-first addition followed by base initiation. 300 s incubation represents
protonophore first addition followed by base initiation after a 300 s period. Detergent was

added at =210 s to lyse the vesicles. Error bars represent standard deviations from two repeats.
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Figure 37: The HPTS efflux plots for compound 3 (0.5 mol%) measured using the KGluc
assay under three incubation conditions. Valinomycin (0.05 mol%) were added to the vesicles
in each experiment before the addition of 3 and NaOH (5 mM) in various orders. 0 s incubation
represents base-first addition followed by protonophore initiation. 40 s incubation represents
protonophore-first addition followed by base initiation. 300 s incubation represents
protonophore first addition followed by base initiation after a 300 s period. Detergent was

added at =210 s to lyse the vesicles. Error bars represent standard deviations from two repeats.
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Figure 38: The HPTS efflux plots for compound 4 (0.5 mol%) measured using the KGluc
assay under three incubation conditions. Valinomycin (0.05 mol%) were added to the vesicles
in each experiment before the addition of 4 and NaOH (5 mM) in various orders. 0 s incubation
represents base-first addition followed by protonophore initiation. 40 s incubation represents
protonophore-first addition followed by base initiation. 300 s incubation represents
protonophore first addition followed by base initiation after a 300 s period. Detergent was

added at =210 s to lyse the vesicles. Error bars represent standard deviations from two repeats.
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Figure 39: The HPTS efflux plots for compound 5 (0.5 mol%) measured using the KGluc
assay under three incubation conditions. Valinomycin (0.05 mol%) were added to the vesicles
in each experiment before the addition of 5 and NaOH (5 mM) in various orders. 0 s incubation
represents base-first addition followed by protonophore initiation. 40 s incubation represents
protonophore-first addition followed by base initiation. 300 s incubation represents
protonophore first addition followed by base initiation after a 300 s period. Detergent was

added at =210 s to lyse the vesicles. Error bars represent standard deviations from two repeats.
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Figure 40: 'H NMR titration spectra as a stack plot for aryl amide ester 1a + TBAOAc in
acetone-d at 298 K. OAc™ binding constant determined was 696.58 M calculated by fitting
the change in aryl amide N-H chemical shift to a 1:1 binding model on bindfit with changing
[OAcT] from 0-9 mM/mM equivalents guest/host. Full plot details can be found using the
following  link: http://app.supramolecular.org/bindfit/view/1514c8b3-3e72-419f-a53d-
b7484aa4abab
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Figure 41: '"H NMR titration spectra as a stack plot for aryl amide ester 2a + TBAOAc in
acetone-d at 298 K. OAc™ binding constant determined was 936.59 M calculated by fitting
the change in aryl amide N-H chemical shift to a 1:1 binding model on bindfit with changing
[OAcT] from 0-9 mM/mM equivalents guest/host. Full plot details can be found using the
following  link: http://app.supramolecular.org/bindfit/view/b82b2376-ca35-417a-bd6e-
591a2e05b24e
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Figure 42: 'H NMR titration spectra as a stack plot for aryl amide ester 3a + TBAOAc in
acetone-d at 298 K. OAc™ binding constant determined was 1306.84 M! calculated by fitting
the change in aryl amide N-H chemical shift to a 1:1 binding model on bindfit with changing
[[OAc] from 0-9 mM/mM equivalents guest/host. Full plot details can be found using the
following  link: http://app.supramolecular.org/bindfit/view/f4dd8115-47ca-4123-b567-
Occ5c188e8ba
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Figure 43: '"H NMR titration spectra as a stack plot for aryl amide ester 4a + TBAOAc in
acetone-d at 298 K. OAc™ binding constant determined was 818.91 M! calculated by fitting
the change in aryl amide N-H chemical shift to a 1:1 binding model on bindfit with changing
[OAc] from 0-9 mM/mM equivalents guest/host. Full plot details can be found using the
following link: http://app.supramolecular.org/bindfit/view/fe0176a1-9258-4168-9616-
a26c6b76e236
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Figure 44: '"H NMR titration spectra as a stack plot for aryl amide ester 5a + TBAOAc in
acetone-d at 298 K. OAc™ binding constant determined was 936.10 M! calculated by fitting
the change in aryl amide N-H chemical shift to a 1:1 binding model on bindfit with changing
[OAc] from 0-9 mM/mM equivalents guest/host. Full plot details can be found using the
following link: http://app.supramolecular.org/bindfit/view/22a84dca-1990-4be8-9bf7-
0391e2a25b5a
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Figure 45: Concentration-dependent '"H NMR titration spectra as a stack plot for aryl amide 1
+ TBAOH in CDCls at 298 K. Dimerisation constant determined was 8274.73 M™! and
calculated by fitting the average chemical shifts of two aromatic C-H peaks to a NMR Dimer

Aggregation model on bindfit with concentrations of 1 between 5-0.005 mM.
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Figure 46: Concentration-dependent '"H NMR titration spectra as a stack plot for aryl amide 2
+ TBAOH in CDCl3 at 298 K. Dimerisation constant determined was 8483.76 M and
calculated by fitting the average chemical shifts of two aromatic C-H peaks to a NMR Dimer

Aggregation model on bindfit with concentrations of 2 between 5-0.005 mM.
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Figure 47: Concentration-dependent 'H NMR titration spectra as a stack plot for aryl amide 3
+ TBAOH in CDCIs at 298 K. Dimerisation constant determined was 9297.37 M™' and

calculated by fitting the average chemical shifts of two aromatic C-H peaks to a NMR Dimer
Aggregation model on bindfit with concentrations of 3 between 5-0.005 mM.
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Figure 48: Concentration-dependent '"H NMR titration spectra as a stack plot for aryl amide 4
+ TBAOH in CDCls at 298 K. Dimerisation constant determined was 2825.96 M! and
calculated by fitting the average chemical shifts of two aromatic C-H peaks to a NMR Dimer
Aggregation model on bindfit with concentrations of 4 between 5-0.005 mM.
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Figure 49: Concentration-dependent '"H NMR titration spectra as a stack plot for aryl amide 5

+ TBAOH in CDCIs at 298 K. Dimerisation constant determined was 2366.56 M~! and

calculated by fitting the average chemical shifts of two aromatic C-H peaks to a NMR Dimer

Aggregation model on bindfit with concentrations of 5 between 5-0.005 mM.
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¢

Figure 50: Two possible conformers of aryl amides 1, 4 and S respectively in which their

dipole angle relative to the hydrogen bond axis was measured.
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Figure 51: Short chain aryl amides effect on membrane potential. Individual dose-response
curves of membrane depolarisation (%) relative to control of L6 rat skeletal muscle cells when

treated with aryl amides 6-17 and DNP for 1 hour at concentrations between 0.1 pM to 100
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uM using a JC-1 assay. CCCP tested at concentrations of 0.01-100 uM Data represents mean

+ SEM of three independent experiments.
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Figure 52: a) '"H NMR spectrum of 1a (400 MHz, CDCl3). b) '3C NMR spectrum of 1a (125
MHz, CDCl3)
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Figure 53: a) 'H NMR spectrum of 1 (500 MHz, DMSO-ds). b) '*C NMR spectrum of 1 (125
MHz, DMSO-ds)
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Figure 54: a) 'H NMR spectrum of 2a (400 MHz, CDCI3). b) '*C NMR spectrum of 2a (125
MHz, CDCl3)
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Figure 56: a) '"H NMR spectrum of 3a (400 MHz, CDCl3). b) '3C NMR spectrum of 3a (500
MHz, CDCLs).

151



a Cl 3 3 R
o E ] U
HO\H/\/W\/\/\/\/\)LH cl
o]

| | |

' |
J J MJL
| | | | R I | : T
12 11 10 9 8 7 6 5 4 3 2 ppm

2.47%
o
22.585
83

180 160 140 120 100 80 60 40 20 ppm

Figure 57: a) 'H NMR spectrum of 3 (400 MHz, DMSO-ds). b) *C NMR spectrum of 3 (500
MHz, DMSO-d).

152



nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

o]
LA
o 7 J
e U A L
| | | | | | T T T | |
8 7 6 5 4 3 2 ppm
24 AEfssdsada g N 3 SRR EEEE S
M N . | J .'ul. \ \_AL A .
III|IIII|IIII|III[|II[I|I'[II|IIII|IIII|IIII|1III]lllllllll'l[III[IIII]IIII[II
170 160 150 140 130 120 110 100 90 80 70 60 50 40 Ppm

Figure 58: a) 'H NMR spectrum of 4a (400 MHz, CDCl3). b) '3C NMR spectrum of 4a (500
MHz, CDCl).
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Figure 59: a) 'H NMR spectrum of 4 (500 MHz, DMSO-ds). b) '*C NMR spectrum of 4 (500
MHz, DMSO-db).
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Figure 60: a) 'H NMR spectrum of 5a (500 MHz, CDCl3). b) 3C NMR spectrum of 5a (500
MHz, CDCI3).
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Figure 61: a) 'H NMR spectrum of 5 (500 MHz, DMSO-ds). b) *C NMR spectrum of 5 (500

MHz, DMSO-d).
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Figure 62: a) '"H NMR spectrum of 6a (500 MHz, CDCl3). b) '3C NMR spectrum of 6a (500
MHz, CDCl).
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Figure 63: a) 'H NMR spectrum of 6 (500 MHz, DMSO-ds). b) '*C NMR spectrum of 6 (500

MHz, DMSO-db).
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Figure 64: a) 'H NMR spectrum of 7a (500 MHz, CDCl3). b) '3C NMR spectrum of 7a (500
MHz, CDCls).

159



| Ul

L

10 8 6 4 2 [pplm]
b
3. g8
=3 0o
St ==
JJJ " " PPTIN & : I "Tl ] i - - o oo |r-l i I

—T T —T— T T — T — — T T T
160 140 120 100 80 60 40 [ppm]

Figure 65: a) 'H NMR spectrum of 7 (500 MHz, DMSO-ds). b) *C NMR spectrum of 7 (500
MHz, DMSO-db).
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Figure 66: a) '"H NMR spectrum of 8a (500 MHz, CDCl3). b) '3C NMR spectrum of 8a (500
MHz, CDCl5).
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Figure 67: a) 'H NMR spectrum of 8 (500 MHz, DMSO-ds). b) '*C NMR spectrum of 8 (500
MHz, DMSO-db).
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Figure 68: a) 'H NMR spectrum of 9a (500 MHz, CDCl3). b) '3C NMR spectrum of 9a (500
MHz, CDCI).
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Figure 69: a) 'H NMR spectrum of 9 (500 MHz, DMSO-ds). b) *C NMR spectrum of 9 (500

MHz, DMSO-db).
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Figure 70: a) '"H NMR spectrum of 10a (400 MHz, CDCI3). b) 1*C NMR spectrum of 10a (125

MHz, CDCl3).
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Figure 71: a) '"H NMR spectrum of 10 (400 MHz, DMSO-ds). b) '3C NMR spectrum of 10
(125 MHz, DMSO-db).
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Figure 72: a) '"H NMR spectrum of 11a (500 MHz, CDCI3). b) 3C NMR spectrum of 11a (125
MHz, CDCI).
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Figure 73: a) '"H NMR spectrum of 11 (500 MHz, DMSO-ds). b) '*C NMR spectrum of 11
(125 MHz, DMSO-dk).
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Figure 74: a) '"H NMR spectrum of 12a (500 MHz, CDC13). b) '3C NMR spectrum of 12a (125
MHz, CDCls).
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Figure 75: a) '"H NMR spectrum of 12 (500 MHz, DMSO-ds). b) '3C NMR spectrum of 12
(125 MHz, DMSO-de).
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Figure 76: a) '"H NMR spectrum of 13a (400 MHz, CDCI3). b) 1*C NMR spectrum of 13a (125
MHz, CDCI).
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Figure 77: a) 'H NMR spectrum of 13 (400 MHz, DMSO-ds). b) *C NMR spectrum of 13
(125 MHz, DMSO-db).
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Figure 78: a) '"H NMR spectrum of 14a (500 MHz, CDCl3). b) '3C NMR spectrum of 14a (125
MHz, CDCls).
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Figure 79: a) '"H NMR spectrum of 14 (500 MHz, DMSO-ds). b) 3C NMR spectrum of 14
(125 MHz, DMSO-dé).
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Figure 80: a) '"H NMR spectrum of 15a (500 MHz, CDCI3). b) 3C NMR spectrum of 15a (125
MHz, CDCI).
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Figure 81: a) '"H NMR spectrum of 15 (500 MHz, DMSO-ds). b) '*C NMR spectrum of 15
(125 MHz, DMSO-d).
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Figure 82: a) '"H NMR spectrum of 16a (500 MHz, CDCI3). b) 3C NMR spectrum of 16a (125
MHz, CDCI).
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Figure 83: 'H NMR spectrum of 16 (500 MHz, DMSO-ds). b) 1*C NMR spectrum of 16 (125
MHz, DMSO-db).
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Figure 84: a) '"H NMR spectrum of 17a (500 MHz, CDCI3). b) 1*C NMR spectrum of 17a (125
MHz, CDCI3).
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Figure 85: a) 'H NMR spectrum of 17 (400 MHz, DMSO-ds). b) '*C NMR spectrum of 17
(125 MHz, DMSO-ds).
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Figure 86: a) 'H NMR spectrum of 19 (400 MHz, CDCI3). b) 1*C NMR spectrum of 19 (125
MHz, CDCl3).
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Figure 87: a) '"H NMR spectrum of 20 (400 MHz, CDCl3). b) '3C NMR spectrum of 20 (125
MHz, CDCl3)
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