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Abstract

Ischaemic heart disease is one of the leading causes of death worldwide, and is rapidly
growing in prevalence. Despite improvements in response and treatment times, individuals
who suffer from cardiac ischaemic injury are at risk of developing chronic heart failure. The
development of regenerative therapeutics which harness endogenous recovery mechanisms
to optimise repair of the injured heart after ischaemic injury are highly desired. One emerging
mechanism via modulation of the immune response demonstrates great promise as a potential
mediator of cardiac regeneration. The lymphatic system plays a significant
immunomodulatory role in the transportation and clearance of immune cells. In the heart, the
efficient clearance of immune cells post-ischaemic injury is linked to reduced fibrotic scarring
and improved cardiac function, ultimately resulting in a more effective recovery after a
myocardial infarction. This immune cell clearance is enhanced by lymphangiogenesis, which
is the growth of new lymphatic vessels from pre-existing vasculature. This research has
identified a small molecule, fingolimod, which induces lymphangiogenesis while also
demonstrating previously reported pleiotropic effects upon both the lymphatic and immune
system (i.e. T-lymphocyte sequestration in lymph nodes and T-lymphocyte migration

inhibition).

The aim of this research was to deconvolute the potentially tissue-specific activity of
fingolimod, to distinguish the mechanisms of action responsible for these
immunomodulatory effects of interest. Phenotypic assays of lymphangiogenesis and T-
lymphocyte migration were developed and optimised to aid this endeavour. Preliminary
studies suggested that fingolimod’s metabolite, fingolimod phosphate is responsible for the

immunomodulatory effects on both the lymphatic and immune system. Further



pharmacological evaluation of fingolimod phosphate’s mechanisms of action demonstrated
that these phenotypic effects were independent of fingolimod’s canonically associated
sphingosine-1-phosphate receptors, but were dependent on another G-protein coupled
receptor. The apelin receptor was identified as a target of interest, related to fingolimod’s
lymphangiogenic effect. This observation was supported by CETSA, pharmacological

inhibition studies, siRNA knockdown studies and downstream pathway analysis.

To further decipher fingolimod phosphate’s targets of phenotypic interest in an unbiased
manner, fingolimod-derived chemical probes with a sustained functional effect were
designed and synthesised, utilising photoaffinity labelling technology. A structurally similar
but functionally inactive photoaffinity labelling probe was also synthesised and validated,
with the intention of acting as a necessary negative control. There were significant attempts
made to synthesise an iridium photocatalytic photoaffinity probe, to map fingolimod’s
microenvironment, in addition to its direct targets. However, challenges in selectively

modifying the sterically-hindered headgroup of fingolimod impeded this synthesis.

The validated photoaffinity probe was used to assess the direct targets of fingolimod in
lymphatic endothelial cells. Proteomic analysis of probe-enriched proteins revealed novel
interaction partners of fingolimod related to both its lymphangiogenic and migratory
phenotypes. These findings also provided insight into the potential origins of fingolimod’s
adverse side effects, as well as pleiotropic effects relating to other disease areas (i.e. diabetes,
Alzheimer’s disease). These discoveries highlight the importance of target deconvolution in

the development of effective therapeutics.
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Chapter 1 Introduction

1 Introduction

1.1 Cardiac ischaemic injury

Ischemic heart disease, also called coronary heart disease (CHD), occurs when a region of the
cardiac muscle (myocardium) becomes starved of oxygen. This ischaemic event is commonly
caused by the narrowing or obstruction of the coronary arteries which supply oxygen-rich
blood from the lungs to the heart (Figure 1.1).# This narrowing of the coronary arteries is
caused by the build-up of fatty, cholesterol-rich deposits called atheromas around the arterial
walls.> Over time, these atheromas develop into a hardened plaque which narrows and
rigidifies the artery. As these plaques grow, they can break away as a blood clot, leading to
arterial thrombosis and the pathological restriction of blood flow to the myocardium, causing
a myocardial infarction (MI), or heart attack. The evolution towards a MI occurs when cardiac
tissue downstream of the blockage becomes necrotic.® Post-MI, the deposition of fibrotic
scarring reduces the overall cardiac function, leading to the subsequent progression into
cardiac hypertrophy and heart failure. CHD can arise from a variety of acquired or genetic
risk factors. In most cases, the development of CHD in a patient can be attributed to acquired
risk factors, many of which are interlinked. Poor lifestyle factors, such as a lack of physical
exercise, high-fat diet and smoking,’* can increase the propensity towards CHD. There are
also a number of genetic risk factors which are associated with CHD, not all of which are well
understood. Some of these observed risk factors present as a genetic predisposition towards
heart disease (i.e. chr9p21, type 1 diabetes),!* ' whereas others have a direct pathological cause

and effect to which it can be attributed (i.e familial hypercholesterolemia).’?
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There is no cure for ischaemic heart disease beyond preventative lifestyle choices,
symptomatic treatments and surgical interventions to slow the disease progression. Heart
disease remains the number one cause of death globally and CHD has an astounding global
prevalence, affecting over 250 million people worldwide.'® Hence there is a huge unmet need

for curative treatments to combat cardiac ischaemic injury.

Healthy heart Diseased heart

infarct zone

Figure 1.1: Schematic depiction of a healthy heart compared to an infarcted heart. Healthy hearts
possess clear, non-obstructed arteries, whereas infarcted hearts have coronary arteries occluded with
atheromas and thrombosis. This blockade of the coronary artery results in a lack of oxygenated blood
reaching the downstream myocardium, leading to necrosis.

1.1.1 Timeline of a Myocardial Infarction

Once myocardial infarction happens, upon occlusion or narrowing of the coronary arteries,
cardiomyocytes and vascular endothelial cells downstream of the blockage become ischaemic
and begin to die.® The most common mechanism of cardiomyocyte cell death immediately
after a Ml is coagulation necrosis.'* > Necrosis is defined as an uncontrolled form of cell death
whereby the cell becomes metabolically compromised and ATP-starved, leading to protease
leakage from lysosomes and subsequent cellular degradation.' This is usually followed by
cell membrane rupture and the release of intracellular contents, triggering an innate immune
response. In the case of coagulation necrosis, the cellular architecture remains intact, but the

intracellular proteins become denatured, preventing proteolytic degradation.’* This is
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observed physiologically as firm, white coagulated tissue. This region of ischaemic tissue is
called the infarct zone. The released damage-associated membrane patterns (DAMPs) trigger
the innate immune response and mobilisation of immune cells from bone marrow/splenic
reservoirs. These immune cells invade the injured heart and initially present with a pro-
inflammatory phenotype.”” This phase of the immune response is characterized by the
clearance of necrotic tissue from the infarct zone and the degradation of the extracellular
matrix (ECM) by matrix metalloproteinases (MMPs).’®* However, an excessive pro-
inflammatory response can result in the clearance of healthy cardiomyocytes, expanding the
infarct zone and exacerbating the injury."” Following the inflammatory phase, recruited
immune cells adopt a more reparative phenotype and activate fibroblasts to proliferate and
differentiate into myofibroblasts. These myofibroblasts replace the necrotic tissue and
promote the secretion of a collagen-based scar to maintain the structural integrity of the heart
and prevent cardiac rupture.?’ Neovascularisation of both blood and lymphatic vessels occurs
to induce reperfusion of the infarcted tissue, and modulate inflammation. Angiogenesis (i.e.
growth of new blood vessels) into the infarct zone post-MI facilitates the redistribution of
oxygenated and nutrient-rich blood to the heart, while also enabling direct immune cell
infiltration.?’ Lymphangiogenesis (i.e. growth of new lymphatic vasculature) into the infarct
zone enhances immune cell clearance, stimulating inflammation resolution.?? The scar tissue
begins to mature after a couple of weeks, with extensive crosslinking of the collagen ECM
occurring, alongside cardiac remodelling. The excessive collagen deposited around the scar
tissue impairs its contractility and elasticity. Coupled with the lack of conductivity with the
survived tissue, this can lead to arrhythmia which in-turn can be lethal.?® Thus, adverse

cardiac remodelling can hinder the overall function and cardiac output of the heart. This
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suboptimal repair mechanism that the body adopts after a MI can lead to a plethora of long-
term complications.

The pro-inflammatory and reparative pathways which are triggered post-MI are regulated by
the complex interplay between immune cells that make up the innate and adaptive immune
response. As such, a greater understanding of the spatiotemporal roles that each immune cell
plays in the heart after a MI could provide insight into new therapeutic targets to aid cardiac

recovery.

1.1.2 Immune response after a Myocardial Infarction

Upon cardiomyocyte cell death, in response to ischaemic injury, the innate immune response
is triggered by pro-inflammatory and apoptotic signalling by necrotic cardiomyocytes,
damaged ECM and cell debris.* The release of cleaved complement proteins (C5a) and
cytokines (histamine, TNFa and IL-13) recruits the initial influx of neutrophils from reservoirs
in the spleen and bone marrow to the site of injury in the heart.?>?® Neutrophils can enter the
periphery of the infarct site within hours of a MI, but their migration to the centre of the
necrotic tissue can be hindered by its non-perfused nature. Their population peaks around
day 3 post-M]I, beginning to decline at day 5 and nearly absent by day 7 (Figure 1.2).2 DAMPs
activate the neutrophils, promoting their release of reactive oxygen species (ROS) and
proteases, perpetuating the immune response.*® Excessive build-up of neutrophils at the site
of injury or their delayed clearance can be detrimental to cardiac recovery, due to their role in

maladaptive cardiac remodelling.3" 32

Neutrophils recruit monocytes through the secretion of proteoglycans and cathepsin G.% In

addition, neutrophils release pro-inflammatory cytokines which increases the expression of
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adhesion receptors on the surface of endothelial cells and activates integrins on the surface of
monocytes, potentiating the system towards increased immune cell infiltration.>* Upon
recruitment to the site of infarct, monocytes initially differentiate into M1-type macrophages
(day 1-3 post-MI),? %5 which display a pro-inflammatory phenotype. These MI1-type
macrophages participate in crucial phagocytotic events, clearing cell debris and apoptotic
neutrophils,® while also degrading ECM.¥” However, excessive cell clearance can lead to the
expansion of the infarcted zone, exacerbating the injury.* Over time (days 5-7 post-MI),* the
macrophage population primarily adopts a reparative M2-type phenotype, which promotes
ECM deposition, myofibroblast proliferation and angiogenesis.* Whilst M2 macrophages are
canonically associated with a cardioprotective phenotype, their persistent activation can lead

to excessive ECM and fibrosis deposition which results in adverse cardiac remodelling.
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Figure 1.2: Timeline of the immune response after a myocardial infarction. A schematic
depiction of the immune cell infiltration timeline into the infarct zone after a myocardial infarction in
adult mice. Expression levels quantified by Yan et al are depicted.?° Neutrophils enter the heart
within hours of the infarction, clearing cell debris before undergoing apoptosis. Neutrophil signalling
and apoptosis triggers macrophage infiltration. Macrophages phagocytose the cell debris before
shifting from a M1 to a M2 phenotype, aiding reparative ECM deposition. Dendritic cells take up
cardiac specific antigens and present them to naive T-lymphocytes in secondary lymphoid organs,
triggering their activation and migration to the heart. Circulating T-lymphocytes migrate to the heart
first, releasing both pro- and anti-inflammatory signalling molecules. Cytotoxic T-lymphocytes can
trigger cell death in healthy cardiomyocytes. Dendritic cell-activated T-lymphocytes infiltrate later,
making up the majority of the T-lymphocyte population.

During the secondary wave of the immune response, monocytes can also differentiate into

dendritic cells (DCs), with the majority of the population being myeloid DCs, originating from
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the spleen.*-4 DCs are immunoregulatory cells which bridge the gap between the innate and
adaptive immune response. They possess the ability to phagocytose, in addition to exhibiting
cardiac-specific pro-inflammatory antigens on their cell surface, acting as an antigen-
presenting cell (APC). As an APC, DCs can induce T-lymphocyte activation through direct
contact of the presented-antigen with the T-cell receptor (TCR).*>4 DCs also play a crucial role
as a modulator of monocyte/macrophage homeostasis, controlling their population levels and
relative M1/M2 phenotype proportions.* Conversely, prolonged mature DC infiltration in the
myocardium deteriorates left ventricle cardiac remodelling,* likely due to the stimulation of
an excessive inflammatory response which can induce secondary myocardial injury, such as

myocarditis.* 47

Upon activation by DCs in secondary lymphoid organs (i.e. lymph nodes and spleen), T-
lymphocytes are recruited to the site of injury (day 7 post-MI).? There are various
subpopulations of T-lymphocytes that can display a pro-inflammatory/effector role or a
regulatory anti-inflammatory role. T-lymphocytes are primarily divided into CD4* or CD8* T-
lymphocytes, depending on their surface expression of either biomarker. CD4* T-
lymphocytes can be further divided into 3 subtypes which have been shown to have a major
influence in myocardial infarction recovery, Thl, Th2 and Tregs. Thl cells portray a pro-
inflammatory phenotype and play a role in cell debris clearance after a MI, however, like most
pro-inflammatory immune cells their prolonged presence can exacerbate the damage caused
by a ML* Th2 cells play a role in tissue regeneration regulation as they secrete mediators
which promote the shift of macrophages towards a M2-phenotype.* A more pronounced Th2-
immunity in patients is conducive to improved recovery after a MI and reduced risk of heart

failure,® potentially due to IL-5 secretion and eosinophil recruitment.” Tregs are a class of
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regulatory CD4* T-lymphocytes which primarily demonstrate a cardioprotective effect.>> They
play an indispensable role in the homeostasis of pro- vs anti-inflammatory immunity,
favouring the progression towards Th2 and M2 phenotypes.>® Tregs and Thl cells are the
predominant CD4* populations present in the heart 7 days post-MIL.2> CD8* T-lymphocytes of
note in the context of MI recovery are cytotoxic T-lymphocytes and natural killer (NK) T-
lymphocytes. Cytotoxic T-lymphocytes have been shown to recognise and kill healthy
cardiomyocytes,'* 5 aggravating the ischaemic injury further. Whereas NK T-lymphocytes are
part of the innate immune response and participate in a regulatory role, releasing
cardioprotective cytokines (i.e. IL-10) to dampen the chronic inflammatory response after a

MI.%

To summarise, the acute innate inflammatory response is essential for the clearance of necrotic
cardiomyocytes post-ischaemic injury. However, prolonged exposure of these pro-
inflammatory populations (neutrophils, M1 macrophages, Thl and cytotoxic CD8* T-
lymphocytes) can worsen the injury by increasing the infarct size and promoting the
progression towards a chronic inflammatory state. After the initial inflammation phase, the
localised immune cell populations evolve towards a more reparative state. These anti-
inflammatory populations (M2 macrophages, Th2) promote proliferation of myofibroblasts to
replace the dead tissue and deposit a collagen-rich ECM to stabilise the hearts” structure,
preventing rupture. Yet, the excessive stimulation of these recovery mechanisms can result in
adverse cardiac remodelling which hinders the cardiac output of the heart and can lead to
further complications. There are several immunoregulatory populations (Tregs, NK T-
lymphocytes, DCs) which are responsible for the homeostasis between the inflammatory and

reparative mechanisms involved in cardiac recovery.
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It is evident that more research into the fine balance between pro- and anti-inflammatory
immunity post-Ml is required. A greater understanding will allow us to decipher the optimal
immunomodulatory response, which is conducive to improved cardiac recovery.
Spatiotemporal cell-type specific control over the different immune cell populations involved

in ischaemic injury recovery demonstrates great therapeutic potential.

1.1.3 Long term consequences of cardiac ischaemic injury

As previously stated, the endogenous repair mechanisms which are triggered in response to
ischaemic injury are suboptimal. The acute inflammatory response requires carefully
balanced regulation, and any slight deviation can initiate the evolution into a chronic state.
This commonly observed transition towards chronic inflammation can exacerbate the initial
ischaemic injury, with healthy cardiomyocytes being targeted by cytotoxic and phagocytotic
immune cells, resulting in the growth of the original infarct zone.** *®* Additionally, the
overwhelming pro-inflammatory signalling subsequently hinders the reparative response
mechanisms and a prolonged inflammatory response post-MI leads to increased

cardiomyocyte cell death. 2

The reparative phase is also essential for limiting cardiac damage following MI. Inadequate
ECM deposition and delayed revascularisation results in a weakened fibrotic scar that is prone
to cardiac rupture.”” Equally, a premature deviation towards the reparative phase before
thorough cell debris clearance by pro-inflammatory immune cells can be similarly
devastating. Excessive fibrosis can affect the contractility of the repaired heart, thereby
hindering its function. These complications are observed physiologically as adverse cardiac
remodelling, whereby the ineffective repair and regeneration of the injured heart results in its

inadequate function, leading to further complications. The high proportion of collagen within
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the fibrotic scar tissue reduces the contractility and conductivity of the fibrotic tissue.’® The
extent of fibrosis can also be increased by insufficient neovascularisation of the infarcted zone,

leading to secondary ischaemic events.>

Heart remodelling is also the consequence of the heart experiencing increased mechanical
stress upon the cell wall, causing it to stretch, in order to maintain the required levels of blood
circulation.®” ¢! This leads to increased chamber dilation which correlates to poor prognosis in
patients.®>% In response to stress, cardiomyocytes may undergo hypertrophy, whereby non-
infarcted healthy cardiomyocytes proliferate to compensate for the loss of contractile tissue.®
This initial compensation is beneficial, as it reduces the overall load and stress on the
myocardial wall. Cardiac hypertrophy has also been linked to metabolic remodelling in
cardiomyocytes due to energy starvation.” Nonetheless, continual myocardium thickening

results in stiffening of the muscle and the development of diastolic heart failure.®

In summary, the main features of adverse cardiac remodelling are (i) excessive cardiomyocyte
loss resulting in a larger infarct, wall thinning and chamber dilation (ii) extensive fibrosis
demonstrating impaired contractility and conductivity (iii) mechanical stress and impaired
metabolism leading to myocardial hypertrophy and functional impairment. All these
complications increase the risk of experiencing another heart attack and developing heart
failure. The common progression of this type of heart disease is also responsible for its

extremely high rate of morbidity, underscoring the need for improved treatments.
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1.1.4 Current treatments for cardiac ischaemic injury

Despite the severity and prevalence of ischaemic injury, there are currently no available
treatments which reverse the damage caused by adverse cardiac remodelling. The majority of
treatments on the market focus on preventative measures, reperfusion therapy or surgical

intervention to slow the progression of the disease towards heart failure.

1.1.4.1 Preventative treatments

The available preventative treatments focus primarily on reducing the likelihood of an
ischaemic event from occurring,®® by combatting the development of atherosclerosis and
thrombosis. Statins lower the circulating LDL cholesterol, reducing atheroma formation.
Similarly, anti-platelet and anti-coagulation therapies are carefully used to prevent blood clot
formation and subsequent thrombosis. In addition, anti-hypertensive drugs work by lowering
blood pressure and consequently lower the risk of CHD. At-risk patients are commonly
prescribed a combination of preventative treatments, along with recommended lifestyle

changes to lower the likelihood of coronary artery occlusion and ischaemic injury.

1.1.4.2 Post-ischaemia treatments and their complications

Post-MI, most treatments concentrate on mitigating risk factors to reduce the risk of adverse
disease progression, while also working to re-administer blood flow to the heart.
Thrombolytic drugs are administered to remove the coronary blockage and enable infarct
reperfusion.” However, caution must be taken when inducing reperfusion, as paradoxically
the re-establishment of blood flow can exacerbate the injury in what is known as ischaemia-

reperfusion injury.” The rapid influx of oxygenated blood leads to a substantial increase in
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ROS which play a role in tissue damage. In addition, reperfusion significantly enhances early
neutrophil infiltration, which similarly has a detrimental effect on ischaemia recovery.”

Sodium glucose co-transporter 2 (SGLT2) inhibitors, while initially developed as a treatment
for type 2 diabetes, are used to slow the progression of heart failure.” Inhibition of SGLT2
displays many cardioprotective effects, including improved energy metabolism,” reduced
inflammation,” and reduced cardiac hypertrophy.” These combined effects contribute

towards a marked reduction in hospitalisations and morbidities in post-MI patients.”” 78

1.1.4.3 Surgical intervention

In parallel with the available pharmaceutical treatments, surgical intervention is also a
possibility. To restore blood flow to the heart, a less invasive surgery such as an angioplasty
or stent insertion can be performed to widen the occluded vessel. In extreme cases, such as
multiple vessel or left main coronary artery blockage, a bypass surgery may be required as a
long-term solution if the less invasive methods are ineffective. Bypass surgery involves the
relocation of blood vessels from elsewhere in the body to the heart to bypass occluded arteries
and restore blood flow. Furthermore, in severe cases a heart transplant may be necessary for
end-stage heart failure patients. Despite the success rate of these surgeries,” ® like all invasive
procedures they carry their own inherent risks, particularly in older patients with underlying

health issues.

There is an unmet need for new ischaemic injury therapies which tackle the underlying issues
of cardiac remodelling and chronic inflammation, to enhance our endogenous recovery

mechanisms in cardiac repair and regeneration after a heart attack.
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1.2 Cardiac regeneration

The definitive cure in cardiac ischaemia would be complete cardiomyocyte regeneration, to
replace fibrotic scarring and reverse poor cardiac remodelling. Human cardiac regeneration
has been postulated by academics and medical professionals for nearly a century,® however,
it was only with the advancement of surgical procedures and in utero monitoring that the first
cases of human foetal and neonatal cardiac regeneration were observed. The first reported
case of neonatal cardiac regeneration followed by a severe MI was in 1980,% since then there
have been several more documented cases observed.®**” In 2015, a new-born baby suffered a
severe thrombotic occlusion of the left anterior descending artery approximately 2 h after
birth.88 After thrombolytic reperfusion treatment, the new-born made a full recovery, with a
cardiac function indistinguishable from a healthy child of a similar age. These case studies
exemplify that humans exhibit the endogenous mechanisms required for complete cardiac
regeneration, but they are lost very quickly after birth. This is a trait which is shared with
other mammalian species (i.e. mice and pigs). Due to the rarity of neonatal MI and the ethical
implications, the cardiac repair mechanisms that are adopted in human neonates cannot be
studied in any great depth. As such, animal models of fish and mammalian neonates have

provided a promising insight into regeneration.®

1.2.1 Animal models of cardiac regeneration

Many mammalian neonates retain cardiac regeneration potential, however this is lost within
7 days of birth.”® When comparing their differences in innate immune response, neonatal mice
release more anti-inflammatory cytokines (IL-10, IL-6),°" > and histamines to encourage DCs
and T-lymphocytes to adopt a reparative phenotype (Figure 1.3a).”> Moreover, in neonates

endothelial cells possess less surface adhesion receptors (i.e selectins), which reduces immune
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cell infiltration.”® Whereas adult mice exhibit a stronger inflammatory response and excessive
fibrotic scarring.”* However, one exception to this observation is the spiny mouse that can
regenerate as an adult. * One key difference which has been observed in spiny mice is the
superior neovascularisation of both blood and lymphatic vessels into the infarcted tissue post-
ML Moreover, the scar tissue in spiny mice has a higher cardiomyocyte density and is
composed of misaligned and less compacted collagen, resulting in a thicker but more
permissive scar.” In addition, the cardiomyocyte phenotype in adult spiny mice resembles
that of neonatal cardiomyocytes in laboratory house mice.”> The improved vascularisation,
differential cardiomyocyte expression and distinct scar composition could all be potential

strategies to explore in the drive for human adult cardiac regeneration.

Adult zebrafish also have the capacity to regenerate their heart (Figure 1.3b).”” However, this
does not extend to all small teleost fish; for example the Japanese rice fish, medaka, is unable
to regenerate its heart. It is evident that differences in the immune response triggered after
ischaemic injury, between the two fish, may underlie differences in regenerative capacity.”
Medaka fish demonstrate a neutrophil-dominant inflammatory phase with a delayed and
diminished reparative macrophage recruitment. Conversely, the zebrafish exhibits a
moderated neutrophil response and early macrophage infiltration. These observations are
conducive to a subdued pro-inflammatory response, which as indicated previously, can be

cardioprotective.

The Mexican tetra fish represents another valuable model for studying heart regeneration,
owing to its evolutionary divergence into surface-dwelling and cave-dwelling subspecies. The
cave-dwelling fish are incapable of cardiac regeneration while the surface fish have retained

their capacity to completely recover after cardiac injury (Figure 1.3¢c).” Whilst cardiomyocytes
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from both subspecies proliferate to the same extent, the cave fish exhibit a larger immune
response after ischaemic injury and a more substantial fibrotic scar. Another evolutionary
deviation which could explain the difference in cardiac regeneration between the two species
is the altered metabolism observed in cave fish. To overcome long periods of food scarcity
and a nutrient deficient diet, the cave fish have a reduced metabolism, higher energy storage
and insulin resistance.!® This diabetic-like phenotype could be linked to the reduced cardiac

regeneration potential of the cave fish.

There are many possible attributes which could be responsible for the ability of some species
to regenerate their heart, over others. The likely cause is a combination of multiple factors
which generate an environment conducive to cardiac regeneration. Nonetheless, a recurring
theme throughout the known literature is the importance of a controlled immune response,
with an emphasis on more reparative and proliferative mechanisms. This underscores the
central role of immune regulation, making immunomodulation a key mechanism to explore

to promote cardiac regeneration
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Figure 1.3: Animal models of cardiac regeneration adapted from Weinberger et al.’’" (a) Spiny mice
demonstrate improved cardiac regeneration over laboratory mice due to their increased
neovascularisation, less compacted collagen scarring and immature cardiomyocyte phenotype (b)
Zebrafish can regenerate their heart due to their favourable immune response characterised by reduced
neutrophil recruitment and early macrophage infiltration (c) The surface dwelling population of the
Mexican tetra have evolved different metabolic pathways, have a diminished immune response and
reduced scarring which could justify their high cardiac regeneration potential.
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1.2.2 Role of immunomodulation in cardiac regeneration

As previously discussed, there are certain pro-inflammatory immune cells present in the
injured heart post-MI which exacerbate the injury. Therefore, it could be beneficial if these
populations were therapeutically targeted to diminish their presence within the infarcted

heart.

Controlled depletion of neutrophils post-MI is a potential avenue of exploration, however,
attempts to completely block neutrophil infiltration into the injured heart post-MI showed no
therapeutic benefit.!”! Neutrophils have an influence upon the polarisation of macrophages,
and some studies indicate that neutrophils could comprise two sub-populations, N1/2 (similar
to the M1/2 macrophage populations). Whilst N1 populations enact a pro-inflammatory effect,
N2 play a more proliferative role. Subsequently, it is clear that a complete blockade upon
neutrophil infiltration into the injured heart would disregard the potentially beneficial and
regulatory roles that they play. This exemplary situation can be applied to several subsets of
immune cells present after MI (i.e. macrophages, T-lymphocytes). Therefore, an alternative
therapeutic strategy could perceive a mechanism whereby immune cell clearance from the
injured heart is made more efficient. This would allow for the initial benefits of an acute
inflammation response to be enacted, succeeded by efficient clearance before the immunity
evolves to a more chronic state. As afferent lymphatic capillaries within the heart are
responsible for the clearance of immune cells from the tissue, it is of interest to study their role

in cardiac regeneration.
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1.2.2.1 Cardiac lymphatic system

Cardiac lymphatics are comprised of a network of vessels located throughout the atria and
ventricles. Afferent lymphatic capillaries are smaller blind-ended vessels which are
responsible for the clearance of fluid and immune cells from the tissue to the draining lymph
nodes.'? The tips of lymphatic capillaries are comprised of oak leaf shaped lymphatic
endothelial cells (LECs) with intercellular button-like junctions (Figure 1.4), with predominant
CD31 surface expression and intermittent tight junction proteins (i.e. CD144, claudin-5,
occludin).!® As the capillaries progress towards collecting vessels, the morphology of the
cellular interaction adopts a tight zipper-like junction, comprised of solely tight junction
proteins. Developmentally, the vascular endothelial growth factor C (VEGFC) and its receptor
vascular endothelial growth factor receptor 3 (VEGFR3) are essential for lymphatic
development in embryos.'® 1%  The growth of new lymphatic vessels from pre-existing
vasculature is termed lymphangiogenesis, and their role in response to MI recovery and

cardiac regeneration has been explored.!
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Figure 1.4: Lymphatic vessel junctions adapted from Baluk et al.’ (a) Schematic of lymphatic
capillaries with button-like junctions and collecting lymphatic vessels with zipper-like junctions (b)
Highlighting the oak-leaf shaped LECs and button junctions in lymphatic capillaries (c) Adhesion protein

composition of button-like junctions with alternating PECAM-1 (CD31, green) and tight junction proteins
(red) (d) Highlighting the zipper-like junctions of collecting lymphatic vessels.

1.2.2.2 Role of lymphangiogenesis in cardiac repair and regeneration

It has previously been demonstrated in a MI mouse model, that treatment with pro-
lymphangiogenic VEGFC-C156S at time of injury and during the first week, showed
significant improvement in cardiac function relative to vehicle control.!” By inducing
lymphangiogenic growth, increased inflammatory resolution was achieved. Enhanced
neutrophil clearance was observed as well as significant displacement of macrophages and
dendritic cells in a LYVE1 (lymphatic vessel endothelial hyaluronan receptor 1) dependent
manner.®® Conversely, knocking out LYVE1 in mice with an increased immune cell load in
the injured heart demonstrated severely impaired cardiac recovery post-MI,?? recapitulating

the essential immunomodulatory role the lymphatic system plays after ischaemic injury.

Whilst VEGFC has shown therapeutic potential, it was administered as a synthetic protein

which has a short half-life and potential off-target effects, reducing its in vivo efficacy and
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diminishing its potential as a drug-of-choice. Additionally, proteins are a costly and time-
consuming modality to produce. Therefore, it would be more desirable to identify a small
molecule therapeutic which could similarly induce lymphangiogenesis, improve immune cell

clearance and enhance cardiac recovery.

1.3 Fingolimod

1.3.1 Development of fingolimod

Fingolimod (Gilenya®, FTY720) is a small molecule anti-inflammatory drug first developed by
researchers at Kyoto University, in collaboration with Taito and Yoshitomi Pharmaceutical
Industries. It was progressed through clinical trials and subsequently to market by Novartis,
gaining FDA approval in 2010 for relapsing-remitting multiple sclerosis (RRMS).1% The initial
development of fingolimod was derived from the fungal metabolite, myriocin (Table 1.1,
Entry 1), which was identified as a powerful immunosuppressant, reducing T-lymphocyte
activity and proliferation in transplanted mice.'” Initial structural development of myriocin
aimed to simplify the molecule. It was observed that the ketone at Cui (Entry 2) wasn’t
necessary for immunosuppression, whereas the unsaturation at Ce/C7 was important (Entries
3).110 Similarly, lactonization of the acid showed no change in efficacy, implying that the acid
was non-essential (Entry 4), whereas acetylation of the head group alcohols (Entry 5) or amine
(Entry 6) greatly ablated the activity. The chiral alcohol at C: wasn’t necessary for
immunosuppressive activity (Entry 7).1'! In vivo studies showed that entry 2 was most
effective at inhibiting allo-reactive cytotoxic T-lymphocyte generation in a murine

transplantation model. 110
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Table 1.1: Structure-activity relationship studies on the immunosuppressive influence of myriocin

Entry  Structure 1Cso % inh*
(ug/mL)*
1 o oH e 0.0032 79.6
Z __OH
OH O
myriocin
2 oH o 0.00075 95.7
\N\N\/\/\/A/!\i/EH/GH
OH O
3 o OH ,?:'2 0.02 -
__OH
OH ©
4 \/\/\i/\/\/\/\/ & 0.005 )
Z NH,
CQ\CHZOH
(o]
5 i QA 32 -
WM/\/ NHAc
CQ\CHZOAC
o]
6 \/\/\i/\/\/\/\/ o 0.22 )
= “NHAC
CQ\CHZOH
o
Z ~__OH
OH O

tin a mouse allogenic mixed lymphocyte model (in vitro)'"°
* 9% inhibition of the generation of allo-reactive cytotoxic T-lymphocytes at 0.3
mg/kg dose (in vivo)'"°
Utilising this accumulated structure-activity relationship (SAR) data, simplification of the
myriocin structure through removal of the chiral centres and unnecessary branching, led to

the first generation of 2-amino-1,3-propanediols.”? These derivatives showed similar efficacy

to myriocin, but with reduced toxicity."® Lipophilic chain length studies highlighted a
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‘goldilocks” zone, with carbon chain lengths of 14-16 exhibiting the highest efficacy both in

vitro and in vivo (Figure 1.5).
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Figure 1.5: Immunosuppressive effect of 2-amino-1,3-propanediol series."'? In vitro murine allogenic
mixed lymphocyte model (scatter plot) and in vivo rat allogenic transplantation survival (bar chart).

Ultimately, tetradecyl-2-amino-1,3-propanediol (14-carbon chain) was chosen as the preferred

molecule for future studies. Subsequent rigidification of the carbon skeleton with the addition

of a benzene ring led to the generation of fingolimod (Scheme 1.1).114
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Scheme 1.1: Evolution of myriocin to fingolimod

It was later determined that fingolimod’s immunomodulatory effect stemmed from its
sequestration of circulating mature T-lymphocytes within lymph nodes (LNs), preventing
their infiltration into transplanted tissue.!’> ® Due to the structural similarity between
fingolimod and sphingosine-1-phosphate (S1P; Scheme 1.2), it was proposed and
subsequently shown, that fingolimod’s mechanism of action proceeded via agonism of the
sphingosine-1-phosphate receptor (S1PR) family."” It was also demonstrated that
fingolimod’s activity was dependent on its enantioselective phosphorylation into (S)-
fingolimod-phosphate (Fing-P) by sphingosine kinase 2 (SPHK2).118 1% This transformation is
in equilibrium with phospholipid phosphatase 3 (PLPP3), which removes the phosphate from

Fing-P.120

Sphingosine-1-phosphate (S1P)

OH OH
SPHK2 ©
NH, ——— > TNH,
OH PLPP. \Cw’
3 0=P-OH
|
fingolimod 1 Fingolimod phosphate (Fing-P) OH

Scheme 1.2: Cellular metabolism of fingolimod. The structure of sphingosine-1-phosphate (S1P) is
illustrated (in the box), highlighting the structural similarity to Fingolimod-phosphate (Fing-P) which led to
the hypothesis that Fing-P could be a substrate for the sphingosine-1-phosphate receptor (STPR) family.
Fingolimod is phosphorylated by sphingosine kinase 2 (SPHK2) to yield Fing-P; Fing-P is de-phosphorylated
by phospholipid phosphatase 3 (PLPP3).
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Whilst early pre-clinical studies into fingolimod’s immunosuppressive effect focused on post-
transplantation survival, fingolimod did not pass phase III clinical trials for renal
transplantation due to insufficient efficacy.! As such, alternative uses for fingolimod’s
immunosuppressive phenotype were explored. Several pre-clinical studies demonstrated
fingolimod’s implication as a treatment for RRMS in animal experimental autoimmune
encephalomyelitis (EAE) models.'?12* After demonstrating promising long-term efficacy and
manageable adverse side effects in clinical trials,'?'?” fingolimod was brought to market

under the trade name Gilenya in 2010, for the treatment of RRMS.

1.3.2 Fingolimod and Sphingosine-1-phosphate receptors

S1P is the common endogenous ligand of the SIPRs family of G-protein coupled receptors
(GPCRs).'” However, each of the SIPR family members is associated with a different set of
G-proteins, ' explaining the observed differences in their downstream pathways and
phenotypes. Fingolimod’s phosphorylated metabolite, Fing-P, acts as a potent agonist
towards 4 out of 5 of the SIPR family of receptors (S51Pi, S1P4, S1Ps: ECs0 ~ 0.3 — 0.6 nM) and
S1Ps: ECso ~ 3 nM). 117.130 However, there is some ambiguity surrounding the true mechanism
of action of fingolimod’s immunomodulation through the S1PRs. Following Fing-P’s initial
agonism, S1PRs are rapidly (15-45 mins) internalised, rendering fingolimod as a simultaneous

functional antagonist of S1IPR family.!3!

S1PR: is universally expressed across all studied tissue types. This receptor has been shown
to play a role in vascular development and neurogenesis as well as lymphocyte trafficking as
stipulated previously.’32 13 S1PRs is expressed universally, but with a higher abundance in
smooth muscle tissue, which aligns with the various regulatory roles it's been shown to enact

upon the heart.’#1% S1PR4 is highly expressed in lymphoid tissue,'*® playing a mediatory role
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upon T-lymphocyte proliferation and cytokine signalling.’® S1PRs is predominantly
expressed in the brain and the spleen, but has low level expression in most tissue types,!4 14!
and is known to regulate NK cell trafficking and maintain the integrity of the blood-brain

barrier.142 143

Despite the canonical association of fingolimod with the SIPR family, it is a highly
promiscuous molecule, likely due to its generic lipid-like structure. In the literature,
fingolimod has been linked to a vast number of proteins and pathways within numerous cell
types and disease settings.'*+148 As a drug, fingolimod exhibits a long list of documented side
effects associated with its administration.’* As such, a cautious approach should be taken
when deciphering any phenotypic effects of fingolimod to avoid making assumptions about

its mechanism of action.

1.3.3 Adverse side effects of fingolimod

Despite the FDA approval of fingolimod as a treatment for RRMS, there have been many
reported adverse side effects associated with long-term administration of the drug.’>® Some of
these effects can be attributed to fingolimod’s immunosuppressive phenotype. Patients who
are treated with fingolimod have an increased likelihood of developing opportunistic
infections such as cryptococcal, herpes simplex virus, nasopharyngitis and various
encephalopathies.’1% Fingolimod treatment has been associated with asymptomatic
bradycardia, but this usually returns to normal after a month. Investigations into this
indication revealed that fingolimod’s agonism of S1PRs is responsible, inadvertently

triggering activation of a G-protein coupled potassium channel in the heart.'s
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However, of note are the adverse effects with no known indication attributable to SIPR
agonism, implying the existence of non-selective, off-target phenotypes. RRMS patients
receiving fingolimod treatment commonly report ophthalmological side effects, in particular
fingolimod-associate macular oedema (FAME).' There have also been multiple observed
instances of basal cell carcinoma in patients receiving fingolimod treatment,'>! similarly viz an
unknown mechanism of action. Alongside the disease implications of fingolimod treatment,

there have been several fingolimod-induced observations reported on a cellular level.

1.3.4 Fingolimod and immunomodulation

In the context of pleiotropic immunomodulatory effects, fingolimod treatment has been
shown to modulate a variety of processes. Treatment with fingolimod inhibits the
transendothelial migration of T-lymphocytes into peripheral afferent lymphatics in vivo.!> T-
lymphocytes appear to accumulate at the basal membrane of the lymphatic endothelium. This
observation suggests that the inhibitory effect of fingolimod resides in the disruption of
transendothelial migration rather than an interference of chemotaxis or surface adhesion.
Alternatively, fingolimod could trigger aggregation of the T-lymphocytes, interfering with
their ability to migrate. Additionally, S1PRi-deficient lymphocytes migrate normally,
showing that SIPR: is not needed for T-lymphocyte ingression.!® Furthermore, fingolimod
inhibited migration 4-7 fold more than S1P or a selective SIPR1 agonist,'* again implying that
the inhibitory effects of fingolimod are more complex than just S1PR: modulation.
Interestingly, migration across blood endothelium is not affected by fingolimod treatment,

further implying the presence of pleiotropic effects within LECs.1%

Fingolimod has also been shown in the literature to induce angiogenesis,'® whilst selective

S1PR: agonists have demonstrated reduced angiogenic sprouting.'®® Due to the history of their
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shared signalling pathways,'*! fingolimod was chosen as a test compound in a screen to
identify lymphangiogenic modulators’, and was shown to induce lymphangiogenic sprouting

at1 pM.

In addition, there has been reported evidence of fingolimod’s therapeutic potential in stroke
recovery.!¢> 18 However, its mechanism of action is not known. Due to the pathological
similarity between cardiac ischaemic injury and strokes, it could be worth investigating

whether a common fingolimod-induced beneficial mechanism of action exists.

As previously stipulated, fingolimod has been linked to several immunomodulatory
phenotypes which could be therapeutically manipulated to aid MI recovery (i.e. inducing
lymphangiogenesis and inhibiting T-lymphocyte ingression). Whilst fingolimod is
canonically associated with the SIPR family of GPCRs, there is preliminary evidence to
suggest that fingolimod’s mechanism of action is via a unique target, potentially in a cell-type
specific manner. It is important in pathway deconvolution, to resist making assumptions
about a promiscuous small molecule’s efficacious target. Compounds with a lipid-like
structure have been shown to exhibit alternative modes of action within immune cells,

contrary to their primary target.!¢*

Therefore, a technique which could directly determine the interaction partners of fingolimod

within an immunomodulatory context would be a powerful tool.

1.4 Drug-protein interactome mapping techniques

Current techniques to probe the interaction between a small molecule and the proteome have

advanced our ability to identify both the desired and adverse targets of those drugs. These

“unpublished, Dr Christophe Ravaud
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techniques include FRET/BRET-based approaches,'¢> radiolabelled & lanthanide-based
ligands,'% 197 thermal profiling,'®® ¢ phage display,'” affinity/activity-based protein
profiling,'7 172 and Chem-seq.”® These tools provide a greater understanding of drug-protein
interactions, allowing a more tailored approach to the drug development pipeline. These
techniques have also provided a foundation for predictive network-based tools which infer
the interactome of drugs based on both the pharmacogenomic properties of the small
molecule and the biological characteristics of proteins.””*"7® However, these techniques have
limitations with scalability, bias towards high abundance proteins, disruption of natural
binding and prior target knowledge requirements. This has led to the development of covalent

proximity labelling target identification methodologies.

1.4.1 Photoaffinity labelling

Photoaffinity labelling (PAL) was developed in the 1970s as a technique to identify drug-
protein interactions within a cellular setting.’”” The basic principle of PAL exploits the ability
of certain photolabile functionalities to form highly reactive species (i.e. carbene, nitrene,
diradical, ketene), capable of crosslinking in response to irradiation. Within a cellular setting,
these reactive intermediates are capable of forming irreversible covalent interactions with
proximal biomacromolecules. The short half-life of these reactive species within an aqueous
cellular environment restricts labelling to the immediate locality of the small molecule probe.
Incorporation of biorthogonal tags to the crosslinking small molecule allows further
functionalisation of these targets with affinity handles to aid in their isolation, or dyes for
continual monitoring. While this technique started as a way to evaluate drug-protein
interactions, the PAL methodology has since been expanded to examine a variety of

subcellular exchanges. To date, PAL has been used to identify interactions between
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antibodies, proteins, small molecule drugs, lipids, transcription factors, oligonucleotides,
carbohydrates and chromatin.”®*'** Commonly used photoaffinity functionalities include
phenylazides, pyrones, benzophenones, diazirines and cyclobutane diazirines (PALBOX).
These modalities can undergo further modification (i.e. electron-withdrawing neighbours) to
ensure the required stabilisation of their subsequent reactive intermediates (Scheme 1.3). This
stabilisation allows finetuning of the reactive intermediate half-lives to reduce their diffusion

radius and non-specific labelling, while still allowing substantial labelling to occur.

_ 6-10 mW/cm?
NN v=250-350 nm .
SR
phenylazide
? 1-5 mW/cm? .0
@ v=285-350 nm =C
— .
X
= o
pyrone
o 5-10 mW/cm? o
v = 350-360 nm
—_—
benzophenone
10-50 mW/cm?
N)ZQN v =350-380 nm .
_—
R™OCF, R7OCF,
diazirine
R = alkyl, Ar
N=N
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v = 350-380 nm X
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cyclobutane diazirine
R = alkyl, Ar

Scheme 1.3: Photoactivatable groups utilised in photoaffinity labelling. Different modalities which
decompose into reactive intermediates upon irradiation. These reactive intermediates are capable of
cross-linking to biomacromolecules in situ.

The diazirine functionality is a popular choice as a photoactivatable group when designing a
small molecule PAL probe. Due to its small size, there is minimal interference with target

binding and enables the probe to remain as structurally similar to the natural ligand as
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feasibly possible. The diazirine also requires a relatively long wavelength of activation (365
nm) compared to other photoactivatable groups, reducing the risk of photodamage to the cell.
Upon irradiation, diazirines decompose into carbenes which insert into C-H bonds.!®
However, the preference for amino acid (AA) insertion varies depending on the nature of the
carbene (Scheme 1.4). Aryl carbenes insert into all AAs equally, whereas alkyl carbenes
preferentially insert into acidic (40-60%) and polar (<20%) AAs,'® which could result in biased
labelling. One inherent issue of the reactivity of the resultant alkyl/aryl carbene is its
susceptibility towards intramolecular 1,2-hydride shift to generate the ‘quenched” alkene
product.’®” This reactivity can be negated by the absence of a B-H or the introduction of a
conformationally constrained system with a higher energy barrier to overcome for alkene
formation. Such is the case for the so-called PALBOX cyclobutane diazirines.!s$ 18 Whilst
PALBOX demonstrated more selective protein labelling,'® the size of the modification and the

complexity of the synthesis can be undesirable.
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Scheme 1.4: Decomposition and insertion pathways of alkyl and aryl diazirine (adapted from West et
al)’®. Diazirines undergo decomposition upon 365 nm irradiation to carbenes and diazo derivatives.
Carbenes can undergo non-productive quenching (blue box) or addition into C-H of proximal
biomacromolecules. Alkyl diazo intermediates selectively insert into acidic amino acid (AA) residues. The
graph, from West et al,’®® jllustrates the relative extent of insertion with different amino acids,
demonstrating a clear preference for acidic AA (i.e. tyrosine [Y], glutamate [E], cysteine [C], aspartate [D]
etc.).

Upon probe incubation, irradiation and subsequent labelling of target proteins, it is necessary
to isolate them for further analysis. Incorporation of an alkyne tag allows biorthogonal “click’
chemistry to be utilised to add a biotin affinity handle. The copper(I)-catalysed azide-alkyne
cycloaddition (CuAAC) click reaction promotes the conversion of a terminal alkyne and

biotin-linked azide into a 1,2,3-triazole linkage (Scheme 1.5). Exploiting the high affinity of
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biotin for streptavidin/neutravidin allows “pull down” of labelled proteins for identification
via immunoblotting and proteomics. To further explore the subcellular localisation of the
target proteins, strain-promoted azide-alkyne cycloaddition (SPAAC) is a live cell compatible
alternative to CuAAC. The use of a highly strained alkyne (i.e. DBCO) promotes the [1,3]-
dipolar Huisgen cycloaddition without the need for a cytotoxic copper source, CuSO4. When
utilising SPAAC, a fluorophore tag can be added to visualise the subcellular localisation of

target proteins.

To probe for drug-protein interactions, in vitro cells are dosed with the bifunctional chemical
probe, for a select period, allowing the probe to interact and bind to its target proteins. Upon
irradiation, any proteins in the proximity of the probe are irreversibly crosslinked. The
appropriate click chemistry is performed depending on the chosen avenue (i.e. fluorophore
or biotin tag). Neutravidin pull-down allows isolation of target proteins. Immunoblotting is
utilised to screen for both known and speculated target proteins. Proteomics provides a
thorough analysis of all isolated target proteins. Once targets are identified they are validated

in binding and inhibitor/knock out studies.
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Scheme 1.5: Small molecule photoaffinity labelling of a protein. Upon irradiation by UV light (350 nm)
the diazirine undergoes nitrogen elimination to form a highly reactive carbene. The carbene will
covalently label the protein its ligand is bound to. The alkyne click handle can be used to attach a biotin
tag (CuAAC) for further proteomic elucidation, or it can be used to attach a fluorophore (SPAAC) for live-
cellimaging.

1.4.2 Iridium-based photocatalytic affinity probes

An emerging advancement in the field of photoaffinity labelling is the development of
catalytic photoaffinity probes.’* One major drawback of standard photoaffinity labelling is
the poor signal-to-noise ratio. This limitation is due to a combination of two significant factors;
tirstly, a large proportion of the reactive intermediates do not label proteins as they are rapidly
quenched by surrounding water molecules; and secondly, due to the nature of the labelling
technique there is only one labelling event per protein which increases the likelihood of

sample loss during the rigorous washing steps involved in protein isolation. This inherent
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disadvantage makes it difficult to identify target proteins which have a naturally low cellular
abundance. In 2020, the MacMillan group developed the first catalytic photoaffinity probes
which addressed these limitations (Scheme 1.6).18* 1 Their new technology links an iridium
photocatalyst to the target ligand, which requires a less harsh blue light (450 nm) irradiation
to activate. Upon photonic absorption, the iridium photocatalyst progresses through a Dexter
energy transfer (DET) mechanism to excite the diazirine, triggering N2 elimination and
carbene formation. As the efficiency of DETs are highly sensitive to distance, only diazirines
within a 1 nm radius of the iridium photocatalyst are activated, resulting in high precision
protein labelling with a theoretical labelling radius of approximately 5 nm."* However, it is
worth noting that whilst the average protein is approximately 4-5 nm and therefore
encapsulated within this labelling radius, protein complexes are usually >10 nm. As such, the
tight diffusion radius of the reactive carbene intermediate may not be able to capture all
protein-protein interactions of interest. Consequently, it may be of interest to utilise a

photoreactive group with a larger diffusion radius.

By separating the ligand binding portion of the probe from the labelling part of the probe, one
probe molecule can theoretically promote the labelling of the same protein multiple times,
however, this has not been observed in practise. The more reasonable explanation for the
observed signal amplification is the shear excess of diazirine co-dosed with the photocatalytic
probe, increasing the likelihood of successful labelling vs quenching. The separation of affinity
and crosslinking modalities also permits labelling of neighbouring proteins which has huge

implications for interactome mapping and pathway elucidation.
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Scheme 1.6: Photocatalytic photoaffinity labelling. Upon irradiation by blue light (450 nm), the
iridium photocatalyst undergoes a Dexter Energy Transfer which excites the diazirine (radius <1 nm). The
excited diazirine immediately eliminates nitrogen gas and decomposes into a reactive carbene species,
which covalently labels any proximal protein. Labelling radius of approximately 5 nm.

However, as interaction does not directly correlate to function, it is important to further
validate any identified targets (Figure 1.6). Confidence in the deconvolution of a small
molecule’s mechanism of action requires the use of several orthogonal assays which ascertain
the link between interaction and desired function. To facilitate this, it is necessary to have
access to reliable phenotypic assays which can distinguish between differences in functional
effect. With a reliable functional assay in hand, knockdown (KD) or knockout (KO) studies

can be performed to assess the involvement of a target protein in the phenotypic event of
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interest. Similarly, inhibition studies can be performed using known small molecule
antagonists or function-blocking antibodies. If the downstream indications of the identified
target are well reported, then downstream pathway analysis can be performed using a

transcriptional or phosphoproteomic readout.

Target Identification Target Validation
Proteomics Functional assay
oH CETSA KD/KO studies
g"ﬁ — Computational —- Downstream
studies pathway analysis
Fingalimod Functional genetics Phenotypic assay

Figure 1.6: Schematic depiction of potential orthogonal studies which can be performed to
deconvolute the mechanism of action of a small molecule.

However, to achieve this functional validation a reliable phenotypic assay is necessary.

1.5 Phenotypic models of lymphangiogenesis and T-lymphocyte ingression

1.5.1 Phenotypic models of lymphangiogenesis

To assess the functionality of any synthesised analogues, negative controls or representative
probes, it is necessary to develop phenotypic assays to ensure they have the desired effect.
There are various models available to assess (lymph)angiogenic growth.’”?> Cell proliferation
assays work on the assumption that increased endothelial proliferation correlates to increased
lymphangiogenesis.'® This assay is the simplest model of lymphangiogenesis and is
practically undemanding, however, it is limited by the lack of physiological and
morphological information available regarding how/why the lymphatic endothelium is

growing. Corneal neovascularisation has been a useful in vivo model of angiogenesis, as it
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exploits the absence of vasculature present in the cornea.' The lack of capillaries in the cornea
allows for easy detection of pro-angiogenic treatments. Whilst the cornea is also devoid of
lymphatic vessels, they are difficult to detect without further labelling, limiting its application.
Furthermore, the use of Matrigel plugs, whereby Matrigel containing lymphangiogenic
factors is injected in vivo, can be used to subsequently monitor lymphatic vessel invasion.'*>
Whilst physiologically relevant, this assay has limited application in higher throughput
identification of hit compounds. A compromise between practicality and relevance can be
obtained with 2D/3D lymphatic growth assays.!**'” Tubulogenic/plexus formation assays can
be utilised to assess the self-organisation of LECs and their ability to form pseudo-vessel
architecture. Finally, spheroid and lymphatic ring assays allow for the visualisation of tipped
lymphatic sprouts and new lymphatic vasculature, making them a more relevant model of

lymphangiogenesis.

1.5.2 Phenotypic models of T-lymphocyte ingress

As indicated previously, phenotypic models are essential to ensure a sustained effect upon
structural modification. There are several established models which have been utilised to
assess immune cell migration and chemotaxis in vitro. Cell motility assays can be used to
assess the movement of immune cells in response to different treatments or conditions.!”
However, these models fail to capture the vital interplay between immune cells and the
endothelium through which they migrate. Boyden chamber/Transwell insert migration assays
permit the co-culturing of different cell types to overcome this issue. These assays facilitate
the formation of an endothelial monolayer upon a porous membrane, through which immune
cells can migrate in response to chemotactic modulators. There is substantial literature

precedent for their capability to measure immune cell migration through lymphatic
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endothelium.'”2" A more physiologically relevant assay, which incorporates flow and 3D
vasculature, is the microvessel-on-a-chip assay. Despite the more laborious experimental set-
up, this approach would provide an environment compatible with T-lymphocyte ingression
in a system conducive to live imaging. Whilst this technique has been applied extensively to
blood vasculature,2>2% there has been little evidence of its use to mimic lymphatics.272® The
limited literature has a predominant focus on tumour metastasis, hence, there is an
opportunity to build upon this technique and explore its application towards immune cell

migration.

1.6 Aims and Hypothesis

The therapeutic benefits of strategic lymphangiogenesis after cardiac ischaemic injury is well-
precedented. A prior screening of small molecules in a screen of lymphangiogenic modulators
uncovered various ‘hits” of interest, with potential distinct mechanisms of action. Among
these hits was the anti-inflammatory drug, fingolimod. Fingolimod was chosen as the focus
of this research due to its various immunomodulatory effects of interest, in addition to its pro-
lymphangiogenic effect. Fingolimod is known to sequester T-lymphocytes within lymph
nodes in a S1PRi-dependent manner. However, the mechanism through which fingolimod
inhibits T-lymphocyte migration from the tissue into afferent lymphatic capillaries, or the
pathway through which it promotes lymphangiogenesis remain to be elucidated. What this
research aims to uncover are the underlying mechanisms which govern fingolimod’s

lymphangiogenic effect and its inhibitory influence upon T-lymphocyte ingression.

It is hypothesised that fingolimod acts via unique and distinct pathways to induce these
pleiotropic phenotypes, within both the lymphatic endothelium and T-lymphocytes,

potentially in a tissue-dependent manner.
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Therefore, it is the aim of this research to utilise photoaffinity labelling technology to decipher
the direct targets of fingolimod responsible for these effects, within T-lymphocytes and the
lymphatic endothelium. The use of photocatalytic PAL technology will enable visualisation
of the microenvironment of fingolimod’s targets, providing a broader understanding of its
successive pathways. To complement the design of these PAL probes, phenotypic assays will
be developed to assist in the validation of their sustained functional effect. Tandem mass tag
mass spectrometry (TMT-MS) proteomics will decipher fingolimod’s interactome. Upon
target identification, orthogonal investigations will be used to link fingolimod’s interactions
with its functional effects and potential mechanisms of action which promote the

lymphangiogenic and anti-migratory phenotypes observed.
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2 Materials and Methods

Software

Ligand docking studies were performed using Molecular Operating Environment (MOE)
2020.0901 software. Protein structures were obtained from the PDB database, as a Legacy PDB
format. Protein structures were prepared using QuickPrep. Prior literature precedent was
used to identify the binding site which was defined using dummy atoms. Ligand databases
were uploaded and energy minimised before docking. Ligands were docked against the
dummy atoms, taking into account ligands already present (i.e. ADP). A triangle matcher
placement method was used, coupled with an induced fit refinement. 5000 poses were
docked, and the top 50 were reported. A GBVI/WSA dG scoring method was used to calculate
the binding free energy (AG). Schematic figures were generated using BioRender. Graphs
were generated using GraphPad Prism 10. Functional enrichment analysis was performed
using STRING and Metascape. STRING analysis generated a full network of interactions

generated from all sources with a medium confidence threshold.

Cell culture

Primary human dermal microvascular lymphatic endothelial cells (CC-2543; Lonza) were
maintained in endothelial cell growth medium-2 (EGM2MYV, CC-3162; Lonza) at 37 °C and 5%

CO,, following supplier instructions. For all experiments cells were used at passage 6-8.

Jurkat clone E6-1 (TIB-152; ATCC) were maintained in ATCC-modification RPMI-1640 media
(A1049101; ATCC) with 10% FBS at 37 °C and 5% CO, following supplier instructions. For all

experiments cells were used between passage 5-10.
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Cell viability
Treated cells were incubated with RealTime Glo™ MT Cell Viability Assay (G9711; Promega)

and cell viability was assessed using PHERAstar (BMG Labtech).

Jurkat activation

A 12-well plate was coated with ahCD3 (1 pug/mL, OKT3, 16-0037-81; eBioscience) in PBS for
2 h, at 37 °C and 5% CO.. PBS was removed and Jurkat cells (2 x10° cells/mL) were added with
ahCD28 (5 pg/mL, CD28.2, 16-0289-85; eBioscience). The cells were incubated for 48 h, at 37
°C and 5% COz. Activation was confirmed by biomarker expression (CD69, TCRaf3) using

FACS.

Immunocytochemistry

Cells were fixed with 4% PFA, permeabilised with 0.1% Triton in PBS, blocked with 10%
serum in 0.1% Tween in PBS and incubated with primary antibodies at 4 °C overnight. Cells
were washed with PBS then incubated with secondary antibodies at room temperature for 1
h. After PBS washes the cells were imaged with ImageXpress® Pico Automated Cell Imaging

System (Molecular Devices).

1° Antibody  Target  Host Clone Supplier Cat. No.
Species  Species

CD31 Human Sheep - bio-techne AF806
CD144 Human Goat - bio-techne AF938
Prox-1 Human Rabbit - Proteintech 11067-2-AP
PDPN Human Rat - AngioBio 11-009
HDAC5 Human Mouse 1B9E6 Proteintech 68437-1-1G
SPHK?2 Human Rabbit - Proteintech 17096-1-AP
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2° Antibody  Target  Host Fluorophore Supplier Cat. No.
Species  Species

anti-Mouse Mouse Donkey  AlexaFluor488 Invitrogen A-21202
IeG

anti-Rabbit  Rabbit Goat AlexaFluor488 Invitrogen A-11008
IgG (H&L)

anti-Mouse Mouse Donkey  AlexaFluor555 Invitrogen A-31570
IgG (H&L)

anti-RatIgG Rat Donkey  AlexaFluor647 Invitrogen A78947
(H&L)

anti-Sheep ~ Sheep  Donkey  AlexaFluor488 Invitrogen A11015
IgG (H&L)

anti-Goat Goat Donkey  AlexaFluor488 Invitrogen A32814
IgG (H&L)

Transwell Migration

LECs were cultured to confluency on the bottom face of polyethylene terephthalate 24-well
Transwell cell culture inserts (3 pum pore size, 8 x10° pores/cm?, 351151; Corning) in EGM2MV
(Lonza) media for 48 h, at 37 °C and 5% CO:. TNFa (1 ng/mL, PHC3015; Fisher Scientific) was
added to the LEC media 12 h before migration experiment. For cell migration, 1 x 10> pre-
activated Jurkat cells in 250 uL of EGM2MV +/- treatment were added to the top chamber of
the Transwell insert. The number of Jurkat cells which migrated to the bottom chamber after
4 h were counted using flow cytometry (BD FACS Aria III). Migrated cells were stained for 7-
AAD, CD3, CD69 and TCRaf. The percentage migration was calculated using the equation

below.

% Mi riom = No.of cells counted in bottom chamber after 4 h 100
o Migratton = No.of cells added to top chamber at the start of the experiment X
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Microvessel-on-a-chip Preparation

All the channels of the OrganoPlate (40004-400-B; Mimetas) were washed with PBS and to the
middle channel was added 1.68 uL of the preprepared ECM gel (full protocol in SI). Once
polymerised, the lymphatic vessel channel was coated with 40 uL fibronectin (10 pug/mL; 1918-
FN; R&D Systems) and incubated overnight at 37 °C and 5% CO2. The fibronectin was
removed, and the channel was washed twice with PBS and once with EGM2MV (Lonza). Then
9 x 10* LECs in 3 uL of EGM2MYV were added to the top channel and 50 uL EGM2MV was
added to all inlets and outlets. The OrganoPlate was cultured at a 75° inclination for 3 h. Once
LECs had adhered to the collagen the OrganoPlate was placed on a OrganoFlow rocker (14°
inclination; 8 min) for 4-5 days, with media changes every 2 days, until the microvessel had

formed.

For Jurkat migration studies, the LEC tubule was activated 12 h before with EGM2MV
contained 1 ng/mL TNFa. 9 x 10* fluorescently labelled Jurkats were seeded in 8 uL Matrigel
(7.5 mg/mL; A1413302; Gibco) in the bottom channel, EGM2MYV +/- treatment was added to
each inlet/outlet and the plate was incubated on an OrganoFlow rocker for 3 days at 37 °C and
5% CO2. The LEC tubule was stained with ahCD31 (ab9498; Abcam) and anti-mouse IgG

AF568 (A-11004; Invitrogen) and visualised by confocal microscopy.

Spheroid Sprouting Assay

LECs were seeded at 4.8 x 10° cells/well in an AggreWell™ plate (34415; StemCell
Technologies) in EGM2-d media (EGM2MV depleted of VEGF, EGF and FGF, Lonza) and
allowed to aggregate into spheroids for 24 h. The spheroids were embedded and seeded in 25
uL Type 1 Collagen (VitroCol; Advanced Biomatrix) per well in 384-well plate (6057300;

PerkinElmer). After 1 h, the collagen was polymerised and 40 uL of EGM2-d +/- treatment
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were added for either 6 or 24 h. The spheroids were then fixed with 4% PFA, permeabilised
with 0.1% Triton in PBS, and then stained with AlexaFluor488 Phalloidin (A12379; Invitrogen)
and DAPI (D9542, Sigma) in 0.1% Tween in PBS. The spheroids were imaged using
ImageXpress® Pico Automated Cell Imaging System (Molecular Devices) and the images

were analysed using Image]. The spheroids and sprouts were counted manually.

Plexus Formation Assay

LECs were seeded at 3 x10* cells/well in a 384-well plate (6057300; PerkinElmer). The following
day, 25 uL of Type 1 Collagen (VitroCol; Advanced Biomatrix) was added. Once polymerised,
the LECs were treated for 24 h. The plexus were fixed with 4% PFA, permeabilised with 0.1%
Triton in PBS, and then stained with AlexaFluor488 Phalloidin (A12379; Invitrogen) and DAPI
(D9542, Sigma) in 0.1% Tween in PBS. The plexus were imaged using ImageXpress® Pico
Automated Cell Imaging System (Molecular Devices) and the images were analysed using

Image].

Jurkat Aggregation Assay

Pre-activated Jurkats were seeded at 1 x10°5 cells/well in a 384-well plate (6057300;
PerkinElmer). Treatment was added and after 4 h the cells were imaged using ImageXpress®
Pico Automated Cell Imaging System (Molecular Devices). The images were analysed using
Fiji.

Flow Cytometry

Staining was performed with the antibodies listed below. Cells were analysed using a flow

cytometer (BD FACS Aria III).
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Conjugated Target Clone Fluorophore Supplier Cat. No.

Antibody Species

CD3 Human HIT31 FITC Biolegend 300305

CD4 Human OKT4 APC Biolegend 317415

CD8 Human SK1 Pacific Blue Biolegend 344717

CD69 Human FN50 PE/Cy7 Biolegend 310911

TCRap Human IP26 PE Biolegend 306707

7-AAD - - - Biolegend 420-403

ICAM-1 Human 15.2 FITC TONBO 35-0549-

T025

VCAM-1 Human REA269 PE Miltenyi 130-122-008
Biotec

E-selectin Human REA280 APC Miltenyi 130-104-685
Biotec

CCR7 Human GO043H7 Pacific Blue Biolegend 353209

CXCR4 Human QA18A64 PE Biolegend 304503

1° Antibody ~ Target Clone Host Species  Supplier Cat. No.

Species

S1PR1 Human - Rabbit Proteintech =~ 29318-1-AP

S1PR3 Human 776897 Mouse R&D MAB75241
Systems

S1PR4 Human 1012512 Mouse R&D MAB10321
Systems

S1PR5 Human 282503 Mouse R&D MAB3964
Systems

CX3CR1 Human K0124E1 Mouse Biolegend 355701

2° Antibody ~ Target Host Species Fluorophore Supplier Cat. No.

Species

anti-mouse  Mouse Goat AlexaFluor488 Invitrogen A-11029

IgG (H&L)

anti-rabbit Rabbit Goat AlexaFluor488 Invitrogen A-11008

IgG (H&L)
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Knockdown of LECs by siRNA transfection

LECs were seeded at 5 x 10* in a 12 well-plate and grown in EGM2MYV (Lonza) media at 37 °C
and 5% CO, until 70% confluency. Pooled targeting siRNAs and non-targeting controls were
purchased from ThermoFisher (Silencer Select siRNA). siRNAs were complexed with
Lipofectamine RNAIMAX (Invitrogen), and transfection was performed according to the
manufacturer’s instructions. 1-3 days after the transfection, the cells were lysed and protein

was extracted to measure the efficiency of the knockdown by Western blot.

Western Blot

Cells were harvested and washed three times with PBS. The cell pellets were lysed with RIPA
buffer (50 mM Tris, pH 7.5, 1% NP40, 150 mM NaCl, 0.5% sodium deoxycholate, 1% SDS,
protease inhibitor cocktail). Lysates were centrifuged and the protein amounts in
supernatants were measured by BCA assay (23227; ThermoFisher). The supernatants were
heat denatured for 5 min, subjected to SDS-PAGE (XP04200BOX; Invitrogen), and transferred
onto a PVDF membrane (1704156; Bio-Rad). The membrane was blocked with a TBST buffer
(10 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween-20) containing 5% skim milk at rt for 1 h.
Then the membrane was incubated with the primary antibodies at 4 °C overnight, then
washed and incubated with secondary antibodies at rt for 1 h. The signals were detected using
the enhanced chemiluminescence method (WBLURO0100; Merck) by a Bio-Rad ChemiDoc MP

imaging system. The relative abundances were quantified by Image].
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1° Antibody  Target Clone Host Supplier Cat. No.
Species Species

S1PR1 Human - Rabbit Proteintech 29318-1-AP

APLNR Human - Rabbit Proteintech 20341-1-AP

CX3CR1 Human - Rabbit Proteintech 29819-1-AP

SPHK2 Human - Rabbit Proteintech 17096-1-AP

LYVE-1 Human - Rabbit AngioBio 11-032

THEM®6 Human - Rabbit Novus NBP2-
Biologicals 24492SS

GAPDH Human - Mouse Abcam ADb8245

SOD1 Human - Rabbit Cell Signalling 2770
Technologies

2° Antibody — Target Host Reporter  Supplier Cat. No.

Species Species

anti-rabbit  Rabbit Goat HRP Cell Signalling 7074

IgG (H&L) Technologies

anti-mouse Mouse Horse = HRP Cell Signalling 7076

IgG (H&L) Technologies

anti-biotin ~ Human Goat HRP Cell Signalling 7075

qRT-PCR

Total RNA was reverse transcribed using oligo-dT primers and Superscript III RT
(Invitrogen). qRT-PCR analysis was performed on a ViiA 7 Real-Time PCR System (Thermo
Fisher Scientific) using Fast SYBR™ Green Master Mix (4385612; Applied Biosystems). Data
were normalized to 3604 housekeeping gene expression. Fold change in gene expression was

determined by the 2-AACT method.?'? Primer sequences are listed below. GAPDH was used

as a housekeeper gene.
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Gene Forward (5’-3") Reverse (5’-3°)

36b4 CTACAACCCTGAAGAAGTGCTITG CAATCTGCAGACAGACACTGG
Cd31 TGCAGTGGTTATCATCGGAGTG  CGTTGTTGGAGTTCAGAAGTGG
Lyvel CTGGGTTGGAGATGGATTCG TCAGGACACCCACCCCATTT
Pdpn GACACTGAGACTACAGGTTITGG  GCCAGACTTATAGCGGTCTTC
Vegfr3 CCATCGAGAGTCTGGACAGC CCGGGATGGTGGTCACATAG

*Note:- Pooled primers should be used to avoid non-specific annealing events which can lead

to misinterpreted data*

Cellular Thermal Shift Assay (CETSA)

LECs grown to confluency in a 10 cm dish were treated with fingolimod (3 uM) or DMSO
(0.1%) for 4 h, scrapped and pelleted. The pellets were resuspended in PBS (360 uL) and
divided into 9, 40 uL for each temperature (46, 49, 52, 55, 58, 61, 64, 67, 70 °C). Each aliquot
was heated to the indicated temperature for 3 min, left at rt for 3 min, then 10 pL 5% NP-40 in
PBS was added and the samples were immediately flash frozen in liquid N2. The samples
underwent two freeze/thaw cycles, were centrifuged at 20,000 xg at 4 °C for 20 mins and

supernatants subjected to SDS-PAGE.

Photoaffinity labelling for Western blot analysis

LECs were seeded at 7.5 x 10° in a 10 cm dish until confluent, then dosed with treatment in 5
mL EGM2-d (Lonza) for 1 h. The cells were then washed with PBS and irradiated (5 min, 365
nm) on ice. Cells were then lysed in 300 uL lysis buffer (1% NP-40, 0.1% SDS in PBS) with
added protease inhibitor cocktail (cOmplete™, 11697498001; Roche) at 4 °C for 30 min. Lysates

were centrifuged and the protein amounts in supernatants were measured by BCA assay
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(23227; ThermoFisher) and normalised to 1 mg/mL. 300 ug of lysate per sample were then
were heat denatured for 5 min, the samples were then clicked to biotin-azide (FAC of 0.1 mM
from 10 mM in DMSO stock) with CuSOs (FAC of 1 mM, from 50 mM in H-O stock), TCEP
(FAC of 1 mM, from 50 mM in H20 stock) and TBTA (FAC of 0.1 mM, from 10 mM in DMSO
stock) for 1 h at rt, 700 rpm shaking. The lysates were quenched with EDTA and filtered
through 10 kDa centrifugal filters (UFC5010; Amicon). The lysates were incubated overnight
at 4 °C with 75 yL pre-washed neutravidin magnetic beads (78152104010150; Cytiva). The
supernatant was removed, the beads were washed 3 times with 500 pL 0.2% SDS in PBS, 3
times with 500 uL. 1 M NaCl in dH2O, 3 times with 500 uL 10% EtOH in dH2O and then heated
to 95 °C for 10 min in 40 pL Laemmli buffer + 5% (-mercaptoethanol. The samples were

analysed by Western blot.

*Note:- Check the pH of TCEP stock solutions before use (pH 6.0-7.5) to ensure efficient Click*

Photoaffinity labelling for proteomics

LECs were seeded at 7.5 x 10° in a 10 cm dish until confluent, then dosed with treatment in 5
mL EGM2-d (Lonza) for 1 h. The cells were then washed with PBS and irradiated (5 min, 365
nm) on ice. Cells were then lysed in 300 uL lysis buffer (1% NP-40, 0.1% SDS in PBS, protease
inhibitor cocktail) at 4 °C for 30 min. Lysates were centrifuged and the protein amounts in
supernatants were measured by BCA assay (23227; ThermoFisher) and normalised to 1
mg/mL. 1 mg of lysate per sample were then were heat denatured for 5 min, the samples were
then clicked to biotin-azide (FAC of 0.1 mM from 10 mM in DMSO stock) with CuSOs (FAC
of 1 mM, from 50 mM in H:0 stock), TCEP (FAC of 1 mM, from 50 mM in H20 stock) and
TBTA (FAC of 0.1 mM, from 10 mM in DMSO stock) for 1 h at rt, 700 rpm shaking. The lysates

were quenched with EDTA and filtered through 10 kDa centrifugal filters (UFC5010; Amicon).
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The lysates were incubated overnight at 4 °C with 250 pL pre-washed neutravidin magnetic
beads (78152104010150; Cytiva). The supernatant was removed, the beads were washed 3
times with 500 uL 0.2% SDS in PBS, 3 times with 500 uL 1 M NaCl in dH:O, 3 times with 500
uL 10% EtOH in dH2O. The beads were stored at —20 °C until shipment to University of Bristol

Proteomics Facility.

*Note:- Check the pH of TCEP stock solutions before use (pH 6.0-7.5) to ensure efficient Click*

In-gel fluorescence

Irradiated cells were harvested and washed three times with PBS. The cell pellets were lysed
with lysis buffer (1% NP-40, 0.1% SDS in PBS, protease inhibitor cocktail) at 4 °C for 30 min.
Lysates were centrifuged and the protein amounts in supernatants were measured by BCA
assay (23227; ThermoFisher) and normalised to 1 mg/mL. 50 ug of lysate per sample were
then were heat denatured for 5 min, the samples were then clicked to TAMRA-azide (FAC of
0.1 mM from 10 mM in DMSO stock) with CuSO4 (FAC of 1 mM, from 50 mM in H-O stock),
TCEP (FAC of 1 mM, from 50 mM in H20 stock) and TBTA (FAC of 0.1 mM, from 10 mM in
DMSO stock) for 1 h at rt, 700 rpm shaking. The samples were quenched with EDTA and
subjected to SDS-PAGE (NP0315BOX; Invitrogen) and imaged using LiCOR Odyssey. Total

protein staining was achieved using Coomassie (161-0436; Bio-Rad).

*Note:- Check the pH of TCEP stock solutions before use (pH 6.0-7.5) to ensure efficient Click*

In Vivo Studies

In vivo studies were performed with Dr Benoit-Voisin at QMUL.

52



Chapter 2 Materials and Methods

Sample preparation for imaging

Spleens were harvested from WT C57BL/6 male donor mice (8 weeks old), disrupted in PBS
containing 0.5% FBS + 2mM of EDTA and filtered through 70 pm mesh nylon strainer (Fisher
Scientific, 11597522). The single cell suspension was centrifuged at 500 xg for 10 mins and
resuspended in ACK lysis buffer to remove red blood cells. Leukocyte pellet was then
centrifuged (500 xg) and resuspended at 1 x 10® cells/mL in RPMI media + 10% FBS. CD3* T-
lymphocytes were isolated using EasySep™ Mouse T Cell Isolation Kit (StemCell
Technologies; 19851). Isolated T-lymphocytes were cultured and activated at 2 x 10° cells/mL
in RPMI + 10% FBS + IL-2 (5 ng/mL) + amCD28 (5 pg/mL, 102101; Biolegend) in a amCD3 (1
ug/mL, 100201; Biolegend) coated 6-well plate for 48 h. T-lymphocytes were stained with
CFSE (ImM) for 30 min at 37 °C in PBS, resuspended in either vehicle or fingolimod (1 mg/kg)
treated medium and intradermally injected into the ear pinnae at 2.5 x10%/ear. 5 h later the
draining auricular LNs and ears were harvested and fixed with 4% PFA at 4 °C for 24 h. The
LNs and ears were then split into two halves and permeabilised in PBS + 20% FBS + 0.5%
Triton X-100 for 4 h at rt. Tissues where then immunostained in PBS + 5% FBS at 4 °C with an
anti-mouse Lyve-1 (ThermoFisher, 14-0443-82) conjugated to AlexaFluor555 and anti-mouse
aSMA (ears, 614855; Biolegend) or anti-mouse HEV (LNs, MECA-79, 120807; Biolegend)
conjugated to AlexaFluor647 at 4 °C overnight. Tissues were then washed 3 times for 1 h/wash

in PBS and then mounted on slides for subsequent confocal imaging.
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Image acquisition

Tissues from LNs and ears were imaged using confocal microscopes from the Advanced Bio-
Imaging at QMUL. Ears were visualised under a Leica SP8 DIVE system 25x water immersion
motCORR (NA:1) objective and with corresponding SP laser lines at a speed of 8,000 Hz, a
line averaging of 4, a zoom factor of 1 and in sequential scanning mode for individual
fluorochromes (AlexaFluor488 Ex: 488 nm/Em: 505-550 nm, AlexaFluor555 Ex: 561 nm/Em:
550-561 nm and AlexaFluor647 Ex: 632 nm/Em: 575-624 nm). Images resolution was set at
1024x1024 pixels in the xxy planes with an average of ~200 focal planes; corresponding to a
voxel size of 0.35x0.35x0.5 um in xxyxz planes, respectively. Around 10-12 regions were

acquired for each ear.

Halved LNs were imaged with a Nikon Spinning Disk CSU-W1 SoRa system to generate x, y,
z image tile scans of each halved LNs using a 10x air objective, NA:0.45, camera resolution of
2048x2048 (0.68um/pixels) by field of view, binning 1x1, 12-bit depth with a total image size
variating according to the size of LNs, and with sequential recording under spinning disk
mode(pinhole size of 50 um) for individual fluorochromes (AlexaFluor488 Ex: 488 nm Em
filter: 525-550 nm; AlexaFluor555 Ex: 568 nm Em filter: 593-640 nm; AlexaFluor647 Ex: 647

nm Em filter: 716-740 nm).

Quantification of CFSE-labelled T cells was performed with the 3D-reconstructing image
processing software IMARIS™ (Bitplane, Switzerland). In the ear images, the T cell number
within the interstitium was counted using the spot detection algorithm of the IMARIS™
software and normalised to the size the imaged tissue region. Intravasated donor T cells were
identified and quantified manually within the LYVE1* lymphatic vessels and normalised to

the volume of the vessel for individual images. Data are expressed as the number of tissue-
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located and intravasated donor T cells per given volume of tissue or lymphatic vessel,
respectively. Donor T-cell number within the LNs were also quantified manually and
normalised to the imaged surface area of halved LNs using segmentation (Ilastik). Data are

presented as mean + sem per mouse and condition (vehicle vs fingolimod-treated cells).

waterLOGSY

Following the protocol detailed by Bataille et al,2'' a 10 mM solution of fingolimod in de-dmso
was prepared, resuspended in 0.5 mL PBS or EGM2MYV and transferred into a 3 mm NMR
tube. All NMR experiments were performed on a 600 MHz Bruker NEO 600 machine. A
standard '"H NMR spectrum with H2O suppression was recorded, followed by a 'H

waterLOGSY NMR spectrum.

SAXS

SAXS experiments were performed with Dr Huband at the University of Warwick. Small-
angle X-ray scattering (SAXS) measurements were made using a Xenocs Xeuss 2.0 equipped
with a micro-focus Cu Ka source collimated with Scatterless slits. The scattering was
measured using a Pilatus 300k detector. Sample to detector distances of 0.987(3) m and
2.496(5) m were tested giving q ranges of 0.007 to 0.39 A and 0.003 to 0.15 A-. The magnitude
of the scattering vector (q) is given by q = (4nsin0)/A, where 20 is the angle between the
incident and scattered X-rays and A is the wavelength of the incident X-rays. The samples and
backgrounds were mounted in 1mm thick borosilicate glass capillaries and measured for 2 h
(0.987(3) m setup) or 10 min (2.496(5) m) setup. Xenocs XSACT software was used to integrate

the raw 2D detector images into 1D q vs intensity files.

TMT-MS Proteomics
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All proteomics experiments were performed at University of Bristol Proteomics Facility by Dr

Kate Heesom.
TMT Labelling and High pH reversed-phase chromatography

Immuno-isolated samples were reduced (10 mM TCEP, 55 °C for 1 h), alkylated (18.75 mM
iodoacetamide, rt for 30 min) and then digested from the beads with trypsin (1.25 pg trypsin;
37 °C, overnight). The resulting peptides were labelled with Tandem Mass Tag (TMTpro) 12-
plex reagents according to the manufacturer’s protocol (Thermo Fisher Scientific,

Loughborough, LE11 5RG, UK) and the labelled samples pooled.

The pooled sample was evaporated to dryness, resuspended in 5% formic acid and then
desalted using a SepPak cartridge according to the manufacturer’s instructions (Waters,
Milford, Massachusetts, USA). Eluate from the SepPak cartridge was again evaporated to
dryness and resuspended in buffer A (20 mM ammonium hydroxide, pH 10) prior to
fractionation by high pH reversed-phase chromatography using an Ultimate 3000 liquid
chromatography system (Thermo Scientific). In brief, the sample was loaded onto an XBridge
BEH C18 Column (130 A, 35 pum, 2.1 mm x 150 mm, Waters, UK) in buffer A and peptides
eluted with an increasing gradient of buffer B (20 mM ammonium hydroxide in acetonitrile,
pH 10) from 0-95% over 60 min. The resulting fractions (concatenated into 6 in total) were
evaporated to dryness and resuspended in 1% formic acid prior to analysis by nano-LC MSMS

using an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific).
Nano-LC Mass Spectrometry

High pH RP fractions were further fractionated using an Ultimate 3000 nano-LC system in

line with an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). In brief, peptides
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in 1% (vol/vol) formic acid were injected onto an Acclaim PepMap C18 nano-trap column
(Thermo Scientific). After washing with 0.5% (vol/vol) acetonitrile 0.1% (vol/vol) formic acid
peptides were resolved on a 250 mm x 75 um Acclaim PepMap C18 reverse phase analytical
column (Thermo Scientific) over a 150 min organic gradient, using 7 gradient segments (1-6%
solvent B over 1 min, 6-15% B over 58 min, 15-32%B over 58 min, 32-40%B over 5 min, 40-
90%B over 1 min, held at 90%B for 6 min and then reduced to 1%B over 1 min) with a flow
rate of 300 nl min™. Solvent A was 0.1% formic acid and Solvent B was aqueous 80%
acetonitrile in 0.1% formic acid. Peptides were ionized by nano-electrospray ionization at 2.0
kV using a stainless-steel emitter with an internal diameter of 30 um (Thermo Scientific) and

a capillary temperature of 275 °C.

All spectra were acquired using an Orbitrap Fusion Tribrid mass spectrometer controlled by
Xcalibur 2.1 software (Thermo Scientific) and operated in data-dependent acquisition mode
using an SPS-MS3 workflow. FTMS1 spectra were collected at a resolution of 120,000, with an
automatic gain control (AGC) target of 200,000 and a max injection time of 50 ms. Precursors
were filtered with an intensity threshold of 5,000, according to charge state (to include charge
states 2-7) and with monoisotopic peak determination set to peptide. Previously interrogated
precursors were excluded using a dynamic window (60 s +/-10 ppm). The MS2 precursors
were isolated with a quadrupole isolation window of 1.2 m/z. ITMS2 spectra were collected

with an AGC target of 10,000, max injection time of 70 ms and CID collision energy of 35%.

For FTMS3 analysis, the Orbitrap was operated at 50,000 resolution with an AGC target of
50,000 and a max injection time of 105 ms. Precursors were fragmented by high energy

collision dissociation (HCD) at a normalised collision energy of 60% to ensure maximal TMT
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reporter ion yield. Synchronous Precursor Selection (SPS) was enabled to include up to 10

MS2 fragment ions in the FTMS3 scan.

Data Analysis

The raw data files were processed and quantified using Proteome Discoverer software v2.4
(Thermo Scientific) and searched against the UniProt Human database (downloaded January
2025; 83095 sequences) using the SEQUEST HT algorithm. Peptide precursor mass tolerance
was set at 10 ppm, and MS/MS tolerance was set at 0.6 Da. Search criteria included oxidation
of methionine (+15.995 Da), acetylation of the protein N-terminus (+42.011 Da), methionine
loss from the protein N-terminus (-131.04 Da) and methionine loss plus acetylation of the
protein N-terminus (-89.03 Da) as variable modifications and carbamidomethylation of
cysteine (+57.021 Da) and the addition of the TMTpro mass tag (+304.207 Da) to peptide N-
termini and lysine as fixed modifications. Searches were performed with full tryptic digestion
and a maximum of 2 missed cleavages were allowed. The reverse database search option was

enabled and all data was filtered to satisfy false discovery rate (FDR) of 5%.
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3 Optimisation of Inmunomodulatory Phenotypic Assays

3.1 Characterisation of commercial lymphatic cell line

The chosen commercial lymphatic cell line, used for the entirety of this research, was a
cultured primary line isolated from adult human dermal microvasculature, with an
advertised 99% CD31"PDPN* phenotype (Lonza). The cells were characterised to ensure they
displayed a consistent lymphatic phenotype across the passages of interest (P6-8). qPCR
confirmed the RNA expression of key lymphatic genes (CD31, LYVE1, podoplanin [PDPN],
Prox-1),2'2 however, there was an observable decrease in Prox-1 and PDPN mRNA levels by
passage 8 (Figure 3.1a). Therefore, it was investigated whether this transcriptional decline
correlated directly to protein levels. The expression of lymphatic biomarkers (CD31, LYVEI],
VEGFR3, PDPN) were assessed by FACS (Figure 3.1b), and there was no observable decline
in biomarker levels from passage 6-8. Immunocytochemistry was also used to confirm the
protein expression of the nuclear-localised transcription factor, Prox-1, and the cytosolic
PDPN (Figure 3.1c). Phalloidin staining of filamentous actin permitted visualisation of the
lymphatic cell cytoskeleton and DAPI staining confirmed the co-localisation of Prox-1 within
the nucleus. The presence of these biomarkers confirmed the lineage of the cell line as present
within the lymphatic endothelium. The levels of Prox-1 and PDPN did not appear to

significantly diminish across all passages of interest.

Assessment of the biomarker expression confirmed the cell line was predominantly in
lymphatic origin. Whilst a slight decline in Prox-1 and PDPN was observed on a

transcriptional level, this did not correlate to protein expression. Therefore, it was determined
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that the lymphatic phenotype was maintained to a satisfactory degree across the necessary

passages (6-8).
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Figure 3.1: Characterisation of the commercial lymphatic endothelial cells (LECs) at passage 6-8.
(a) mMRNA expression levels in LECs over passages 6-8 as measured by qPCR. N=4. Statistical analysis
performed using one-way ANOVA. * = P<0.05, *** = P<0.005. (b) Protein expression levels in LECs over
passages 6-8 as measured by flow cytometry. N=3 (c) Immunocytochemistry of LEC monolayer, staining
with DAPI (cyan), Phalloidin (green), Podoplanin (magenta) and Prox-1 (red). Scale bars = 50 um.
Expression was quantified using ImageJ. N=3. Error bars = sem.

3.2 Optimisation of a phenotypic model of lymphangiogenesis

It was necessary to develop a robust phenotypic assay to quantitatively measure the pro-

lymphangiogenic effect of any synthesised compounds, including structurally modified PAL

probes and negative control analogues.

A plexus formation assay assesses the ability of a lymphatic endothelium monolayer to form

tubule networks when seeded with a supportive ECM. This assay was initially explored due
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to its compatibility with robust compound screening. As described previously,?* lymphatic
endothelium monolayers were encapsulated in a type-1 collagen matrix to provide stability
and structural support for network formation (Figure 3.2). The monolayers were treated for
24 h, and the resultant networks were stained with Phalloidin and imaged with an automated
cell imaging microscope.

+ collagen
+

24 h
—>

LEC seeding plexus network

Figure 3.2: Plexus formation assay. Schematic diagram illustrating the plexus formation assay setup,
a LEC monolayer was embedded in type-1 collagen and dosed for 24 h with treatment. The resultant
plexus was fixed, stained with Phalloidin and imaged.

Initial LEC seeding density was explored to optimise tube formation in the plexus assay
(Figure 3.3a-b). LECs were grown and cultured in a growth factor-depleted media (no VEGF,
EGF or FGF) to control against lymphangiogenic effects which were independent of
compound treatment. As a control, 0.1% DMSO treatment was used to establish a baseline
network formation threshold, while treatment with a known pro-lymphangiogenic factor,
VEGFC,?* was chosen to probe a maximal observable response. After dosing for 24 h, cells
were stained with Phalloidin and the extent of the plexus formation was evaluated
qualitatively. The lymphatic endothelium developed visually promising interconnecting
networks; however, it was difficult to compare between control and treatments as they were
not visibly distinctly different. Therefore, to quantify the plexus networks the
AngiogenesisAnalyzer Image] plugin was utilised (Figure 3.3¢c);?'> images were converted into
a binary skeletal “tree” and the complexity of the networks was determined by quantifying a
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variety of factors including the number of junctions, branches, nodes and segments (a section of
the vasculature connecting two junctions).?’> Under both DMSO and VEGFC-treated
conditions, there was a density-dependent increase in the complexity of the networks, as
expected (Figure 3.3d). However, no significant difference between DMSO and VEGFC-
treated networks was observed, and therefore the plexus formation assay could not be used
to confidently analyse a lymphangiogenic effect in response to treatment. Despite this setback,
the plexus networks could provide an extra degree of observational clarity that the pro-
lymphangiogenic effects were conducive to structural network formation, rather than random
proliferation. Due to these limitations of the plexus formation assay, alternative phenotypic

models of lymphangiogenesis were explored.
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Figure 3.3: Analysis of lymphatic endothelial plexus formation assay. LECs were seeded at
varying densities (2-6 x 10%cells) for 24 h, embedded in collagen and treated with either (a) 0.1%
DMSO or (b) VEGFC (200 ng/mL) for a further 24 h. The networks were fixed and stained with
Phalloidin (green). Scale bar is 500 pum (c) Image analysis workflow using the
AngiogenesisAnalyzer Imagel plugin counted the number of branches (green), junctions (dark
blue), nodes (red) and segments (yellow) as well as quantified their length. Scale bar is 250 uym
(d) The analysed networks were quantified to compare the number of junctions, branches and
segments between the different seeding densities in response to 0.17% DMSO (baseline) and
200 ng/mL VEGFC (positive control) treatment. Trendlines depicted are a linear fit. Error bars =
sem.
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The spheroid sprouting assay is a 3D in vitro model which enables the culture of lymphatic
endothelial spheroids in a physiologically relevant ECM which facilitates lymphangiogenic
growth and sprouting (Figure 3.4a).2'¢ LECs are cultured in Aggrewell™ plates to form
spheroids which are then isolated and seeded with an ECM of choice and treated before
fixation. Previous optimisation of this assay by Dr Christophe Ravaud with the Lonza
lymphatic cell line demonstrated preferential and more defined sprouting when co-cultured
with a type 1 collagen ECM over Matrigel, which is consistent with previous reports that type
1 collagen accelerates lymphatic endothelial tube formation.?”” Type 1 collagen is the more
physiologically relevant ECM for lymphangiogenesis studies due to its prominence in
connective tissue as a supportive network for lymphatic capillaries.?’® The LEC spheroids
were similarly grown and cultured in a growth factor-depleted media. Typical use of this
assay generally proceeds with a 24 h treatment dosing window before spheroid sprouting
quantification and analysis occurs, however, Trowbridge et al reported in their initial
disclosure of the photocatalytic probe methodology that the iridium catalyst can become
cytotoxic after 6 h.'®? It was therefore necessary to ensure that the spheroid sprouting assay

could display significant treatment distinction within this timeframe.

The relative extent of spheroid sprouting in response to treatment was quantified by manual
counting of the number of sprouts per spheroid per well, which was then converted into a
fold change value relative to the baseline sprouting level observed after vehicle dosage

(Equation 1).

sprouts in treated well / spheroids in treated well

Fold change in sprouting = Eq. 1

sprouts in dmso well / spheroids in dmso well
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Spheroid sprouting was observed within the desired 6 h time frame in a dose-dependent
manner in response to pro-lymphangiogenic factor, VEGFC, however this response was more
modest than initially anticipated (Figure 3.4b-c). Therefore, in the search for a positive control
compound which had a more pronounced pro-lymphangiogenic effect upon the spheroids,
SB431542, a potent TGF-f inhibitor known to enhance lymphangiogenesis, was chosen.?!
SB431542 had previously been detected as a positive inducer of lymphangiogenesis in a
preliminary screen. SB431542 demonstrated a significant increase in sprouting (~8-fold) and
was therefore used as a positive reference condition for all future spheroid sprouting assays

(Figure 3.4d).

In an attempt to streamline the analysis of the spheroid sprouting data, the
AngiogenesisAnalyzer Image] plugin was utilised to automate the counting of the spheroids
and their sprouts.?’> Unfortunately, when comparing the automated output to the manual
counting there were significant discrepancies. In some instances, there were clear, observable
sprouts which were not detected by the software and therefore not counted (Figure 3.4e, red
arrows). Also of concern were the occurrences whereby unavoidable artefacts (i.e. bubbles,
dust, disaggregated spheroids) were misinterpreted as sprouts or spheroids (Figure 3.4e,
white arrows). These artefacts could not be corrected for with manual post-imaging contrast
modifications. Therefore, it was decided that the spheroid sprouting should be manually
counted, while this would be a time-consuming endeavour, it was necessary to ensure

confidence in the quantified results.

Y Dr Christophe Ravaud, unpublished results
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Figure 3.4: Spheroid sprouting assay as a phenotypic model for lymphangiogenesis (a)
Schematic depiction of the LEC spheroid sprouting assay experimental set up. LECs were
seeded in Aggrewell™ plates for 24 h to form spheroids which were collected and embedded in
type 1 collagen before treatment for 6 h. The spheroids were fixed, stained for Phalloidin (blue)
and imaged (b) Whole well and enhanced images of sprouting spheroids in response to 0.1%
DMSO vehicle, 1.7 uM fingolimod and 200 ng/mL VEGFC treatment. (c) Spheroid sprouting in
response to a serial dilution of VEGFC (N=3). Error bars = sem (d) Sprouting in response to
improved positive control 20 uM SB431542 (N=4). Scale bar is 500 um. Error bars = sem.
Statistical analysis performed on raw data using a Student’s t-test. **** = P<0.001 (e)
AngiogenesisAnalyzer quantification of a greyscale image of the spheroids which then
underwent post-imaging enhancement and artefact subtraction before analysis; cyan =
spheroid, green = sprout. Discrepancies between the manual and automated counting are
illustrated with arrows. White arrows highlight false positive artefacts. Red arrows indicate false
negative sprouts.
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During the development of reliable lymphangiogenic models, both a qualitative and
quantitative assay were developed. The plexus formation assay permitted the visualisation of
a cohesive lymphatic network, whilst the spheroid sprouting assay permitted the observation
and quantification of pro-lymphangiogenic sprouting. The spheroid sprouting assay met the
requirement for a quantifiable measurement within a 6 h treatment window. Whilst
automated analysis of these assays could not be achieved due to the existence of unavoidable
artefacts, manual assessment increased the confidence and reliability of these assays as a

measure of lymphangiogenesis.

3.2.1 Confirmation of fingolimod’s lymphangiogenic effect

With the spheroid sprouting assay optimised as a model of lymphangiogenesis, it was
necessary to recapitulate the initial findings of the library screent and confirm fingolimod’s
pro-lymphangiogenic effect. Fingolimod induced sprouting of LEC spheroids in a dose-
dependent manner, with a measurable ECso of 1.67 uM (Figure 3.5). Also, of consideration was
whether fingolimod or its metabolite Fing-P was the bioactive form responsible for the
lymphangiogenic phenotype. This finding would provide a valuable insight into the design
process of future PAL probes. To assess this, spheroids were treated with a serial dilution of
fingolimod co-dosed with a selective SPHK2 inhibitor, SLM 6031434 (2 uM).22% 22! [t was
observed that co-dosing with a SPHK2 inhibitor completely ablated fingolimod’s pro-
lymphangiogenic effect (Figure 3.5), suggesting that it is the metabolite, Fing-P, which is

responsible for the lymphangiogenic phenotype.

*Dr Christophe Ravaud, unpublished data
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Figure 3.5: Co-dosing lymphangiogenesis studies of fingolimod with a SPHK2 inhibitor. Observed
fold change in sprouting per spheroid relative to DMSO control in response to a serial dilution of
fingolimod co-dosed with a selective SPHK2 inhibitor (2 uM). N=3. Error bars = sem.

With this in mind, it would be crucial that any active PAL probes remained a substrate for
SPHK?2 to facilitate their phosphorylation and subsequent activation. Contrastingly, blocking
this site of phosphorylation could be an avenue worth exploring in the design of structurally

similar but functionally inactive control probes.

3.3 Optimisation of a phenotypic model of T-lymphocyte migration

3.3.1 Optimisation of Transwell migration assay

A robust phenotypic model of T-lymphocyte migration was required to assess fingolimod’s
inhibitory effect on T-lymphocyte ingression. Transwell inserts are commonly used to monitor
immune cell chemotaxis,?”> however, they have recently been explored as a model of
transendothelial migration of T-lymphocytes across the lymphatic endothelium.??> Lymphatic
endothelial cells can be seeded on the underside of the inserts to mimic a basal to apical
transmigration of T-lymphocytes (Figure 3.6a), a model of T-lymphocyte ingression (i.e. the
migration of cells from tissue into a lymphatic vessel). The Transwell inserts are comprised of

a porous membrane and a 3 pm pore size was selected to ensure the assay only captured active
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migration through the endothelium, versus passive diffusion through large gaps in the

membrane, as advised by the manufacturer (Corning).

Previous protocols recommended a seeding density of 5 x 10° LECs per insert, with a growth
period of 48 h to cultivate a confluent monolayer.?* To test this, the inserts were fixed and
stained after 48 h with the endothelial cell biomarker CD31,2 which confirmed the presence
of an intact monolayer (Figure 3.6b). Additional staining with lymphatic junction marker,
CD144, confirmed that the monolayer formed tightly connected intercellular junctions (Figure

3.6b).108
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Figure 3.6: Optimisation of Transwell migration assay as a phenotypic model of T-lymphocyte
ingression. (a) Schematic depiction of experimental set up, LECs (orange) were seeded on the underside
of the insert and allowed to attach for 40 mins, the inserts were inverted in fresh media to grow for 48 h.
12 h before migration TNFa (1 ng/mL) was added to activate LECs. aCD3/CD28-activated Jurkats (green)
were added to the top chamber and allowed to migrate for 4 h, after which the migrated cells were
collected from the bottom chamber, stained with aCD3 FITC antibody and counted using FACS (b)
Fluorescentimaging of the insert coated with an intact LEC monolayer, CD31 (green) highlighting an intact
monolayer, DAPI (cyan) and, CD144 (orange) expression confirming tight junction formation.
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The Transwell migration assay would enable modelling of T-lymphocyte migration through
the lymphatic endothelium. Our T-lymphocyte cell line of choice were E6.1 Jurkats, a clone of
the immortalised human lymphoblastic leukemic Jurkat line, which were originally derived
from the peripheral blood of a 14-year-old male with acute T-lymphocyte leukaemia.??¢ Jurkats
are commonly used in the literature to study T-lymphocyte signalling,?”2%® function,??*2* and
migration,?! 232 due to their rapidly proliferative and readily available nature. Jurkats provide
a more practical alternative to primary human T-lymphocytes, although their use is limited
by their genetic instability which can lead to variability in their function and behaviour over
time in culture.?® Therefore, the culturing of the Jurkats was limited to passage 10, as

recommended.?4

There are many methods which have been used in the literature to quantify cell migration
through Transwell inserts. The most common techniques are flow cytometry, whole cell
fluorescence readings or lysed cell DNA quantification.?>?” This approach requires the co-
culturing of Jurkats and LECs, as such, treatment of lysed cells with a DNA dye (e.g.
CyQUANT) which incurs the risk of artefacts from detached LECs during the washing steps
of the protocol, was ignored. Using a cell-impermeable dye (e.g. CellTracker) coupled with a
light-blocking Transwell membrane is an efficient way to measure cell migration into the
lower chamber.?¢ However, in initial studies utilising CellTracker, some leakage of dye was
observed when visualising the migration by microscopy. In addition, this method of
measuring fluorescently labelled Jurkats would require light blocking inserts, which are
considerably more expensive than the transparent alternatives, making them an unfavourable

method for migration quantification. Therefore, flow cytometry was chosen as the method of
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quantification to measure the extent of Jurkat migration through the LEC monolayer and into

the bottom chamber.

Preliminary trials attempted to establish a baseline migration level of 3-5%, as had previously
been reported in the literature for Jurkat migration.**2% Unfortunately, minimal migration
(0.005%) of untreated Jurkats was observed after 4 h (Figure 3.7a). The loading Jurkat density
of 1 x 10° was high, and could be encouraging Jurkat aggregation which would hinder
transendothelial migration. Therefore, lower Jurkat densities (1-5 x 10°) were explored. While
there was a slight improvement in migration observed when the input Jurkat density was
lowered to 1 x 10°(0.55%), this was not a substantial enough baseline migration. Increasing
the permeability of the lymphatic endothelial monolayer could aid Jurkat migration; to
achieve this LEC activation was explored. It had previously been demonstrated that TNFa-
mediated activation of LECs induces the upregulation of surface adhesion receptors, ICAM-
1, VCAM-1 and E-selectin.?*! These receptors are key for the surface adhesion and subsequent
transendothelial migration of immune cells through the lymphatic endothelium.?*? Due to the
short-lived nature of E-selectin expression (tiz = 4 h), it was decided that 12 h prior to
transmigration would be an optimal timeframe for TNFa-mediated LEC activation, ensuring
adequate receptor expression levels as confirmed by FACS (Figure 3.7b). Unfortunately, while
activation of the lymphatic endothelium did significantly increase migration (1.0%), further

improvements were required to ensure a substantial baseline migration.

Activation of the Jurkats was also investigated as T-lymphocyte activation is known to
influence migration propensity. Upon activation, T-lymphocytes exhibit an increased
expression of key adhesion and chemokine receptors, compared to naive lymphocytes, which

facilitates their tendency to migrate.?# There are various stimulants capable of inducing
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activation of T-lymphocytes. For instance, phytohemagglutinin-L (PHA-L) is a lectin extracted
from legumes which binds to carbohydrates on TCR to trigger T-lymphocyte activation via an
antigen-independent mechanism.?** Furthermore, in an attempt to adopt a more
physiologically relevant environment, it was investigated whether the presence of pro-
inflammatory cytokines (IFNy, IL-6, TNFa and IL-1(3) which are abundant in the heart after a
ML, could induce T-lymphocyte activation in an in vitro setting. Finally, the most widely
used mode of T-lymphocyte activation involves mimicking APCs with co-stimulation of TCR
and CD3 by aCD28 and aCD3 antibodies, respectively.?* The extent of activation was
measured by activated T-lymphocyte biomarker, CD69,2” expression at 24 h (Appendix I) and
48 h timepoints (Figure 3.7c). There was no change in CD69 expression after 48 h incubation
of the Jurkats with pro-inflammatory cytokines. However, CD69 expression increased
comparably after 48 h incubation with both PHA-L and aCD28/CD3, confirming their ability
to activate this Jurkat cell line. Consequently, it was deemed that aCD28/CD3 stimulation
generated a more uniform population and was a more physiologically relevant means of
activating the Jurkats. Therefore, aCD28/CD3 activation of Jurkats was used in all further
transmigration studies. While Jurkat activation alone did not achieve the desired level of
migration (1.2%), the dual activation of both the LECs and Jurkat cells resolved the issues of

T-lymphocyte migration, with an observed baseline migration of 4.3% (Figure 3.7a).
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Figure 3.7: Optimisation of Transwell migration assay as a phenotypic model of T-lymphocyte
ingression. (a) Optimisation of Jurkat migration through Transwell insert into the bottom chamber,
as counted by FACS. % of input (1 x 10° Jurkats unless stated otherwise). Statistical analysis using
Student’s t-test. **** = P<0.001 (b) Expression of ICAM-1, VCAM-1 and E-selectin (CD62E) on LECs
before (blue) and after (green) 12 h TNFa treatment (1 ng/mL), measured by FACS. Analysed with
FlowJo v11 (c) Expression of surface activation marker CD69 on Jurkats before (blue) and after (green)
48 h activation treatments, measured by FACS. Analysed with FlowJo v11. Gating strategy in

Appendix.
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To ensure the robustness of the migration assay, a positive migratory control was needed to
act as a continual reference to assess the validity of the assay. There are several known
chemokines which function as T-lymphocyte chemoattractants. Due to the CD4*CD8-CXCR4*
phenotype of our activated Jurkat cell line (Appendix II), CXCL12 was tested in the Transwell
migration assay as it has been shown to bind to CXCR4 to trigger chemotaxis in CD4* T-
lymphocytes.?$20 Under the optimised experimental conditions, CXCL12 increased Jurkat
migration (6.1%), at an optimal concentration of 100 ng/mL, with an observable bell-shaped

dose response effect commonly associated with chemotaxis (Figure 3.7a).?!

After optimisation of the Transwell migration assay, a desired baseline migration of 4.3% was
achieved, which increased to 6.1% upon stimulation with a chemoattractant. This level of
Jurkat migration and response to stimulus provided confidence in the established
experimental set-up. Therefore, this optimised assay was used for all further quantification of
Jurkat transendothelial migration through the lymphatic endothelium in response to different

treatments.

3.3.2 Confirmation of fingolimod’s inhibition of T-lymphocyte migration

Fingolimod significantly inhibited migration of Jurkats in the Transwell assay in a dose-
dependent manner up to 1 uM (Figure 3.8), however, at higher concentrations fingolimod lost
its inhibitory effect with a return to baseline migration at 5 uM. This observation was
intriguing, and investigations into the cause of this decline in activity will be highlighted later

in the chapter.
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Figure 3.8: Investigating the influence of fingolimod on T-lymphocyte migration. Migration of T-
lymphocytes in response to fingolimod treatment. N>3. Statistical tests using a one-way ANOVA and
multiple comparison tests. **** = P<0.001, *=P<0.05, ns = P>0.05. Error bars = sem.

To further investigate the potential mechanism of action of fingolimod’s inhibitory effect on
T-lymphocyte migration, co-dosing experiments with SPHK2 inhibitor, SLM6031434,220. 221
were performed. SPHK2 inhibition was shown to block fingolimod’s inhibitory effect upon T-
lymphocyte migration (Figure 3.9), suggesting that Fing-P was the bioactive form. Coupled
with the observations from the lymphangiogenesis studies, it is evident that phosphorylation

of fingolimod is a key attribute towards its immunomodulatory phenotypic efficacy.
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Figure 3.9: Co-dosing fingolimod with a SPHK2 inhibitor inhibits its inhibitory effect on T-
lymphocyte transmigration. Migration of T-lymphocytes in response to treatment with fingolimod (0.5
uM) co-dosed with a SPHK2 inhibitor, SLM6031434 (2 uM). N=3. Statistical tests using a one-way
ANOVA and multiple comparison tests. ****=P<0.001, ns = P>0.05. Error bars = sem.

These migration studies were performed over a 4 h timeframe as it has commonly been
reported that a 4 h migration window is sufficient to capture the transendothelial movement
of T-lymphocytes through a Transwell insert.?®> 2% To confirm this, a migration time course
was performed. This would allow the determination of an optimal window to observe
fingolimod’s inhibitory influence. There appeared to be a slow onset in T-lymphocyte
migration that increased significantly at 4 h (Figure 3.10). This level of migration plateaued

after 4 h, reaffirming the literature observations, and this migration window was maintained

in all further migration studies.
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Figure 3.10: Optimisation of the timeframe of the Transwell migration assay. Time course
migration study of Jurkat migration through to bottom chamber, as counted by FACS. Error bars =
sem. Statistical analysis performed using Student’s t-test. * = P<0.05, **** = P<0.001.

3.3.3 Investigations into fingolimod’s activity profile

The loss of fingolimod’s efficacy at higher concentrations was an interesting observation
which warranted a more in-depth investigation as to the cause. It was initially hypothesised
that this observation could be due to the toxicity of fingolimod, which has been previously
reported in other cell lines.?* 2° Therefore, MTT mitochondrial metabolism studies were
performed on fingolimod (Figure 3.11), to assess the level of cell viability within the time
frame of these experiments (6 h). Up to 10 uM, fingolimod demonstrated no significant drop
in cell viability in either cell line within 6 h, therefore the loss of the inhibitory effect of

fingolimod could not be attributed to cell death.
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Figure 3.11: Investigating the toxicity of fingolimod on Jurkats and lymphatic endothelial cells. MTT
mitochondrial metabolism cell viability assay of Jurkats and LECs treated for 6 h with fingolimod. N=3.
Statistical tests using a one-way ANOVA. ns = P>0.05. Error bars = sem.

An alternative explanation was potentially due to the amphiphilic, surfactant-like nature of
fingolimod, leading to micelles or aggregates at higher concentrations (5-10 uM), above its
critical micelle concentration (CMC). This aggregation would lower the bioavailable free
fraction of fingolimod in solution, which could explain the loss of effect at higher doses. It is
precedented that fingolimod forms micelles in water at 75 uM,?* therefore it was investigated
whether the CMC could be lower under the experimental conditions. The presence of salts in
the media increases the ionic strength of the solution which has been shown to lower the
CMC.?>" It is also possible that the presence of cell membrane phospholipids could enable
heteromicelle formation, which could increase the total surfactant concentration in solution,2
also lowering the observable CMC of fingolimod. To test this hypothesis, waterLOGSY
experiments were performed following a previously established protocol.?® WaterLOGSY is
an NMR technique which relies on the principle that excited water molecules undergo a
transfer of '"H magnetism to small molecules in solution via a positive nuclear Overhauser

effect. This is observed as an increase in signal intensity. Upon aggregation, this transfer of
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magnetism yields a negative nuclear Overhauser effect due to the slower tumbling rates of
the larger aggregate. This is observed as a decrease or inversion in signal intensity (Figure
3.12a). WaterLOGSY experiments were attempted in EGM-2MV media however the
background signals were too complex to interpret anything meaningful from the spectra
(Appendix III). Therefore, PBS was used as the solution for the subsequent waterLOGSY
experiments. The resultant spectra did not show a complete inversion of peaks which would
have been indicative of a strong aggregator, nonetheless, there was a decrease in the positive
signal intensity (Figure 3.12b-c). Whilst not conclusive, the data suggests that fingolimod is a

weak aggregator in PBS.
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Figure 3.12: WaterLOGSY studies show fingolimod is a weak aggregator in PBS. (a) Schematic
depiction of waterLOGSY spectra inversion upon compound aggregation (b) close up of stacked
spectra in the aromatic region (9.1-7.0 ppm) (c) 'H NMR spectra (32 scans) and waterLOGSY spectra
(1024 scans) of fingolimod (500 uM) in PBS.
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One of the limitations of waterLOGSY as a method to measure aggregation is its sensitivity.
As a consequence, these studies were performed at a concentration of 500 uM fingolimod,
which is significantly higher than the phenotypically relevant dosages. Therefore, the more
sensitive technique of small angle x-ray scattering (SAXS) was explored (Figure 3.13a) and
these experiments were performed in collaboration with Dr Huband at the University of
Warwick. The core principle of SAXS requires a monochromatic and unidirectional beam of
x-rays (0.1 — 0.2 nm) to be passed through a sample. As the x-rays interact with the sample,
they are scattered. The extent of scattering is monitored by a detector and can be used to
extract structural information about the size and morphology of the sample. Using a DMSO-
treated supernatant as a background control, SAXS experiments were performed to assess the
presence of fingolimod aggregation (Figure 3.13b-c). Unfortunately, no discrepancies in
scattering could be detected when comparing the background control vs fingolimod-treated
samples. There are multiple potential explanations for this observation: (i) fingolimod does
not aggregate at the tested concentrations, therefore, there must be an alternative reason for
the loss of activity at higher concentrations; (ii) if fingolimod is forming micelles they could
be too small to detect amongst the background noise of the media additives; (iii) rather than
forming a spherical micelle structure, fingolimod could be forming a monolayer at the liquid-

air interface which could not be detected using this technique.
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Figure 3.13: Small-angle x-ray scattering (SAXS) experiments could not determine fingolimod
aggregation (a) Schematic depiction of SAXS experimental set up. Supernatant from a Transwell
migration insert was transferred to a capillary tube. A monochromatic polarised beam of x-rays were
shone through the sample and the resultant scattering was detected (b) 2D SAXS diffraction of 10 uM
fingolimod (top) and DMSO (bottom) treated supernatant. Colour scale depicts log(counts) (c) 1D SAXS
profile for DMSO (red), 5 uM fingolimod (green) and 10 uM fingolimod (black) treated supernatant. SAXS
experiments were performed by Dr Huband.

If fingolimod was not forming micelles or aggregates, then a potential explanation could be
that at higher concentrations fingolimod is desensitising its target receptor, potentially
through receptor internalisation or negative feedback signalling. To investigate this
hypothesis further, washout experiments could have been performed, however it was decided

to prioritise other experiments.
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3.3.4 Development of Microvessel-on-a-chip assay

The Transwell migration assay provided a medium throughput model with which to test the
phenotypic effect of fingolimod and its analogues towards T-lymphocyte ingression.
Nevertheless, as previously observed (Figure 3.6b), the junctions formed within the
monolayer were tight rather than the typical button-like junctions present in lymphatic
capillary tips.?® In addition, whilst a gravitationally-induced flow can be introduced by
varying the volume of media in the top and bottom chambers, there is no physiological
interstitial flow present in this model of migration, which has been shown to affect immune
cell adhesion and lymphatic permeability.?¢! Therefore, a more physiologically relevant assay

was devised to rigorously test the phenotypic effect of select compounds of interest.

In the field of microfluidics, microvessel-on-a-chip assays have shown great promise as an
improved model of vessel formation, function and physiology.?®? These assays facilitate the
formation of a vessel with an intact lumen upon an ECM basement membrane which can be
placed on rockers to mimic both luminal and interstitial flow. These assays have recently been
commercialised, which has facilitated the broader use of these chips, overcoming the need to
design and 3D print the moulds yourself. While the vessels themselves are much larger in
comparison to native lymphatic capillaries, 200 um in diameter versus 60 um,?* they are
conducive to live imaging which can be utilised to monitor real-time migration events.
Mimetas™ 3-channel chips were chosen due to their co-culturing capacity, and they have
previously been used to grow lymphatic vessels using an immortalised lymphatic cell line

(Figure 3.14).2¢ However, the growth of these vessels using our own commercial LEC cell line
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required extensive optimisation with the assistance of an experienced collaborator, Dr Al Haj

Zen at HBKU in Qatar, who developed a robust protocol that enabled a reliable vessel growth.
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Figure 3.14: Mimetas™ 3-channel chip used for microvessel-on-a-chip studies. (a) Schematic
depiction of the experimental set up of the microvessel-on-a-chip assay with the Mimetas™ 3 channel
chip. 7 days after LEC seeding, an intact LEC vesselforms. Upon seeding Jurkats in the opposing channel,
they undergo migration through the extracellular matrix, towards the lymphatic vessel (b) Brightfield
images of the different stages of chip preparation and vessel formation.

Dr Al Haj Zen performed a screen of ECMs and discovered that Matrigel alone was an
unsuitable ECM as it lacked the structural integrity required to allow LEC seeding and vessel
formation (Figure 3.15). In contrast, type 1 collagen (3 mg/mL) or a 3:1 ratio of Matrigel to type
1 collagen provided the necessary rigidity required for lymphatic vessel formation. I
attempted both automated and manual loading of the ECM to compare reliability and

repeatability between the two methods, and it was observed that manual loading of the ECM
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was essential as a ‘by-eye” approach ensured the correct volume was loaded, which prevented

the overflow of the ECM into other channels.
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Figure 3.15: Optimisation of extracellular matrix for lymphatic vessel formation in microvessel-
on-a-chip. Images of lymphatic vessels, grown after 7 days of culture in the presence of different
extracellular matrices. LECs were stained with CellMask™ Deep Red (red), CD144 (green) and DAPI

(cyan). Images obtained by Dr Al Haj Zen.
Dr Al Haj Zen discovered that additional coatings of fibronectin were required to aid LEC
attachment to facilitate vessel formation. With these additional alterations, it was possible to

grow intact vessels within 7 days of LEC seeding and confocal imaging confirmed the

formation of a luminal vessel (Figure 3.16).
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Figure 3.16: Microvessel-on-a-chip enables luminal vessel formation. Image taken from a 3D

reconstruction of confocal Z-stacks of a lymphatic vessel grown over 7 days in the presence of a collagen
(3 mg/mL) extracellular matrix. Original Z-stack images obtained by Dr Al Haj Zen.
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However, upon the initiation of co-culturing studies with Jurkats, it became evident that the
use of a solely collagen-based ECM did not facilitate T-lymphocyte invasion towards the
lymphatic vessel (Figure 3.17). However, a 3:1 ratio of Matrigel to type 1 collagen provided
the ideal compromise between the rigidity and permeability required for an invasive
migration model. The medium in which T-lymphocytes were seeded also appeared to play a
vital role in their propensity to migrate. T-lymphocytes administered in EGM-MV2 media
displayed a greatly reduced level of invasion, relative to Matrigel or the Matrigel/collagen
mix, which themselves displayed a similar migratory profile. As such, Matrigel was chosen

as the preferred medium in which to seed Jurkats in the co-cultured model.
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Figure 3.17: T-lymphocyte invasion in co-cultured lymphatic microvessel-on-a-chip studies. (a)
A lymphatic vessel was cultured in the presence of either a 3:1 Matrigel:collagen (left) or collagen
(right) ECM for 7 days. Upon vessel formation, Jurkats were seeded in the opposing channelin either
media (top), 3:1 Matrigel:collagen (middle) or Matrigel (bottom). Lymphatic vessels were stained with
CellMask™ Deep Red (red) and DAPI (cyan). T-lymphocytes were labelled with GFP using a lentiviral
induction. Images were obtained by Dr Al Haj Zen. (b) Quantification of T-lymphocyte invasion into
the ECM (c) Quantification of T-lymphocyte ingression into lymphatic vessel.

The optimisation of microvessel-on-a-chip microfluidics provided an ECM-supported 3D

lymphatic vessel through which co-cultured T-lymphocytes could migrate. This platform was
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conducive to confocal imaging and would allow live visualisation of T-lymphocyte migration

through the lymphatic endothelium in response to different treatments.

With the phenotypic assays optimised and fingolimod’s immunomodulatory effects
validated, the PAL probes and their negative control analogues could be developed. The
observation that Fing-P was the bioactive molecule responsible for the immunomodulatory
phenotypes would enable a more informed design approach to be adopted (as discussed in

Chapter 4).
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4 Design and Synthesis of Fingolimod-derived Photoaffinity Probes

4.1 Design of photoaffinity labelling probes

To decipher both the direct targets of fingolimod and their interactome, a series of PAL probes
were designed. It was essential that any modifications had a minimal impact on binding
interactions to ensure retention of the desired phenotypes. Previous studies into fingolimod’s
efficacy had suggested that fingolimod’s metabolite, Fing-P, was the bioactive form.
Therefore, it would be crucial that any synthesised probes should remain a substrate for
SPHK2. As such, it was decided that the pro-S alcohol of the fingolimod headgroup should

remain free for phosphorylation by SPHK2 (Scheme 4.1).

pro-S OH
\ O:l‘:—OH
|

OH (0]

SPHK2 sy,
NHy ——> NH,
?H OH

fingolimod 1 pro-R (S)-fingolimod phosphate (Fing-P)

Scheme 4.1: Fingolimod undergoes SPHK2-mediated phosphorylation of its pro-(S) alcohol to yield
the phenotypically active fingolimod phosphate (Fing-P).

When designing the photocatalytic probe, choosing the correct exit vector to connect
fingolimod to the iridium photocatalyst was essential for the retention of its activity.
Information was obtained from fingolimod’s known binding mode to S1PRi. Cryo-EM
structures of fingolimod co-crystalised with SIPR: have been obtained by Xu et al (PDB:
7WF7) and show that fingolimod binds to the transmembrane helical region of the protein,
with the lipophilic tail buried deep within the pocket placing the polar head group in a more
solvent exposed region near the binding pocket entrance (Figure 4.1).2%> This is a common

binding motif of lipid-like small molecules, therefore, it was predicted that fingolimod would
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likely bind other target proteins in a similar way.?® It was also evident in the crystal structure
of S1PR: that the amine of the fingolimod head group can participate in hydrogen-bonding
interactions within the protein binding pocket. Disruption of these interactions could
attenuate the probe’s affinity towards its target proteins and alter the basicity of the molecule,

which could impact its permeability and subcellular distribution.

Figure 4.1: Fingolimod phosphate co-crystalised with S1PR, (PDB: 7WF7) by Wu et al.?’’ Key
electrostatic interactions between the pocket residues and the phosphate and amine of the head group

are highlighted.

An experimental crystal structure of SPHK2 has not yet been obtained, however, its isozyme

SPHK1 has been crystalised with ADP (PDB: 3VZD).2” Docking studies of ‘BuPEG:-linked
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fingolimod with SPHK1 similarly demonstrate the positioning of the headgroup towards the
solvent exposed opening of the substrate binding pocket, proximal to the predicted ATP-
binding domain, with space for synthetic expansion from the serinol head group (Figure 4.2).
SPHK1 is commonly used as a homology model of SPHK2 due to their similar structure.?*® In
fact, crystallography studies have demonstrated that the SPHK2 binding pocket is much more
tolerant towards substrate expansion, relative to SPHK1.2%® This is proposed to be due to the
substitution of the sterically demanding Phe374 in SPHK1 for a smaller cysteine residue in

SPHK2.2¢
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Figure 4.2: Docking of 'BuPEG,-Fingolimod in SPHK1 (PDB:3VZD) co-crystalised with ATP.?%®
SPHK1 was used as a homology model of SPHK2, co-crystallised with ATP to highlight its binding
region in the kinase. tBuPEG,-Fingolimod was docked in the SPHK1-binding pocket by MOE, using a
triangle matcher/induced fit method. A GBVI/WSA scoring was used to calculate AG of the interaction.
AG= -7.5899 kcal/mol. RMSD = 1.7675 A.

This in silico data provided confidence in the decision to focus synthetic efforts on the
expansion from fingolimod’s pro-(R) alcohol to generate the photocatalytic PAL probe.
Additionally, previous SAR surrounding fingolimod’s immunomodulatory effect upon
circulating T-lymphocytes shows that the pro-(R) alcohol is not required for activity.
Compound 2 induced a comparable reduction in circulating T-lymphocytes in wvivo,?”
similarly, morpholino analogue 3 showed a SPHK2-dependent decrease in blood

lymphocytes as well.2? Whilst this SAR relates to fingolimod’s sequestration of T-
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lymphocytes in the LNs, it provides an insight into the substrate tolerance of SPHK2 and the
aptitude of the pro-(R) alcohol for expansion. Attempts to dock PAL probe (R)-4 were
unsuccessful due to the large, complex iridium photocatalyst which possesses many degrees

of freedom which lowered the resolution and the confidence in the docking poses.

Compound 2 Compound 3

Figure 4.3: Structural analogues of fingolimod which display similar immunomodulatory efficacy.

With these criteria in mind, two fingolimod-derived probe designs were devised,
incorporating expansion from the pro-(R) alcohol (Figure 4.4). Photocatalytic probe 4 involved
the incorporation of a PEGs chain linked to the iridium photocatalyst, whilst PAL probe 5 was

modified to include an ether-linked alkyl diazirine alkyne moiety.

OH OH
(R) (R)

NH, NH,

(©) (0]

4

PAL probe (R)-5

(R)-photocatalytic probe (R)-4

Figure 4.4: Initial photoaffinity probe designs.
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Structurally similar but functionally inactive negative controls would be essential to enable
deconvolution of the proteomic data, and to decipher which target proteins were responsible
for the differing phenotypic effects of interest. The synthesis of multiple orthogonal negative
control probes would allow differentiation between the migratory and lymphangiogenic
effects of fingolimod. Due to the lipid-like nature of fingolimod, it was hypothesised that the
length of the hydrophobic tail could be modulated to distinguish protein binding selectivity,?
therefore truncated fingolimod analogues were designed as potential negative controls
(Figure 4.5, analogues 6 & 7). This hypothesis was also supported by the previous SAR studies
performed in the development of fingolimod, which indicated that alkyl chain length played
a role in the efficacy of the drug (Figure 1.5). In parallel, modification of the polar head group
to block the site of activity-dependent SPHK2-mediated phosphorylation was also explored
(Figure 4.5, analogue 8). To complement the suggested photocatalytic probe (R)-4, its
enantiomer (S)-4 was proposed as a structure-matched negative control probe with an
obstructed phosphorylation site (Figure 4.5). Similarly, the enantiomeric (S)-PAL probe (S)-5

was also proposed as a potentially inactive PAL probe.

However, it is important to consider whether the significant structural changes being made to
the PAL probes will alter their biological function relative to the parent compound. In
particular, the addition of the iridium photocatalyst could interfere with the solubility,
permeability, subcellular localisation, phosphorylation state and the bioactivity of the probe.
As such, it is important to fully validate the synthesised probes to endure they maintain the

desired phenotype.
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(S)-photocatalytic probe (S)-4

Figure 4.5: Structure-matched negative control analogue designs. Truncation of the lipophilic alkyl
chain (6 & 7) or methylation of the polar head group (8) to interfere with SPHK2-mediated phosphorylation.
Matched enantiomeric photoaffinity probe (S)-5 and photocatalytic probe (S)-4 were also designed with an
obstructed phosphorylation site.

4.2 Synthesis of fingolimod

A previously reported literature syntheses of fingolimod demonstrated that it can be
synthesised from acetamidomalonate 9 (Scheme 4.2).”? In an attempt to streamline the
synthesis and improve the yield, a convergent synthesis was devised whereby the
acetamidomalonate headgroup was incorporated into an acyl chloride for a Friedel-Crafts

Acylation.
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Previous work

HO (e] OEt o [¢) OEt
red red
NH, > NHAc > ) NHAc
OH O~ "OEt O~ "OEt
7 7 7
1 9 10
sub FCA o
B
>k/ ", EtOMOEt + Cl)K/Br
NHAc 7
7
1" 12 13
This work
HO Os_ OEt
red red
NH, —> NHAc ——> > NHAGc
OH O~ "OEt OEt
7 7
1 9

FCA COzEt
. \M/© NHAc
COzEt

Scheme 4.2: Retrosynthetic analysis of fingolimod, adapting a known literature synthesis by Kiuchi
et al, to facilitate a convergent synthesis

Nucleophilic substitution of bromide 15 and tert-butyl ester hydrolysis generated carboxylic
acid precursor 17 in reasonable yields (Scheme 4.3). Treatment of the acid 17 with thionyl
chloride led to acyl chloride formation in situ as confirmed by mass spectrometry (MS).
However, upon isolation of the acyl chloride, significant hydrolysis back to the carboxylic acid
was observed. Therefore, a one-pot activation/Friedel-Crafts protocol was attempted, both via
the acyl chloride and the anhydride intermediate, but no conversion was observed.

v)

o Ox,-OFt
j\ >L (ii) (iif) (iv)
)K/Br —> NHAc — HO NHAc —> ¢l NHAc —p— NHAc
OEt

15 7

(vi)
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Scheme 4.3: Reagents and conditions: (i) diethylacetamidomalonate (3.0 eq), NaH (4.5 eq), THF:DMF, rt-
65 °C, 24 h, 64% (ii) TFA, CH2Cl, rt, 30 min, 97% (iii) SOCly, CH,Cly, rt, 1 h, 100% (iv) AlCl; (1.4 eq), c-hexane,
rt, 16 h (v) SOCl; (2.0 eq), c-hexane, rt then AICl; (1.4 eq), octylbenzene (1.0 eq), rt-60 °C, 16 h (vi)
octylbenzene (2.0 eq), TFAA:H3PQ, (4:1), reflux, 2 h.

To overcome these issues, it was decided to continue with the reported linear synthesis, which

would bypass the problematic later-stage acylation (Scheme 4.4).27

AT

elim product 20
E
o Oy OEt
. B .
0] T Br i) NHAC
— — —
EtO” ~O
7 7 7 7
12 1 19 9
OH
(iv) NH,
v) HO
7
1

Scheme 4.4: Reagents and conditions: (i) AlCl; (1.4 eq), c-hexane, 10 °C-rt, 16 h, 96% (ii) HSIiEt; (2.2 eq),
TFA, 10 °C-rt, 16 h; 91% (iii) diethylacetamidomalonate (1.5 eq), Cs,CO; (3.0 eq), DMSO, 60 °C, 24 h, 55%
(vi) NaBH, (3.0 eq), THF, rt, 16 h (v) NaOH, MeOH, 70 °C, 5 h, over 2 steps 60%.

Starting from alkyl benzene 12, a Friedel-Crafts acylation with bromoacetyl chloride yielded
a-bromoketone 11. This bromoketone was then converted to bromide 19 via a triethylsilane-
mediated ketone reduction in good yield. The alkylation of diethylaminoacetamidomalonate
with bromide 19 required further optimisation to minimise the formation of a styrene side
product 20 via a competing elimination reaction (Table 4.1). Lowering the reaction
temperature and employing an aprotic polar solvent favoured the substitution reaction
(Entries 4-6). The insolubility of the malonate anion generated in situ also proved problematic,
therefore addition of DMF (Entries 7-8) was trialled but ultimately DMSO was chosen as the
optimal solvent to overcome these issues (Entry 9). Once optimised, a NaBHs-mediated

reduction and acetamide deprotection yielded fingolimod in 29% overall yield.
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Table 4.1: Conditions trialled for the alkylation of alkyl bromide 19 with
diethylacetamidomalonate.

Oy OEt
V©/\/ B o 7 -~ gHAc
19 9
Entry  Solvent T Scale Base 20:9*  Yield?
(°C)  (mmol)
1 EtOH 80 1.50 NaOEt 36:1 5%
2 dry EtOH 80 0.07 NaOEt 29 -
3 dry THF 80 0.07 NaOEt 2:13 -
4 dry MeCN 65 0.07 NaOEt 1:8 -
dry THF 65 0.07 NaOEt 1:25 -
6 dry THF 65 0.07 NaH 1:50 12%
7 dry THE:-DMF 65 1.68 NaH 1:50 16%
(3:1)
8 dry THE:-DMF 65 1.68 NaH 1:50 45%
(1:1)
9 DMSO 65 1.68 Cs2COs  1:50 55%

* as determined by "H NMR
*jsolated yield

A shorter synthetic route towards fingolimod employed the novel photocatalytic
hydroaminoalkylation (HAA) methodology developed by Askey et al.?”* This methodology
proceeded via photocatalytic activation by 427 nm light to facilitate formation of a serinol a-
amino radical which undergoes terminal addition to the styrene to generate the desired
product (Scheme 4.5).

This methodology has been shown to work over a broad scope of amine and styrene reagents,
showing promise for its compatibility with our desired synthetic route. To test the
methodology, fingolimod was synthesised from serinol and para-octyl styrene. Para-octyl

styrene 20 was freshly synthesised due to its propensity for polymerisation. This was achieved
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by modifying the reaction conditions of the previous fingolimod synthesis (Scheme 4.4) to
favour elimination over nucleophilic substitution, by increasing the reaction temperature (60
-> 80 °C), switching to a protic solvent (DMSO -> EtOH) and stronger base (Cs2COs -> NaOH).

This modified route achieved synthesis of fingolimod in 4 steps, with an overall yield of 49%.

HO™ > oH oH
NH,
—— e
HO
7 7 7
19 20
oPe
QAL

3DPA2FPN

1

Scheme 4.5: Reaction conditions: (i) NaOH (2.0 eq), EtOH, 80 °C, 90% (ii) serinol (1.0 eq), [NBu4][Ns]
(10 mol%), SDPA2FPN (1 mol%), DMF (0.15 M), rt, 427 nm, 20 h, 60%.

4.3 Synthetic routes towards a fingolimod-derived photocatalytic probe

As previously mentioned, it was desirable to develop a photocatalytic probe capable of
microenvironment mapping to try and understand more about the pathways being
modulated in response to fingolimod.' It was important to consider the in cellulo
enantioselective metabolism of fingolimod to the bioactive Fing-P during the design of both
active and inactive probes. If possible, a facile synthesis of both enantiomers of the ether-
linked fingolimod photocatalytic probe 4 would hopefully allow for a structure-matched pair
of functional and inactive probe compounds (Figures 4.4 & 4.5). It was postulated that
photocatalytic probe (R)-4 could be synthesised from octylstyrene 20 and a functionalised

serinol head group (Scheme 4.6).
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Scheme 4.6: Retrosynthetic analysis of the iridium-coordinated photocatalytic probe (R)-4.

To generate the necessarily PEG-functionalised serinol derivative, selective modification of
the malonate prior to alkylation was explored as it was theorised that differing esters would
provide orthogonal handles for modification (Scheme 4.6). Literature precedent reported that
the reduction of a pentafluorophenyl (PFP) ester in the presence of an ethyl ester could be
performed with Sml>H20.> Malonate 23 was synthesised via monohydrolysis of
diethylacetamidomalonate and subsequent esterification (Scheme 4.7). Nonetheless,
alkylation of malonate 23 to yield compound 24 was unsuccessful. D:O quenching MS
experiments were performed to assess whether the PFP malonate 23 was being deprotonated.
However, after exposure to a variety of bases (NaH, EtsN, Cs:2COs, DBU) at differing
temperatures (50-80 °C) and reaction times (30 min-24 h), no deuterated PFP malonate adducts

were observed by MS. This was surprising, as PFP esters have been shown to increase a-H
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acidity.?”® Therefore, it is speculated that the added steric hindrance around the tertiary centre

could be a contributing factor to the lack of reactivity at this position.

F F
(i) (0] (o] (i)

oA A e~ A e A i

NHA NHAc NHA F

22 23
0O+ OEt
O+ OEt
(iii) NHAc (iv)
—F 0”0 e > NHAC

24

Scheme 4.7: Reagents and conditions: (i) KOH (1.0 eq), 1,4-dioxane, rt, 3 h, 87% (ii) pentafluorophenol
(1.5 eq), DCC (1.1 eq), CH2CI2, 0 °C-rt, 24 h, 45% (iii) NaH (2.0 eq), 19 (1.0 eq), THF:DMF, 65 °C, 24 h (iv)
Smi2 (0.1 M in THF), THF, H,0 (25 eq), N2, rt, 15 min.

It was then theorised that the less-bulky serinol head group of fingolimod could be modified
directly, streamlining the synthesis. The protection of 1,2-amino alcohols as various
heterocycles is well established in the literature,?”?”” and upon amine protection this would
provide a handle for mono-alkylation of the free alcohol (Scheme 4.8).277-282 The conversion of
fingolimod to oxazolidine 25 was unsuccessful under both Bronsted (Table 4.2, Entry 1) and
Lewis (Entry 2) acidic conditions, with only starting material and the monoalkylated acyclic
intermediate 28 being observed. A biocatalytic route (Entry 3) was attempted with Candida
Antarctica Lipase B (CALB) and dimethylcarbonate but there was no observed conversion.
Oxazolidinone 26 synthesis was attempted with carbonyldiimidazole (CDI),
benzylchloroformate and triphosgene (Entries 4-6), however, it was only successful when
using diphosgene (Entry 7) which demonstrated excellent conversion, likely due to its more
reactive nature. Oxazolidinone 26 was Boc-protected to facilitate selective functionalisation of

the primary alcohol.
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OH OH OH
0] NH (i) NBoc
NHy _ 7 o ¥ ) /&o
HO O (0]
7 7 7
27

1 25, Y=C(CH3),
26, Y=C=0

oxazolidine intermediate 28 CDI oxazolidinone intermediate 29
observed observed

Scheme 4.8: Reagents and conditions: (i) see Table 4.2 (ii) (Boc).0, EtsN, rt, 3 h (49%)

Table 4.2: Routes attempted for the cyclisation of fingolimod

Entry  Reaction conditions (i) Yield  Prod

1 dimethoxypropane (2.0 eq), p-TSA (0.1 eq), acetone, nr 25
24 h, reflux, 4A molecular sieves

2 dimethoxypropane (2.0 eq), BFs*Et:O (0.1 eq), nr 25
acetone, 24 h, reflux, 4A molecular sieves

3 CALB, dimethylcarbonate (2.0 eq), 1,4-dioxane, rt, 24 nr 25
h

4 CDI (1.0 eq), anh. THF, 24 h, 0-50 °C, 4A molecular nr 26
sieves

5 benzylchloroformate (3.0 eq), 2.0 M NaOH, rt, 2 d nr 26

6 triphosgene (1.0 eq), EtsN (2.0 eq), THF, 0 °C-rt, 6 h nr 26

7 diphosgene (1.0 eq), 6.0 M NaOH, rt, 6 h 82% 26

A variety of synthetic routes were explored to achieve the selective functionalisation of the
free alcohol of oxazolidinone 27 (Table 4.3). Initial studies attempted to methylate the primary
alcohol utilising methyl iodide and various bases (Entries 1-2), however these were
unsuccessful and only starting material remained. Trimethyloxonium tetrafluoroborate was
used as a more electrophilic methylating agent (Entry 3), however this also yielded no desired

conversion. In an attempt to reverse the reactivity at this position, mesylation (Entry 4) and
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Appel iodination (Entry 5) of alcohol 27 were attempted to generate a

for nucleophilic substitution. Nonetheless, likely due to the steric

alcohol group, no functionalisation was observed. To generate an alternative potential
negative control species, instead of blocking the free alcohol it was attempted to remove the

alcohol to develop a probe analogous to compound 2 (Figure 4.3). This was attempted via a

radical deoxygenation of a brominated (Entry 6) or Barton-McCombie
however, this was again unsuccessful and chemical manipulation

intermediate was abandoned.

suitable leaving group

hindrance around the

intermediate (Entry 7),

of this oxazolidinone

Table 4.3: Synthetic attempts to functionalise oxazolidinone 27

OH R
NBoc 10) NBoc
o)§ o o)§ 0
27
Entry R= Reaction conditions (i) Yield
1 OMe NaH, Mel, THF nr
2 OMe nBuLi, Mel THF nr
3 OMe Proton sponge, [MesO][BF4], nr
CH:ClL2
4 OMs MsCl, DIPEA, DCM nr
5 I PPhs, I, imidazole, THF nr
6 H PBrs, AIBN, BusSnH, DCE, nr
toluene, reflux
7 H Phenylchlorothioformate, nr
pyridine, DMAP, AIBN, BusSnH,
toluene

An alternative synthetic route was devised to enable selective alkylation of only one alcohol
in the serinol head group through modification of the malonate head group via mono ester

hydrolysis and chemoselective reduction. Limiting the equivalents and rate of KOH addition

105



Chapter 4 Design and Synthesis of Fingolimod-derived Photoaffinity Probes

provided control to achieve monohydrolysis of 9 in good yield (Scheme 4.9). From the
carboxylic acid derivative 30, two routes of selective reduction were explored; borane-
mediated carboxylic acid reduction and LiBHs-mediated ester reduction, both to the primary
alcohol. Selective acid 30 reduction to give alcohol 32 showed poor conversion, whereas acid
31 was successfully synthesised in 40% yield, by NMR. However, separation of the alcohol
product from acid was problematic. These complications with purification as well as the

relative successes of parallel routes resulted in this synthesis being abandonned.

O OEt
NHAc
EtO” ~O
7

9

) i

O+_OH Oy _OH OH
(i) (i),
NHAc NHAc ’ /3 NHAc
-
HO EtO” ~O EtO” O
7 7 7
31 30 32

Scheme 4.9: Reagents and conditions: (i) 1.0 M KOH, 1,4-diozane, rt, 3 h, 87% (ii) LiBH, (2.0 eq),
THF:iPrOH, 10 °C, 2 h, 40% (iii) BHs-THF, 0 °C, N, 2 h

Throughout the synthetic routes attempted there were numerous complications due to the
steric hindrance around the quaternary head group in fingolimod and its analogues.
Therefore, a different disconnection was proposed which would allow modification of a less
hindered tertiary head group which could undergo late-stage addition. This route would also
minimise the inherent purification issues with such a polar, lipid-like small molecule. It was

proposed to utilise the HAA methodology to facilitate this route (Scheme 4.10).
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Scheme 4.10: Retrosynthetic analysis of the iridium-coordinated photocatalytic probe (R)-4,
incorporating HAA chemistry.

The previously rationalised designs for the photocatalytic probe (R)-4 would require a serinol
derived headgroup, desymmetrised with the addition of an ether-linked PEG linker with an
orthogonal handle for subsequent coupling of the iridium catalyst. The initial designs
incorporated a PEGs chain with a terminal azide which could be reduced and subsequently
coupled to the bipyridyl iridium ligand. To generate the desired linker, tetrapropyleneglycol
was mesylated followed by selective azide substitution to generate linker 34 which underwent
nucleophilic substitution with N-trityl serine methyl ester to yield ester 35 (Scheme 4.11).
LiBHs-mediated reduction and subsequent acid-catalysed trityl deprotection yielded primary
amine 36 as the desired HAA precursor. Unfortunately, azide 37 was not compatible with the
HAA step, with no desired product observed, potentially due to competing radical
mechanisms.?®> 284 Therefore, an alternative handle was designed to allow late-stage

incorporation of the iridium photocatalyst.
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Scheme 4.11: Reaction conditions: (i) Mesyl chloride (2.3 eq), Et;N (2.4 eq), 2-MeTHF, 0 °C-rt, 4 h, 72% (ii)
NaNj3 (1.1 eq), EtOH, 80 °C, 16 h, 22% (iii) methyl tritylserinate (1.1 eq), NaH (1.2 eq), DMF, 0-40 °C, 6 h,
49% (iv) LiBH, (2.0 eq), THF, 0 °C-rt, 4 h (v) CH.Cl:TFA (2:1), rt, 1 h, 37% over 2 steps (vi) 3DPA2FBN (1
mol%), [NBu4J[Ns] (10 mol%), DMF, 427 nm, rt, 20 h.

A benzyl-protected amine was deemed a compatible handle for iridium catalyst coordination,
due to the orthogonality of its deprotection with trityl. Benzylamine 40 was synthesised via
reductive amination of amine 39 with benzaldehyde (Scheme 4.12). Unfortunately, attempts
to selectively mesylate the alcohol were unsuccessful with the major observed product being
the double mesylation product. To overcome this, a bulkier tosylate was proposed to shift the
regioselectivity of the protection towards the less hindered alcohol. This was successful, with
tosylate 41 synthesised in good yields. Attempts to substitute this tosylate with N-trityl serine
methyl ester were unsuccessful, with no reaction observed even at higher temperatures (120

°C). Therefore, an alternative route to probe (R)-4 was explored.
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Scheme 4.12: Reaction conditions: (i) benzaldehyde (1.2 eq), CHxCl,, 4 A molecular sieves, rt, 18 h (ii)
NaBH, (2.0 eq), THF, rt, 3 h, 58% over 2 steps (iii) MsCl (1.0 eq), NaH (2.0 eq), THF, 0 °C-rt, 4 h (iv) TsCL (1.0
eq), NaH (2.0 eq), THF, 0 °C-rt, 4 h, 78% (v) N-trityl serine methyl ester (1.2 eq), NaH (1.5 eq), DMF, 120 °C,
48 h.

Due to the incompatibility of N-trityl serine methyl ester to form the tertiary centre of the
serinol head group, an alternative scaffold was explored. It was hypothesised than an
aziridine could pose as a complementary electrophile for a ring opening addition of the PEG
linker (Scheme 4.13).2%5 Aziridine 43 was synthesised from alcohol 42 under dilute basic
conditions (0.05 M) to prevent competing intermolecular cyclisation or polymerisation
reactions. Ring opening of the aziridine with alcohol 40 yielded a mixture of the desired amine
44 but also the sequential ring closing product 45. Attempts to reopen the aziridine with
hydroxide anions in the presence of Lewis acid catalysts were unsuccessful, making this a low
yielding step as a result. Lithium naphthalenide-mediated detosylation of 44 yielded primary
amine precursor 46, which was subjected to HAA conditions to produce fingolimod
derivative 47. The low yielding nature of this chemistry meant that the deprotected amine 48
could not be isolated after hydrogenation, due to the small scale and potential chelation of the

product to the palladium catalyst during purification.
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Scheme 4.13: Reaction conditions: (i) TsCl (1.2 eq), EtsN (2.0 eq), CH.Cl, (0.1 M), rt, 6 h then addition of
TsCl (1.2 eq), KOH (2.0 eq), H.O (0.05 M), rt, 18 h, 81% (ii) benzaldehyde (1.2 eq), CH:Cl,, 4 A molecular
sieves, rt, 18 h (iii) NaBH, (2.0 eq), THF, rt, 3 h, 58% over 2 steps (iv) KO'Bu (2.0 eq), DMF, 120 °C, 18 h, 44:
16%, 45: 19% (v) Li (10 eq), naphthalene (10 eq), THF, =78-0 °C, 2 h, 43% (vi) 20 (1.0 eq), 3DPA2FBN (1
mol%), [NBua][Ns] (10 mol%), DMF, 427 nm, rt, 20 h, 1% (vii) Pd/C, Ho, MeOH, rt, 2 h.

Due to time limitations, exploration towards a fingolimod-derived photoaffinity probe was
prioritised, and this route was discontinued. However, with adequate re-scaling, the
penultimate coupling of amine 48 to the iridium ligand and subsequent iridium coordination,

could yield the desired fingolimod-derived photocatalytic probe to be used in future labelling

studies to probe the microenvironment of fingolimod’s targets.
4.4 Synthetic routes towards a fingolimod photoaffinity labelling probe

The initial design of PAL probe (R)-5 incorporated an ether-linked diazirine alkyne to the pro-
(R) alcohol of fingolimod’s head group. However, due to the aforementioned lack of success
trying to functionalise fingolimod’s head group, an alternative design was explored (Figure
4.6). The diazirine moiety was still the most favourable photolabile functionality to integrate
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into the PAL probe design 49. The diazirine was placed at the benzylic position proximal to
the polar head group of fingolimod, this was justified in part by the broader reactivity of
benzylic diazirines relative to alkyl diazirines,?* but also with the intention of minimising
electrostatic interference and improving synthetic tractability. Moreover, to minimise
hydrophobic interaction interference, the alkyne handle was placed at the terminal position

of the already lipophilic alkyl tail of fingolimod.

OH OH

N=N
NH, NH,
OH OH

=

fingolimod 1 photoaffinity probe 49

Figure 4.6: Second generation photoaffinity probe design. Photoaffinity probe 49 consists of a benzylic
diazirine proximal to the polar head group, and a terminal alkyne.

Docking studies were performed to assess whether the structural modifications present in
probe 49 would still be tolerated, therefore SIPR: was used as a model protein in which to
dock 49 (Figure 4.7). Fortunately, the benzylic diazirine appeared to be tolerated, with the

added potential to act as a hydrogen bond acceptor.
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Figure 4.7: Docking of PAL probe 49 in STPR, (PDB: 7WF7).2¢” Key electrostatic interactions between
the pocket residues and the diazirine are highlighted. PAL probe 49 was docked in the STPRs-binding
pocket by MOE, using triangle matcher/induced fit method. A GBVI/WSA scoring was used to calculate
AG of the interaction. AG = -8.4526 kcal/mol. RMSD = 1.6537 A.

From a retrosynthetic analysis it was presumed that the diazirine could be synthesised from
benzylic ketone 50 (Scheme 4.14). Previously utilised chemistry (Scheme 4.4) could be used to
generate 50 from the terminal alkyne precursor 52, which in turn could be generated from

bromide 53.
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Scheme 4.14: Retrosynthetic analysis of PAL probe 49, aiming to incorporate the terminal alkyne
early in the synthesis

Before synthesising alkyne 51, there were concerns over the nucleophilic terminal alkyne
interfering with the desired Friedel-Crafts acylation. To circumvent this issue silyl-protected
alkynes 54 and 55 were synthesised from alkyl bromide 53 in good yields (Scheme 4.15).
However, the subsequent Friedel-Crafts acylation failed to produce the desired product. As
previously discussed, terminal alkynes are susceptible to acylation, generating vinyl
chlorides.?” Hence, it was believed that the acidic Friedel-Crafts conditions promoted
deprotection of the alkyne, allowing acylation of the alkyne to occur. This hypothesis is based
on MS evidence ([M+H]* 463 m/z) and NMR analysis of the observed crude which showed the
appearance of two peaks with an alkene chemical shift (6.56 & 6.23 ppm, Appendix 1V),
characteristic of a mixture of E/Z f-chlorovinyl ketone 56.2872%8 Monitoring of the reaction by
MS revealed that silyl deprotection occurred prior to acylation on the benzene ring. Milder
Friedel-Crafts conditions utilising AgNOs were trialled,?® however, deprotection and alkyne
addition were still observed, therefore an alternative route was pursued to install the terminal
alkyne at a later-stage in the synthesis to avoid its incompatibility with Friedel-Crafts

acylation.
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Scheme 4.15: Reaction conditions: (i) silyl acetylene (1.2 eq), n-BuLi2.5 M in THF (1.2 eq), HMPA (1.1 eq),
THF, =78 °C-rt, 16 h, 54: 96%, 55: 75% (ii) 2-bromoacetyl chloride (1.0 eq), AlCl; (1.0 eq), c-hexane, rt, 16
h.

To overcome these issues of chemoselectivity, a new synthetic route was designed that
incorporated the alkyne at a later stage. (Scheme 4.16). It was hypothesised that proceeding
via a protected alcohol would be a more suitable handle for alkyne substitution. This proposed
route would require a protected alcohol that was stable under both acidic and basic

conditions.

OH
N=N FGI Q
NH, —> \HQ)K/ENHZ :> M{NHZ
OH
Z 5 =) Vs
49 50
lk/sr EtO,C.__CO,Et 0
> ' \l\m-iAc PGO * Cl)k/Br

5

Scheme 4.16: Retrosynthetic analysis of fingolimod-derived PAL probe 49, utilising a protected
alcohol as a handle for late-stage terminal alkyne incorporation.

A variety of protecting groups were screened, based on prior literature precedent (Table 4.4,
Scheme 4.17).2° Protecting 6-phenylhexanol as a methyl (57) or allyl ether (58) proved
compatible with both the Friedel-Crafts acylation and malonate alkylation. Whereas, SEM
(59), para-nitrobenzyl (60) and TBDMS (61) protecting groups all demonstrated cleavage
under Friedel-Crafts conditions. Due to the harsh nature of the BBrs-mediated deprotection of

methyl ethers, it was decided that the allyl protecting group was a more suitable choice. A
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Tsuji-Trost allylic deprotection of 64 yielded the primary alcohol 65 which was transformed
into alkyl halides 66 and 67 via poor yielding Appel reactions. Subsequent attempts to install
the terminal alkyne via a nucleophilic substitution were unsuccessful, with conversion of the
starting material to a major by-product which failed to be characterised with any confidence.
A Sonogashira cross-coupling with alkyl iodide 67, was also attempted employing a Pd/N-
heterocyclic carbene-based PEPPSI catalyst to facilitate the coupling of the unactivated alkyl
iodide. This cross-coupling was successful and provided desired product 68 in 70% yield.
Reaction efficiency was not significantly improved upon by increasing the bulkiness (iPr ->
iPent) of the NHC ligand, which has been previously reported to encourage reductive
elimination leading to higher catalyst turnover.! However, the low yielding iodination made
scale up of this route difficult and alternative methods of functionalising the primary alcohol

to facilitate alkyne insertion were explored.
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Table 4.4: Conditions used in the protection of 6-phenylhexanol

Product  Conditions (i) Yield
57 NaH, Mel, THF, 0 °C-rt,2 h quant.
58 NaH, allyl bromide, THF, 0 °C-rt,2h  94%
59 DIPEA, SEMCI, CH2Cl,, rt, 1 h 96%
60 K2CQOs, 4-nitrobenzyl bromide, rt, 16 h  quant
61 Imidazole, TBDPSCI], CH2CL, rt, 2 h 99%
10 (ii) i
; AcHN
;
g;: £2221§/| © eto” o ©
59, PG=SEM 62, PG=Me 64
60, PG=pNB 63, PG=allyl
61, PG=TBDMS
|
s
) EtO.__O L EtO.__O B ) Et0.__O > ~
3 AcHN 3 AcHN // 3 AcHN
eto” o © eto” So © eto” o ©
65 66 68
(vii) | (vii)
EtO.__O 3
AcHN
g0 No ©
67

Scheme 4.17: Reaction conditions: (i) see Table 4.4 (ii) 2-bromo acetyl chloride (1.0 eq), AlCl; (1.0 eq), c-
hexane, rt, 16 h, 57: 44% 58: 41% (iii) diethyl acetamidomalonate (2.0 eq), Cs,CO; (2.2 eq), DMSO, 60 °C,
16 h, 25% (iv) Pd(PPhs)s (10 mol%), DMBA (2.0 eq), MeOH, rt, 16 h, 82% (v) PPhs (3.2 eq), CBr4 (3.2 eq),
CH.Cl,, 0 °C-rt, 48 h, 15% (vi) TMS acetylene (1.2 eq), nBulLi (2.5 M, 1.2 eq), HMPA (1.2 eq), THF, =78 °C-rt,
16 h (vii) PPhs (1.2 eq), |» (1.2 eq), imidazole (1.2 eq), CH.Cl,, 0 °C-rt, 48 h, 10% (viii) Pd-PEPPSI-iPr (10
mol%), Cul (7 mol%), Cs,CO; (1.4 eq), TMS acetylene (2.0 eq), Et,O:DMF (2:1), 40 °C, 16h, 70%.

The Bestmann-Ohira modification of the Seyferth-Gilbert homologation enables the facile
conversion of an aldehyde to a terminal alkyne via a diazophosphonate intermediate and

sequential eliminations in a Wittig-type manner.?> A PCC-mediated oxidation of 65 yielded

the desired aldehyde 69, which under Bestmann-Ohira conditions led to selective
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transformation over the benzylic ketone into the desired terminal alkyne 70 (Scheme 4.18). A
global LiAlHs-mediated reduction yielded benzylic alcohol 71. Initial attempts to oxidise 71
to the desired ketone, employing freshly prepared MnO: as an oxidant were unsuccessful,
with no conversion of starting material observed. It was first thought that the polar head
group of the molecule could be sequestering the MnO: through chelation, but using excess
MnO: still did not facilitate any oxidation and spiking the reaction mixture with benzyl
alcohol led to conversion to benzaldehyde. It was then hypothesised that this position could
be too sterically hindered for the oxidation to occur. Nonetheless, when less sterically
demanding oxidative conditions were attempted (NaBr/H:02/AcOH) no conversion was
observed either. In an attempt to circumvent issues of undesired benzylic ketone reduction,
the cyclic acetal 72 was synthesised, however alkyl bromide 72 was too sterically hindered to

allow malonate substitution, so this route was abandoned.
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Scheme 4.18: Reaction conditions: (i) see Table 4.4 (ii) 2-bromo acetyl chloride (1.0 eq), AlCl3 (1.0 eq), c-
hexane, rt, 16 h, 62: 44% 63: 41% (iii) ethylene glycol (1.5 eq), pTSA (1.0 eq), benzene, 90 °C, 48 h, 85% (iv)
& (v) diethyl acetamidomalonate (2.0 eq), Cs.CO; (2.2 eq), DMSO, 60 °C, 16 h, 64: 25% (vi) Pd(PPh3), (10
mol%), DMBA (2.0 eq), MeOH, rt, 16 h, 82% (vii) PCC (2.0 eq), DMSO (couple drops), CH>Cl, rt, 16 h, 95%
(viii) Bestmann-Ohira reagent (1.2 eq), K-COs (2.0 eq), MeOH, rt, 16 h, 16% (ix) NaBH, (4.0 eq), THF, rt, 16 h,
16% (x) MnO, (2.0 eq), THF, rt, 16 h.

It was then decided to re-think the design strategy of the PAL probe as the positioning of the
diazirine at the benzylic position proximal to the polar head group was repeatedly proving to
be problematic. Therefore, the new PAL probe design 73 proposed placing the diazirine at the

opposing benzylic position (Figure 4.8).
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OH OH

NH, NH,
OH OH
/

N=N
fingolimod 1 photoaffinity probe 73

Figure 4.8: Third generation of photoaffinity labelling probes. The PAL probe design 73 incorporated a
diazirine at the opposing benzylic position lateral to the polar head group.

It was proposed that similar Bestmann-Ohira chemistry could be utilised for late-stage
terminal alkyne incorporation from an acetal-protected aldehyde (Scheme 4.19). This
functionalised alkyl chain could be introduced wvia Sonogashira coupling, allowing for
selective hydration of the alkyne to yield the necessary benzylic ketone for diazirine
formation. There are several precedented synthetic routes which facilitate the conversion of a
ketone to a diazirine. Starting from the tosyloxime derivative, in the presence of lithium
amide/ NHs o yields the desired diazirine in a one-pot reaction.?> Similarly, the reaction of a
ketone and LIHMDS/NHs ) generates the diaziridine precursor which can be readily oxidised
under basic conditions (i.e. KOH) to form the desired diazirine. However, the most commonly
utilised synthetic route proceeds via NHs-mediated imine formation and nucleophilic HOSA
attack, followed by cyclisation and sulphate elimination to yield the diaziridine precursor

which can be oxidised.

OH OH OH
NH, —> NH, ——> NH,
WEOH X OH o OH
4 N=N 4 4 o
73 74 75

OH
X
o) Et0,C.__CO,Et
= o Ot S e T e

o

()\@/\7 f X NHAG

o

4
76 77

Scheme 4.19: Retrosynthetic analysis of the second-generation design for PAL probe 73, facilitating
late-stage incorporation of the terminal alkyne to overcome previous issues with regioselectivity.
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To facilitate the Sonogashira coupling, a terminal alkyne incorporating a protected aldehyde
was required. Alkyne 77 was synthesised from hept-6-yn-1-ol, through a PCC-mediated
oxidation and cyclic acetal formation (Scheme 4.20). Following precedented routes (Scheme
4.4), aryl bromide 88 was synthesised by Friedel-Crafts acylation, silane reduction and
malonate alkylation. Attempts were made to synthesise the aryl iodide 86 due to its favoured
reactivity for Sonogashira couplings, however substantial dehalogenation was observed after
triethylsilane-mediated reduction. Similarly, triflate 87 was also explored as a highly reactive
Sonogashira coupling reagent. From methoxy 85, acid-catalysed demethylation yielded
phenol 86, however, efforts to form the triflate with a variety of triflating agents were
unsuccessful. Despite this, the aryl bromide 88 demonstrated adequate reactivity towards
alkyne 77 under Sonogashira coupling conditions and provided acetal 90 in 17% yield.
Selective RedAl-mediated ester reduction yielded the diol 91, however, despite promising
indications using model substrates, the Au(I)-catalysed alkyne hydration yielded regioisomer
93. Due to the time-consuming nature of this synthetic route, coupled with low yielding steps
and expensive starting materials, an alternative route was devised to prepare the required

PAL probe 73.
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Scheme 4.20: Reaction conditions: (i) PCC (2.0 eq), CH.CL, rt, 16 h, quant. (ii) ethylene glycol (1.2 eq),
pTSA (1.0 eq), benzene, 90 °C, 48 h, quant. (iii) diethyl acetamidomalonate (2.0 eq), Cs2C0O3 (2.2 eq),
DMSO, 60 °C, 16 h, 83: 30%, 84: 3%, 85: 70% (iv) BBr; (1.0 M, 3.0 eq), CH.Cl,, =5 °C-rt, 18 h, 85% (v)
TfCU/TF,O/N,N-Bis(triftuoromethylsulfonyl)aniline (2.0 eq), K.CO3 (3.0 eq), THF, N, 0 °C-rt, 18 h (vi) HSIiEt;
(2.0 eq), TFA, rt, 16 h, 86: 45%, 87: 85% (vii) Pd(PPhs), (0.4 eq), Cul (0.2 eq), EtsN (10 eq), DMF, 80 °C, 16 h,
10% (viii) RedAl (5.0 eq), THF, 0 °C, 30 mins, 17% (ix) [(iPr)AuCl] (1000 ppm), AgSbF¢ (cat.), 1,4-dioxane:H,O
(2:1), 120 °C, 16 h.

To synthesise PAL probe 73, it was postulated that benzylic ketone 74 could be synthesised

from a Weinreb amide via a Grignard reaction with a complementary aryl bromide (Scheme

4.21).
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Scheme 4.21: Retrosynthetic analysis of PAL probe 73, via hydroaminoalkylation

Oct-7-yn-1-0l was oxidised with Jones reagent to yield carboxylic acid 97, followed by amide
coupling to synthesise Weinreb amide 95 (Scheme 4.22). After I>-mediated activation of Mg
granules, the organomagnesium reagent derived from bromide 96 was prepared in situ, before
addition of the Weinreb to yield ketone 94 in 20% yield. Photocatalytic HAA with serinol
enabled the incorporation of the amino diol head group and led to the formation of ketone 76
in 74% yield. Prior to the conversion of the benzylic ketone to a diazirine, the ketone was
activated as a benzylimine,?* followed by addition of condensed liquid ammonia and
hydroxylamine-O-sulfonic acid (HOSA), however the diaziridine intermediate was not
observed. It was suspected that the free amine of the serinol head group, as a competing
nucleophile,?** could be interfering with the diaziridine formation, so the diazirine formation
was attempted with the styrene precursor 94, as it had been confirmed that the diazirine
would be photostable under the wavelength used in the subsequent photocatalytic HAA step
(427 nm). Unfortunately, the formation of diazirine 98 was unsuccessful. The major side
product of the reaction was isolated and characterised as amide 99. It has been previously
observed that due to the migratory aptitude of the electron-rich phenyl, the sulphonyl oxime
intermediate can undergo an irreversible Beckmann rearrangement to form an N-aryl

amide.295—298
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Scheme 4.22: Reaction conditions: Jones reagent (1.2 eq), acetone, 0 °C, 16 h, 77% (ii) NHMeOMe*HCI
(1.2 eq), EDC*HC! (1.2 eq), DMAP (cat.), Et;N (1.2 eq), CHCl,, 0 °C-rt, 16 h, 87% (iii) Mg (8.0 eq), I. (cat),
THF, =78 °C-rt, 16 h, 20% (iv) serinol (1.0 eq), 3DPA2FBN (1 mol%), [NBu.]J[Ns] (10 mol%), DMF, 427 nm, rt,
20 h, 74% (v) & (vi) benzylamine (3.0 eq), ZnCl, (5 mol%), toluene, 120 °C, 12 h then HOSA (2.2 eq), NH3
(sat), MeOH, -20 °C, 16 h then Et;N (2.0 eq), 1., MeOH, rt, 16 h. In brackets, the proposed Beckmann
rearrangement to yield the isolated amide.

Once again, the design of the PAL probe was re-evaluated and the diazirine was re-positioned
one carbon along the chain, in the 3 position, to overcome the issues observed with the

benzylic position (PAL probe 100, Figure 4.9).

OH OH
WW@A/ENHZ NEN Nita
OH OH
&

fingolimod 1 photoaffinity probe 100

Figure 4.9: Fourth generation photoaffinity labelling probe design. Photoaffinity probe 100 consisted of
a diazirine placed in the B-position relative to the phenyl.
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To synthesise PAL probe 100 it was proposed to employ the precedented Grignard and HAA

chemistry, with appropriately modified reagents 102 and 103 (Scheme 4.23).

100 101 102 103

Scheme 4.23: Retrosynthetic analysis of the third-generation design of PAL probe 100.

Following the route shown in Scheme 4.24, bromination of alcohol 104 yielded benzylic
bromide 103 in good yields. The required Weinreb amide 102 was synthesised from 6-
heptynoic acid via an amide coupling in 87% yield. The addition of the organomagnesium
derived from benzylic bromide 103 to Weinreb amide 102 was attempted; however, no desired
product was observed and mostly unreacted benzyl bromide 103 remained. Alternative
magnesium activation methods were explored, including I2, 1,2-dibromoethane and Brown’s
mechanical activation,?” but this failed to improve the route.

A
HO

104

l(ii)
o o 0 N
[0) ////\fjﬂ\ o \V/E:::T/§§ (iii ////X»TM\V/I:::T/\\
S on o NS e T
102 103

Scheme 4.24: Reaction conditions: NHMeOMee*HCI (1.2 eq), EtsN (1.2 eq), EDC*HCIL (1.2 eq), DMAP (cat),
CH,Cl,, rt, 18 h, 87% (ii) PBr; (4.0 eq), Et,0, 0 °C, 18 h, 81% (iii) Mg (8.0 eq), alky!Br (4.0 eq), I, (cat), 1,2-
dibromoethane (cat), THF, -78-0 °C, 18 h.
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Therefore, it was proposed to reverse the reactivity of the reagents employed and use alkyl
chloride 105 and Weinreb amide 107 (Scheme 4.25). TMS-protection of 6-chloro-1-hexyne
yielded the desired chloride 105. A Suzuki cross-coupling between methyl 4-
bromophenylacetate and potassium vinyltrifluoroborate yielded styrene 106 in good yield. A
subsequent ester hydrolysis and amide coupling generated Weinreb amide 107 as the required
Grignard reagent. The ensuing Grignard reaction, nonetheless, was unsuccessful with no
desired ketone product formed. A large quantity of unreacted Weinreb amide was isolated,
which implied an issue with the generation or stability of the alkylmagnesium chloride. We
hypothesise that the 6-carbon chain length potentiates the alkyl Grignard towards an
intramolecular cyclisation, both a 4-exo-tet cyclisation to a cyclobutane and a 5-exo-dig
cyclisation to the cyclopentane are precedented,>*! therefore it was proposed to reduce the
carbon chain length by one carbon to avoid these potential issues. The Grignard synthesis
with the TMS-protected 5-chloro-1-pentyne was successful and generated ketone 109 with
good yield. Base-promoted silyl deprotection and photocatalytic HAA produced the
penultimate PAL probe intermediate 101. Due to the susceptibility of the styrene towards
oxidation, the 2-step HOSA-mediated diazirine synthetic conditions were chosen
preferentially over the one-pot tert-butyl hypochlorite method developed by Ibert et al.3
Initial trials were unsuccessful with a large quantity of the oxime intermediate 112 being
observed, however, by switching to freshly prepared anhydrous HOSA the diaziridine
intermediate formation was observed. The diaziridine was subjected to both Ag(I) oxide and
L/EtsN oxidative conditions to assess the reaction compatibility. Ag* has precedented
alkynophilicity due to its ability to participate in m-coordination making it prone to undesired
side reactions and transformations.’® Whereas, elemental iodine readily enters into a

reversible equilibrium with styrene to form the di-iodo derivative.?* Unfortunately, under
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both conditions, oxidation of the diaziridine to the desired diazirine was not observed, which
is believed to be due to the incompatibility of the styrene with these oxidative conditions.

These findings led to the final redesign of the PAL probe.

hypothesised by-products
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Scheme 4.25: Reaction conditions: (i) potassium vinyltrifluoroboronate (1.2 eq), Cs.CO; (2.0 eq),
Pd(dppf)Cl,eCH.Cl, (5 mol%), THF:H,0 (9:1), 85 °C, 16 h, 76% (ii) LIOH (4.0 eq), 2MeTHF:MeOH (1:1), 70
°C, 2 h (iii) NHMeOMee*HCI (1.2 eq), HATU (1.2 eq), Et.N (2.0 eq), CH.Cl,, rt, 2 h, 81% over 2 steps (iv) nBuLi
(1.1 eq), TMSCI (1.1 eq), Et,O, -78 °C-rt, 16 h, 93% (v) Mg (8.0 eq), alkylBr (4.0 eq), I, (cat), 1,2-
dibromoethane (cat), THF, -78-0 °C, 18 h, 32% for pentyny!l (vi) K.CO3(3.0 eq), MeOH, rt, 16 h, 48% (vii) NH3
(sat), MeOH, -20 °C, 4 h then add HOSA (2.2 eq), rt, 16 h then EtsN (2.0 eq), I (cat), MeOH, rt, 16 h.
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The ether-linked analogue of fingolimod, 113, has demonstrated similar activity in
immunomodulatory rat studies.””” Therefore, in an attempt to generate a PAL probe
comprised of an eight-atom chain length, comparable to that found in the parent compound,
a new PAL probe 114 was designed incorporating this modality (Scheme 4.26). This phenolic
alcohol would provide a more facile handle for functionalisation of the hydrophobic tail,

avoiding the need for the problematic and low yielding in situ diazirine generation.

HO HO

NN HO /\)Q/\ HO
(0] = (0]
fingolimod ether analogue 113 probe 114

HO
N=N
\}NH N + <
2 MI /©/\ /\/\
/\)V‘o HO 5 X NH;
4
114 115

Scheme 4.26: Fifth generation photoaffinity labelling probe design. Photoaffinity probe 114 was derived
from fingolimod’s ether analogue, from Fujita et al.*® Retrosynthetic analysis of probe 114.

Initially, the 4-bromostyrene derivative was explored as a start point for C-O bond formation
due to its compatibility with the photocatalytic HAA (Scheme 4.27). A variety of conditions
for Ullman-type cross-coupling or SNar with aryl bromide 116 were explored (Table 4.5),
however, the milder conditions needed to avoid thermal decomposition of the diazirine

(£80°C) made this route incompatible with diazirine incorporation.3%
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Scheme 4.27: Reaction conditions: (i) serinol (1.0 eq), 3DPA2FBN (1 mol%), [NBu.J[Ns] (10 mol%), DMF,
427 nm, rt, 20 h, 86% (ii) see Table 4.5.

Table 4.5: Reaction conditions for the attempted C-O formation between aryl bromide 116 and
hydroxydiazirinealkyne.

Entry  Conditions (ii) Yield

1 hydroxydiazirinealkyne (1.2 eq), Cul (5 mol%), MesPhen (10 mol%), nr
Cs2C0Os (1.5 eq) toluene, 80 °C

2 hydroxydiazirinealkyne (1.2 eq), Pd(OAc): (2 mol%), MesBuXPhos nr
(2.4 mol%), Cs2CO:s (1.5 eq), toluene, 80 °C

3 hydroxydiazirinealkyne (1.2 eq), DMAP (cat), EtsN (1.2 eq), CH2Clz, 50  nr
°C

nr=no reaction

It was then decided to explore a phenol precursor, however, as the vinyl phenol alkene was
too electron-rich to under ngo a-amino radical attack under the photocatalytic HAA
conditions, the phenol was alkylated first to give aryl ether 117 (Scheme 4.28). Under the
photocatalytic HAA conditions, diaziridine 118 was isolated as the major product. There isno
experimental evidence of the reduction potential of alkyl diazirines, but aryl diazirines
demonstrate Eipred = —1.6 V.37 If alkyl diazirines exhibit a similar potential it would make this
in situ reduction of the diazirine to the diaziridine feasible due to the strongly reductive power
of the chosen photocatalyst 3DPA2FBN [Ei2 (PC/PC) = -1.92 V].3% Fortunately, this over-
reduction was easily resolved by I./EtsN-mediated oxidation of the diazirine to the desired

alkyne PAL probe 114, achieving a 7% overall yield over 3 steps.
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Scheme 4.28: Reaction conditions: (i) iododiazirinealkyne 115 (1.0 eq), K.CO3 (1.2 eq), DMF, 60 °C, 4 h,
35% (ii) serinol (1.0 eq), 3DPA2FBN (1 mol%), [NBu4J[Ns] (10 mol%), DMF, 427 nm, rt, 20 h (iii) I, (cat), EtsN
(2.0 eq), MeOH, rt, 2 h, 20% over 2 steps.

In an attempt to improve the synthesis of the ether-linked PAL probe 5, an alternative route
involving HAA reaction of the boronic ester 119 and subsequent oxidation to the desired
phenol 120 was devised (Scheme 4.29). The electron-withdrawing nature of the Bpin
functionality made this substrate more suited towards the key HAA step, due to its
stabilisation of the radical benzylic anion intermediate and enhancement of the
electrophilicity of the alkene. Indeed, the conversion of pinacol boronic ester 119 into amino
diol 120 proceeded in high yield. The resulting crude boronic ester could be oxidised to phenol
120 in 80% yield over the 2 steps. Using K2COs as a base, phenol 120 underwent selective
alkylation with diazirine-containing iodide 115 to yield the desired ether-linked probe 5 in
40% yield over 3 steps, as confirmed by HMBC (Appendix VIII). This was a significant
improvement compared to the previous route with a drastic improvement in overall yield and

a streamlined synthetic pathway.

119 120 114

Scheme 4.29: Reaction conditions: (i) serinol (1.0 eq), SDPA2FBN (1 mol%), [NBu4][N3] (10 mol%), DMF,
427 nm, rt, 20 h (ii) H202 (10 eq), TM NaOH:THF (1:1), 0 °C, 2 h, 80% over 2 steps (iii) iododiazirinealkyne
115(1.0 eq), K-:COs (2.0 eq), DMF, rt, 18 h, 50%.

129



Chapter 4 Design and Synthesis of Fingolimod-derived Photoaffinity Probes

4.5 Synthetic routes towards negative control analogues.

Truncated analogues 6 and 7 were synthesised using the same route that was optimised for
fingolimod (Scheme 4.30). Methyl derivative 6 was synthesised in 13% overall yield, and butyl

analogue 7 was synthesised in 22% overall yield.

o O OEt
. Br - Br
(i) (if) (iii) NHA
— — C
> EtO (6]
n n n n
121: n=0 123: n=0 125: n=0 127: n=0
122: n=3 124: n=3 126: n=3 128: n=3
OH OH
(iv) /©/\ﬂ[NH2 and MNHZ
HO HO
v) ;
6 7

Scheme 4.30: Reagents and conditions: (i) AlCl; (1.4 eq), c-hexane, 10 °C-rt, 16 h; 123: 79%, 124: 96% (ii)
HSiEt; (2.2 eq), TFA, 10 °C-rt, 16 h; 125: 87%, 126: 95% (iii) diethylacetamidomalonate (1.5 eq), Cs.CO;3 (3.0
eq), DMSO, 60 °C, 24 h, 127: 31%, 128: 41% (vi) NaBH, (3.0 eq), THF, rt, 16 h (v) NaOH, MeOH, 70 °C, 5 h,
6: 63%, 7: 60% over 2 steps.

The synthesis of the dimethylated analogue of fingolimod 8 was achieved via a HAA reaction
between the previously reported para-octyl benzene 20 and the commercially available O,O-

dimethylserinol 129 in 4 steps with an overall yield of 57% (Scheme 4.31).

O (@)
NH, )
129
\/\/\/\/©/\ (i) NH,
7
20 8

Scheme 4.31: Reaction conditions: (i) O,0-dimethylserinol (1.0 eq), [NBu4][Ns] (10 mol%), SDPA2FPN (1
mol%), DMF (0.15 M), rt, 427 nm, 20 h, 70%.
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As previously emphasised, it is vital that any labelling experiments have the necessary
controls to allow the distinction between true enrichment and background labelling.
Therefore, it was essential that a structurally similar but functionally inactive derivative of the
fingolimod PAL probe 114 was synthesised. To achieve this, it was previously rationalised

that obstruction of the site of phosphorylation could ablate phenotypic activity (Figure 4.10).

HO O
N=N Q/\H\NHZ N=N Q/\H\Nm
HO /\)Q/\ o)
///\)vo // 0 ‘
probe 114 probe 130

Figure 4.10: Design for a structurally similar but functionally inactive negative control PAL probe 130.
The design incorporated methylation of the site of SPHK2-mediated phosphorylation.

A familiar route to synthesise probe 130 was adopted whereby styrene boronic ester 119
underwent HAA with O,O-dimethyl serinol, followed by H202>-mediated oxidative cleavage
to form phenol 131. Phenol 131 could then undergo alkylation with diazirine-containing

iodide 115 to yield negative control probe 130 in 51% yield over 3 steps.

Scheme 4.32: Reaction conditions: (i) O,0-dimethyl serinol (1.0 eq), 3DPA2FBN (1 mol%), [NBu.][Ns] (10
mol%), DMF, 427 nm, rt, 20 h (ii) H.O, (10 eq), 1M NaOH:THF (1:1), 0 °C, 2 h, 85% over 2 steps (iii)
iododiazirinealkyne 115 (1.0 eq), K.CO3(2.0 eq), DMF, rt, 18 h, 60%.

Fingolimod and its analogues (6-8) were synthesised, along with a fingolimod-derived PAL
probe (114) and a structure-matched negative control PAL probe (130). These designs were

rationalised by fingolimod’s known interactions with S1PR1, and the observation that SPHK2-

mediated phosphorylation is key for fingolimod’s phenotypic effects of interest. However, the
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binding mode of fingolimod to SIPR: does not necessarily correlate to its binding affinity
towards its phenotypic targets. As such, it was essential to corroborate the functional effects

of these synthesised analogues in both of the optimised phenotypic assays.
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5 Pharmacological Evaluations of Fingolimod’s Phenotypic Effects

5.1 Evaluation of the lymphangiogenic effect of fingolimod and its analogues

The lymphangiogenic sprouting (phenotypic) assay was also used to test the hypothesis that
structural modification of fingolimod’s hydrophobic tail (6 & 7) or polar headgroup (8) could
interfere with its affinity towards its lymphangiogenic target (Figure 4.5). Reassuringly, the
truncated fingolimod analogues (6 & 7) showed no pro-lymphangiogenic effect, confirming
the hypothesis that the lipophilic tail of the parent compound plays a role in its affinity (Figure
5.1a). Similarly, the methylated analogue 8 was also inactive in the spheroid sprouting assay,
providing further evidence that the phosphorylation of the pro-(S) alcohol is key to the
phenotypic effect of fingolimod (Figure 5.1a). It was confirmed that the lack of effect observed
by the control analogues was not due to compound toxicity (Appendix V). It was investigated
whether the structural amendments made to fingolimod to facilitate its function as a PAL
probe, could impact its pro-lymphangiogenic efficacy. PAL probe 114 induced sprouting, but
with a slight loss in potency relative to the parent compound, with an observable ECso of 3.02
uM (Figure 5.1b), however this was not deemed statistically significant (P=0.0577). Despite
this reduction in efficacy, PAL probe 114 could still serve its purpose as a phenotypically
active photolytic fingolimod mimic. Furthermore, the proposed negative control probe 130,
which was derived from the inactive fingolimod analogue 8, was also inactive in the spheroid

sprouting assay (Figure 5.1b).
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Figure 5.1: Investigating pro-lymphangiogenic effects of fingolimod and its analogues. (a) Observed fold
change in sprouting per spheroid relative to DMSO control in response to fingolimod, its truncated
analogues (6 & 7) and methylated analogue (8). N>3 (b) Observed fold change in sprouting per spheroid
relative to DMSO control in response to fingolimod, PAL probe 114 and negative control PAL probe 130.
N=3. Error bars = sem. Statistical comparison using F-test, ns between fingolimod and probe 114. P=0.0577.

The optimised sprouting assay confirmed the pro-lymphangiogenic effect of fingolimod was
sustained upon incorporation of alkyne and diazirine moieties to generate PAL probe 114.
The assay enabled the identification of three negative control analogues (6-8). Methylated
analogue 8 was used as a foundation for the design of the inactive negative control PAL probe
130. These observations established that the structure-matched PAL probes 114 and 130 could

be used for future labelling studies.

Previous studies had shown that fingolimod’s pro-lymphangiogenic effect was SPHK2-
dependent, implying that Fing-P was the active form (Figure 4.5). As such, it was assessed
whether PAL probe 114 also displayed a SPHK2 dependency. Co-dosing studies with a

SPHK2 inhibitor showed an inhibition of probe 114’s pro-lymphangiogenic phenotype
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(Figure 5.2b), implying that the probe remains a substrate for SPHK2 and that its

phosphorylation is key for activity.
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Figure 5.2: Co-dosing lymphangiogenesis studies of PAL probe 114 with a SPHK2 inhibitor. Observed fold
change in sprouting per spheroid relative to DMSO control in response to a serial dilution of PAL probe 144
co-dosed with a selective SPHK2 inhibitor (2 uM). N=3. Error bars = sem.

Fingolimod is canonically associated with agonism of the SIPR family of receptors (51PRi3-s).
It displays low nanomolar potency against each of its associated S1PRs (S1P1, S1P4, S1Ps: ECso
~ 0.3 - 0.6 nM) and S1Ps: ECs0 ~ 3 nM). 171303 As such, the low micromolar activity (ECso =
1.67 uM) of fingolimod in the lymphangiogenic assay implies that it is likely acting through a
different target, but, a differing activity profile could also be explained by a variety of factors
(i.e. cell type, receptor expression levels, biochemical vs phenotypic readout). Therefore, it
was ascertained whether fingolimod’s pro-lymphangiogenic effect could be through agonism
of a member of this family. Prior to any sprouting experiments it was confirmed by flow
cytometry that the SIPR family were expressed on the surface of the commercial LECs
(Appendix VI). A series of selective SIPR agonists were evaluated in the spheroid sprouting

assay (Figure 5.3)"* and none of them were able to induce lymphangiogenesis. This finding

136



Chapter 5 Pharmacological Evaluation of Fingolimod’s Immunomodulatory Phenotypic Effects

supports the hypothesis that fingolimod is acting through a novel target, which is distinct

from the S1PR family, to initiate lymphangiogenesis.
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Figure 5.3: Lymphangiogenesis studies with S1PR family agonists. Observed fold change in sprouting per
spheroid relative to DMSO control in response to a serial dilution of fingolimod, S1PR1&s agonist (Siponimod)?,
S1PRs agonist (CYM5541)? and S1PRs agonist (CYM50308)>. N>3. Error bars = sem.

Due to fingolimod’s affiliation with the SIPR family, and its lipid-like structure, it was
hypothesised that fingolimod could be interacting with another G-protein coupled receptor
(GPCR) to induce lymphangiogenesis. To investigate this theory, fingolimod was co-dosed
with pertussis toxin (PTX), a bacterial exotoxin which interferes with GPCR signalling by
trapping the Ga-protein in its inactive form.’® Co-dosing with PTX completely inhibited
fingolimod-induced sprouting (Figure 5.4a), suggesting that fingolimod’s mechanism of
action is via a GPCR with a Gio dependency. This effect was also observed when PAL probe

114 was co-administered with PTX (Figure 5.4b).
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Figure 5.4: Co-dosing lymphangiogenesis studies of fingolimod and PAL probe 114 with pertussis
toxin (PTX). (a) Observed fold change in sprouting per spheroid relative to DMSO control in response
to a serial dilution of fingolimod co-dosed with PTX (200 ng/mL). N>3 (b) Observed fold change in
sprouting per spheroid relative to DMSO control in response to a serial dilution of PAL probe 114 co-
dosed with PTX (200 ng/mL). N=3. Error bars = sem.

To further investigate the hypothesis that fingolimod could be acting through a GPCR, a
literature search was performed to explore any previously reported associations between
fingolimod and non-S1IPR GPCRs. Using the ChEMBL database, fingolimod
(CHEMBL314854) and its analogous salts (hydrochloride & lauryl sulphate) were analysed
(Figure 5.5a). Of the 763 assay records, 565 were for relevant bioactivity measurements (i.e.
binding/functional assays). Of these 565 records, there were only 15 mammalian target
proteins specified, excluding S1IPRs and SPHKSs. This list of 15 proteins was restricted to
GPCRs which were expressed in the tissues of interest (i.e. lymphatics and T-lymphocytes)
and also demonstrated a comparable activity profile to that observed in the phenotypic assay
(%effect > 25% at uM dosage). These constraints produced a list of 8 proteins (Table 5.1). The
majority of these targets were identified in a broad GPCR {-arrestin recruitment screen made

available in the EUbOPEN Chemogenomic library. For each of these targets, a relevant
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antagonist/agonist was synthesised (Appendix VII) or acquired, and evaluated in the spheroid

sprouting assay (Figure 5.5b).

Table 5.1: Known fingolimod targets identified in a ChEMBL screen.

Target Protein Abbrev. Function Modulator
(MOA)
Angiotensin II receptor type 1 AT1 cardiovascular function Losartan
(antagonist)
Apelin receptor APLNR cardiovascular function, fluid ML233
homeostasis, and energy metabolism
(agonist)
C5a anaphylatoxin chemotactic receptor 1 C5aACR1  inflammation and immune response ~ PMX53
(antagonist)
C-X3-C chemokine receptor 1 CX3CR1 cell adhesion, migration, and JMS-17-2*
immune response (antagonist)
G-protein coupled receptor 120 GPR120 regulating metabolism, AH7614
inflammation, and insulin sensitivity
(antagonist)
G-protein coupled receptor 183 GPR183 immune cell migration and function =~ GSK682753A
(inverse
agonist)
Lipoxin A4 receptor LXA4 regulating inflammation BML111*
(agonist)
Protein phosphatase 2A PP2A cell cycle regulation, immune cell LB100*
function
(antagonist)

*synthesised (Appendix VII)

Three concentrations were tested per treatment: (i) the literature reported ECso against the
target protein (ii) 10-fold above (iii) 10-fold below. The reported ECso concentrations were
taken from cellular assays using endogenous GPCR levels.?"31¢ Nevertheless, additional 10-
fold disparity doses were opted for to account for any differing expression levels between cell
types. LB100 (Table 5.1, Entry 8) demonstrated signs of cytotoxicity in LECs so its phenotypic

activity was not evaluated any further (Appendix V). In this sprouting screen, only the apelin
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receptor (APLNR) agonist ML233 demonstrated a noticeable pro-lymphangiogenic effect,

which was dose-dependent (Figure 5.5c¢).
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Figure 5.5: Lymphangiogenesis screen of ChEMBL targets, identifying APLNR as a potential target of
fingolimod. (a) Workflow used to identify a shortlist of fingolimod targets to investigate further (b) Observed
fold change in sprouting per spheroid relative to DMSO control in response to ChEMBL screen target
treatments. N=3. Statistics were performed on raw data using a one-way ANOVA followed by multiple
comparison tests, compared to DMSO-treated spheroids. *** = P<0.005. Error bars = sem (c) Observed fold
change in sprouting per spheroid relative to DMSO control in response to ML223, a selective APLNR agonist.
N=3. Error bars = sem.

APLNR is a class A GPCR which has been previously linked to angiogenesis.?’” APLNR’s
endogenous ligand, apelin, has been shown to induce lymphangiogenesis in tumour
metastasis models and is essential in early lymphatic development.?'® 3° In the context of
cardiac injury, apelin overexpression ameliorates ischaemic injury, reducing matrix

remodelling and inflammation.32
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Of note however was the disparity between the magnitude of the pro-lymphangiogenic effect
in response to fingolimod versus ML233. Fingolimod exhibited a 3-fold change increase in
sprouting over DMSO, whereas ML233 was only observed to induce a 1.6-fold increase in
sprouting. This disparity could be attributed to a different agonist profile (i.e. full vs partial
vs allosteric agonism), consequently, the link between fingolimod and APLNR was

investigated further.

A cellular thermal shift assay (CETSA) was performed to achieve biophysical evidence of
fingolimod’s interaction with APLNR. LECs treated with fingolimod demonstrated APLNR
thermal stabilisation compared to DMSO treated LECs, suggesting that fingolimod interacts

with APLNR, possibly to induce lymphangiogenesis (Figure 5.6).
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Figure 5.6: Cellular thermal shift assay shows thermal stabilisation of APLNR when dosed with
fingolimod. Western blot analysis and quantification of soluble APLNR in LECs treated with 3 uM
fingolimod or DMSO (0.1%). N=2. Error bars = SD.

With evidence supporting fingolimod’s interaction with APLNR, it was then necessary to
corroborate whether this interaction was responsible for the pro-lymphangiogenic phenotype.
It was initially investigated whether fingolimod’s phenotypic effect could be outcompeted
with a known APLNR inhibitor. When fingolimod was co-dosed with APLNR antagonists,

protamine sulphate or ML221,%" 32 its pro-lymphangiogenic effect was ablated (Figure 5.7a).
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This observation supported the theory that fingolimod could be acting through APLNR to
induce lymphangiogenesis. However, as the use of small molecules can be complicated by
their selectivity, it was chosen to corroborate these findings with a more targeted approach.
To enable this, siRNA-mediated knockdown (KD) of APLNR in LECs was carried out. APLNR
protein levels were assessed by Western blot at 24, 48 and 72 h post-transfection (Figure 5.7b).
48 h post transfection, there was a significant decrease in APLNR protein levels in cells
receiving siRNA targeting APLNR (siAPLNR KD), compared to non-targeting control siRNA
(siCT) and non-transfected cells (no T) (Figure 5.7c). Accordingly, the extent of spheroid
sprouting in response to fingolimod treatment was assessed in cells that had been transfected
for 48 h. While there was a general reduction in sprouting observed with the transfected cells
relative to non-transfected, there was a significant decrease in fingolimod induced sprouting
in the siAPLNR KD LECs relative to both non-transfected (no T) and siCT transfected LECs
(Figure 5.7d). To ensure that the decrease in sprouting was linked to APLNR KD and not an
artifact of transfection, positive control compound SB431542 was also administered to the
spheroids. SB431542 induces lymphangiogenic sprouting viz an APLNR-independent
mechanism.?? SB431542 induced lymphangiogenesis to a similar level in siCT and siAPLNR
KD spheroids. Whilst this was still to a lesser extent than in no T LEC spheroids, this
observation improved the overall confidence in the hypothesis that the reduction in
fingolimod-induced sprouting was linked to APLNR KD. To further validate the link between
fingolimod and APLNR agonism, downstream pathways indicative of APLNR activation
were explored. One such pathway is the robust translocation of histone deacetylase 5
(HDACS5),%* whereby upon APLNR activation HDAC5 undergoes phosphorylation and
rapidly (~1 h) translocates from the nucleus to the cytoplasm. To assess whether fingolimod

could induce the same effect, LECs were dosed for 1 h, fixed and visualised with a nuclear
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stain and HDACS5 antibody (Figure 5.7e). There appeared to be significant translocation of
HDACGS to the cytoplasm relative to the DMSO control. If true, this observation would suggest
that APLNR is activated in response to fingolimod treatment. However, an alternative
explanation for this observation is that the overall levels of HDAC5 were decreased upon
fingolimod treatment, giving the appearance of translocation. As such, this could be followed
up further with Western blot studies to evaluate the relative levels of HDAC5 and p-HDAC5

with and without fingolimod treatment.
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Figure 5.7: Investigating the link between fingolimod and APLNR agonism. (a) Observed fold change in
sprouting per spheroid relative to DMSO control in response to a serial dilution of fingolimod co-dosed with
APLNR antagonists: protamine sulphate (5 ug/mL) or ML221 (2 uM). N23. Error bars = sem. (b) Western blot
analysis of APLNR expression in siRNA KD LECs 24-72 h after transfection (c) Quantification of 48 h and 72 h
SiRNA KD Western blots, relative to GAPDH and normalised to non-transfected LECs (no T). N=3. Statistical
tests were performed using a one-way ANOVA followed by multiple comparison tests on unnormalised data.
**** = P<0.001, ** = P<0.01 (d) Observed fold change in sprouting per spheroid relative to DMSO control in
response to fingolimod (1.7 uM) or SB431542 (20 uM). N=3. Statistical tests were performed using a one-
way ANOVA followed by multiple comparison tests on raw data. **** = P<0.001, ** = P<0.01, * = P<0.05, ns
= P>0.05 (e) Immunostaining of LECs with DAPI (red) and HDACS5 (green) and their overlap (yellow) after
treatment for 1 h with DMSO or fingolimod (1.7 uM). N=3. Quantified using ImageJ. Statistical tests using
Student’s t-test. **** = p<0.001.

It had previously been observed in a study by Tatin et al,** that agonism of APLNR by its

native peptide ligand, apelin, resulted in a 2.7-fold increase in SPHK2 mRNA levels in LECs.

Therefore, it was investigated whether the increase in fingolimod-induced sprouting through

APLNR was due to direct agonism of the receptor or through the indirect upregulation of

SPHK?2 levels and the subsequent increase in metabolism of fingolimod to its bioactive form,

Fing-P. To investigate this, it was first necessary to confirm that the observations by Tatin et

al translated on a protein level. Western blot analysis of SPHK2 protein levels was performed

on untreated LECs, fingolimod-treated LECs and siAPLNR KD LECs. Fingolimod treatment

did not significantly change SPHK2 protein levels compared to no T LECs. Conversely, in

siAPLNR KD LECs there was a 60% decrease in SPHK2 protein levels relative to the non-

targeting control (Fig 5.8).
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Figure 5.8: SPHK2 protein level deviation in response to APLNR modulation. (a) Western blot analysis of
SPHK2 expression (b) Quantification of Western blots, relative to GAPDH and normalised to non-transfected
LECs (no T). N=3. Statistical tests were performed using a one-way ANOVA followed by multiple comparison
tests on unnormalised data. **** = P<0.001, ns = P>0.05

However, it was unclear whether this was a biologically significant decrease in SPHK2 levels.
It has been previously reported that human SPHK2 has a Km = 18.2 uM for fingolimod,*
therefore, the saturation level of fingolimod for SPHK2 is much higher than the concentrations
used in these experiments (<3 uM). To investigate whether APLNR KD reduced SPHK2-
mediated phosphorylation of fingolimod, MS studies were performed to assess the relative
levels of fingolimod versus Fing-P present in siAPLNR KD LECs compared to no T LECs.
LECs were dosed with 3 uM fingolimod for 1 h before metabolism was arrested and
metabolites were extracted for MS analysis. After 1 h, fingolimod could not be detected by MS
in the cell extracts of either the no T or siAPLNR LECs (Figure 5.9). To ascertain whether this
was because of extensive fingolimod metabolism, or a detection issue, co-treatment studies
with a SPHK2 inhibitor were performed to determine if fingolimod detection could be
restored. Co-treatment with a SPHK2 inhibitor resulted in the detection of comparable levels

of fingolimod in both the no T and siAPLNR LECs (Figure 5.9), suggesting that the lack of
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signal observed was due to the phosphorylation of fingolimod. In addition, there were similar
levels of Fing-P detected in both no T and siAPLNR KD LECs, highlighting that the previously
observed downregulation of SPHK2 has a negligible influence on the phosphorylation of
fingolimod in the timeframe and at the concentrations used in these experiments (Figure 5.10).
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Figure 5.9: UPLC-MS analysis of LEC cell extracts to assess the relative extent of fingolimod. UPLC traces of
cell extracts from fingolimod-treated (3 uM, 1 h) no T and siAPLNR LECs. Blank methanol trace and pure
fingolimod trace for reference. All traces analysed with [M+H] 308.2 m/z search. MS obtained from pure
fingolimod trace used as reference.
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Figure 5.10: UPLC-MS analysis of LEC cell extracts to assess the relative extent of fingolimod phosphate.
UPLC traces of cell extracts from fingolimod-treated (3 uM, 1 h) no T and siAPLNR LECs. Blank methanol trace
and pure fingolimod phosphate trace for reference. All traces analysed with [M+H] 388 m/z search. MS
obtained from pure fingolimod phosphate trace used as reference.

To summarise, an in-depth pharmacological analysis of fingolimod was performed, using the
optimised spheroid sprouting assay. It was identified that SPHK2-mediated phosphorylation
of fingolimod to Fing-P was necessary for the lymphangiogenic phenotype. Targeted studies
revealed that fingolimod’s phenotypic target was not a member of the canonically associated
SIPR family, but likely another GPCR. A ChEMBL screen identified the apelin receptor,

APLNR, as a potential target, which was supported by CETSA, competition experiments,
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siRNA KD studies and downstream pathway analysis. APLNR-mediated modulation of
SPHK2 levels does not appear to be biologically significant, with no observable difference in
Fing-P levels between no T and siAPLNR LECs. These findings support the hypothesis that
fingolimod acts directly through APLNR to induce lymphangiogenesis. However, this
pharmacological candidate approach does not preclude other potential fingolimod targets
which could be uncovered via unbiased proteomics studies using the successfully validated

PAL probes 114 and 130.

Following on from the success of a pharmacologically driven approach towards the
deconvolution of fingolimod’s lymphangiogenic effect, the same tactic was applied to

understand more about fingolimod’s inhibitory effect upon T-lymphocyte migration.

5.2 Evaluation of the inhibitory effect of fingolimod and its analogues upon T-

lymphocyte migration

With the inhibitory effect of fingolimod confirmed, the optimised migration assay was used
to assess the effect of the synthesised analogues of fingolimod. It was discovered that
fingolimod’s truncated analogues, 6 & 7, were active in the T-lymphocyte migration assay,
demonstrating a comparable inhibitory effect to fingolimod (Figure 5.14). This observation
was interesting as both these analogues had been phenotypically inactive in the
lymphangiogenesis assay. This finding further supported the hypothesis that fingolimod was
acting through unique and distinct targets to promote lymphangiogenesis versus the
observed immunomodulatory effects on T-lymphocyte migration. Interestingly, the
methylated fingolimod derivative 8 did not inhibit migration of T-lymphocytes in the
Transwell assay (Figure 5.14). PAL probe 114 maintained fingolimod’s phenotypic effect and

inhibited migration of T-lymphocytes across the lymphatic endothelium, confirming its
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capacity to be used in future labelling experiments. It was observed that PAL probe 114
inhibited migration up to 30 uM, in contrast to the loss of activity observed by fingolimod at
higher micromolar concentrations (>1 uM). Whilst the exact reasoning behind this observation
is unknown, some theories can be postulated. The structural modifications introduced to
generate PAL probe 114 make the overall molecule less polarised, due to the introduction of
heteroatoms on the lipophilic tail. If aggregation/micelle formation is the reasoning behind
fingolimod’s lack of efficacy at higher concentrations, then this could justify the sustained
effect observed by PAL probe 114. Additionally, it has been previously observed that small
molecule agonism of GPCRs can result in differential effects on the desensitisation and

internalisation of the receptor.®*® **’ If receptor desensitisation is indeed the explanation for
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fingolimod’s lack of efficacy at higher concentrations, then this could explain the different

activity profiles observed.
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Figure 5.11: T-lymphocyte migration in response to fingolimod analogues. Migration of T-lymphocytes
through LEC-coated Transwell inserts after 4 h, in response to fingolimod treatment. N>3. Statistical tests

using Student’s t-test. **** = P<0.001, ns = P>0.05. Error bars = sem.

To confirm that the observed inhibitory effects were not due to T-lymphocyte cell death, cell
viability was assessed after a 6 h dosing of all compounds (Appendix V) and no cell death was

observed. The PAL probe 130 showed no inhibitory effect upon T-lymphocyte migration,

reaffirming its capacity as a negative control compound in labelling studies.
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As previously stated, fingolimod is a known agonist of the SIPR family of GPCRs. To
investigate whether fingolimod’s inhibitory effect was through a SIPR, a screen of selective
S1PR agonists were evaluated in the assay."* However, none of these selective agonists had a
comparable inhibitory effect upon T-lymphocyte migration (Figure 5.15). To corroborate that

this observation was not due to a lack of S1PRs present on the surface of Jurkats cells, their

Transmigration

8 ns

% Migration

Figure 5.12: Selective S1IPR agonists do not inhibit T-lymphocyte migration to the same extent as
fingolimod. Migration of T-lymphocytes through LEC-coated Transwell inserts after 4 h, in response to
treatment with of fingolimod (0.5 uM), S1PR1ss agonist (Siponimod, 40 nM), S1PRs agonist (CYM5541, 500
nM) and S1PR4 agonist (CYM50308, 100 nM). N23. Statistical tests using a one-way ANOVA. ns = P>0.05.

Error bars = sem.

expression was confirmed by FACS (Appendix II). The SIPR agonists were also administered
as a combined treatment to confirm that fingolimod’s effect was not due to pan-agonism of
multiple members of the S1PR family, however, no inhibition of migration was observed. This
further supported the theory that fingolimod’s immunomodulatory effect is independent of

the S1PR family, through a novel and distinct interaction partner.

Next it was investigated whether fingolimod’s inhibitory influence upon T-lymphocyte

migration could be mediated via another GPCR. Co-treatment with PTX also blocked
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fingolimod’s phenotypic effect (Figure 5.16), again suggesting that fingolimod is acting

through a GPCR to enact its inhibitory effect.
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Figure 5.13: Co-dosing fingolimod with pertussis toxin, inhibits its inhibitory effect on T-lymphocyte
transmigration. Migration of T-lymphocytes through LEC-coated Transwell inserts after 4 h, in response to
fingolimod treatment co-dosed with PTX (200 ng/mL). N>3. Statistical tests using a one-way ANOVA followed
by multiple comparison tests. **** = p<0.001, ns = P>0.05. Error bars = sem. N23.

To probe further into fingolimod’s potential mechanism of action, the previously derived
ChEMBL screen compounds (Table 5.1) were also tested in the Transwell migration assay.
Whilst many of the targets had previously reported links to immune cell migration,?5-33 only
JMS-17-2, a C-X3-C motif chemokine receptor 1 (CX3CR1) antagonist, demonstrated an

inhibitory effect upon Jurkat transendothelial migration in a dose-dependent manner (Figure

5.17).
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Figure 5.14: ChEMBL screen identifies CX3CR1 antagonist as an inhibitor of T-lymphocyte migration
through lymphatic endothelium. Migration of T-lymphocytes through LEC-coated Transwell inserts after 4
h, in response to treatment. Error bars = sem.

CX3CR1 is a GPCR expressed on a variety of immune cells, including T-lymphocytes, as well
as on the lymphatic endothelium.? Upon pro-inflammatory cytokine activation, CX3CR1 can
bind to its complementary ligand, C-X3-C motif chemokine ligand 1 (CX3CL1). CX3CL1 exists
in two forms, its membrane-bound form, which mediates adhesion and migration, and its
soluble form, which induces chemotaxis.?* 3% Inhibition of CX3CR1 can prevent both
CX3CL1-mediated and integrin-mediated migration of immune cells.?* The CX3CR1/CX3CL1
axis plays a key role in dendritic cell migration through the lymphatic endothelium,” but to
our knowledge there has been no link between CX3CR1 and CD4* T-lymphocyte ingression

into afferent lymphatics.

To further validate the requirement for CX3CR1 in CD4* Jurkat migration across lymphatic
endothelium, KD of CX3CR1 in both LECs and Jurkats was carried out. 24 h post transfection,

CX3CR1 protein levels were successfully reduced in LECs (Figure 5.18a,b). In the Transwell
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migration assay, baseline migration using siCX3CR1 KD LECs was significantly lower than
with WT, and this level of migration was not reduced further by fingolimod dosing (Figure
5.18c). While this result does not conclusively link fingolimod with CX3CR1 antagonism it
does reaffirm the importance of CX3CR1 in CD4* T-lymphocyte migration. Unfortunately, a
CX3CR1 KD in Jurkat cells could not be produced. A variety of transfection reagents were
trialled, but no downregulation of CX3CR1 levels in Jurkats could be achieved. This is a
common limitation of Jurkats, their cell membrane is composed of low levels of heparin
sulphate proteoglycans which weakens the entry of cationic nanoparticles, like
Lipofectamine.® Coupled with the endosomal acidification in T-lymphocytes which hinders
release of transfection agents,®® Jurkats are difficult to transfect and require alternative

methods such as electroporation.

C
d b CX3CR1
24 h
ook ok Transmigration
- 159 1 81
[
Q ns %%
~ 1
e ¥ t:‘ g ce6 o
S @ G c 1.0 S e
= ®
e o Joxscrr E 5
2 =
| e v we| GAPDH G 0.5 -
3 =
0.0-
A AN
& P F
e

Figure 5.15: CX3CR1 is necessary for T-lymphocyte migration through lymphatic endothelium. (a) Western
blot analysis of CX3CR1 expression in siRNA KD LECs 24 h after transfection (b) Quantification of 24 h siRNA
KD Western blots, relative to GAPDH and normalised to non-transfected LECs (no T). N=3. Statistical tests were
performed using a one-way ANOVA followed by multiple comparison tests, on unnormalised data. *** =
P<0.005, ns = P>0.05. Error bars = SD (c) Migration of T-lymphocytes through noT or siCX3CR1 LEC coated
Transwell inserts after 4 h, in response to treatment. Statistical tests were performed using a one-way ANOVA.
ns = P>0.05. Error bars = SD.
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5.3 In vivo migration study

We next wanted to confirm that the inhibitory effect of fingolimod upon T-lymphocyte
ingression observed in the in vitro assays, translated into in vivo studies. Ledgerwood et al.
previously demonstrated that fingolimod-treated T-lymphocytes migrated into afferent
lymphatics less than untreated cells when injected into the ear pinnae of mice.’* Whilst
attempting to recapitulate these results, it was also of interest to look at the effect of fingolimod
at earlier time points (5 h vs. 15 h in Ledgerwood et al.) to observe the immediate intravasation
events. Localised administration could also be used to investigate the effect of fingolimod
administration upon the multiple tissue types present in the ear pinnae, rather than pre-

treatment of T-lymphocytes independently.

To assess the in vivo effect of fingolimod, primary CD3* T-lymphocytes were isolated from the
spleens of donor C57BL/6 mice and cultured in the presence of amCD3/CD28 antibodies and
IL-2 to induce activation and proliferation (Figure 5.19a).24% 34 The activated donor T-
lymphocytes were dyed with CFSE and treated with vehicle or fingolimod (1 mg/kg). Our
collaborator, Dr Voisin, injected the T-lymphocytes intradermally into the ear pinnae of
C57BL/6 mice (2.5 x 10°¢ cells in 50 pL per ear). Each mouse received both a vehicle and
fingolimod injection to ameliorate the comparability between the migratory data. After 5 h,
the mice were sacrificed and the draining LNs and ears were harvested, fixed and stained. I
imaged the LNs using confocal microscopy and Dr Benoit-Voisin imaged the site of injection
and lymphatic capillaries in the ear pinnae. I analysed the resultant images to assess the extent

of T-lymphocyte migration.

There appeared to be no difference in the number of T-lymphocytes still remaining in the

tissue 5 h after administration, between vehicle and fingolimod-treated (Figure 5.19b).

156



Chapter 5 Pharmacological Evaluation of Fingolimod’s Immunomodulatory Phenotypic Effects

Interestingly, there appeared to be a decrease in the number of T-lymphocytes which had
ingressed into the peripheral lymphatic vessels in the fingolimod-treated ears, which was
close to being statistically significant (P = 0.057). Additional repeats were attempted to
increase the significance of this statistic, however, the LYVEL staining used to distinguish
lymphatic vasculature was weak which made it difficult to differentiate between lymphatic
and blood vasculature. This could potentially be due to either a poor antibody signal or a
decrease in LYVEl expression, which has been observed under pro-inflammatory
conditions.*! Nevertheless, in the draining medullary LNs, there were significantly less CFSE-
labelled T-lymphocytes present when administered with fingolimod treatment, relative to the
vehicle control (Figure 5.19b-e). Collectively this data supports the in vitro observation that

fingolimod inhibits T-lymphocyte intravasation and subsequent clearance to the LNs.

157



Chapter 5 Pharmacological Evaluation of Fingolimod’s Immunomodulatory Phenotypic Effects

{ ; \ 5h  image and harvest draining

L >
° lymph nodes for imaging
CD3* T-cell CFSE h
isolation staining

co-administered to ear with
vehicle or Fingolimoed (1 mg/kg)

C Lymphatic Vessels d

v

Tissue
ns Lymph Node
1500 100- [ 600 %k ok k
L ]
I
o = 80 ° .
2 ® > 7] 2 =2
8 10004 e | T2 S 2 400-
0 N . © v g0 [+]
o -g o
® 5 % o B
40-
2 500 * w3 S = 2004
*
* C 20+ . #*# Q
..
0- 0- 0-
& N ] N
N &0 & ¢
KU S WS
('.)b <)b 06
& « &
& & &
< < <®
1 mg/kg fingolimod vehicle

Figure 5.16: Development of in vivo studies of T-lymphocyte migration in mice. (a) Schematic depiction of in
vivo experimental set-up performed in collaboration with Dr Beniot-Voisin. T-lymphocytes were isolated from
the spleen of donor C57BL/6 mice and stained with CFSE. T-lymphocytes were administered to the ear with
vehicle or fingolimod (1 mg/kg). After 5 h, the draining lymph nodes were harvested, fixed, stained, imaged
and quantified. Quantification of CFSE T-lymphocytes observed in (b) tissue, (c) lymphatic vessels and (d)
draining lymph nodes was performed. Statistical analysis was performed using a Mann-Whitney U-test. ****
= P<0.001, ns = P>0.05 (e) Representative confocal images of draining auricular lymph node; red = LYVE],
green = T-lymphocytes. Scale bar is 250 um.
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Upon closer inspection of the confocal images taken by Dr Voisin of the ear pinnae, some of
the T-lymphocytes appeared to aggregate when treated with fingolimod (Figure 5.20). As
such, it was hypothesised that the inhibitory effect of fingolimod upon T-lymphocyte
migration could be due to aggregation preventing uptake into afferent lymphatics. It has
previously been shown that clustering of T-lymphocytes lowers their motility,>* however it
has not been reported in the context of fingolimod. As these observations were only

qualitative, it was necessary to investigate this further, as described below.

LYVE1 T-lymphocytes

vehicle

fingolimod

Figure 5.17: Confocal microscopy of ear pinnae after exogenous CFSE-labelled T-lymphocyte
administration. Representative confocal images of ear pinnae fixed 5 h after CFSE-labelled T-
lymphocyte administration with either vehicle or fingolimod (1 mg/kg). CFSE-labelled T-lymphocytes
(green), LYVE1 (red), CD31 (blue). Scale bar = 50 um. Images were obtained by Dr Benoit-Voisin.
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5.4 T-lymphocyte aggregation studies

To further investigate these in vivo observations of increased Jurkat aggregation, it was
assessed whether these findings could be replicated in vitro, under a controlled setting. Jurkats
were seeded with a serial dilution of fingolimod and imaged after 4 h. Image] was used to
analyse the subsequent images to quantify the number of aggregates per treatment as well as
the size of the aggregates (Figure 5.21a). No significant effect upon either the size or the
number of Jurkat aggregates could be determined across concentrations (Figure 5.21b). As
such, there was no in vitro evidence to support the theory that fingolimod induced aggregation

of T-lymphocytes.
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Figure 5.18: Analysing Jurkat aggregation in response to treatment. (a) Workflow followed to count
number and size of aggregates per well using Fiji. A threshold was applied to the greyscale images to
distinguish cells from background. Any outlines were filled to ensure clumped cells could be distinguished
as an aggregate. Aggregates were then automatically counted and their surface area recorded using a pixel
threshold to remove single cells (b) Average size and number of aggregates per well per treatment.
Statistical analysis using one-way ANOVA. ns = P>0.05. Error bars = sem.
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Using the optimised Transwell migration assay, it was confirmed that fingolimod inhibited
T-lymphocyte migration through the lymphatic endothelium in a dose-dependent manner.
This inhibitory effect was supported by in vivo studies, but there was no evidence to support
that inhibition of ingression was as a result of T-lymphocyte aggregation. To understand more
about the role that fingolimod plays in both the lymphatic endothelium and T-lymphocytes
to modulate its inhibitory effect, it was necessary to utilise the validated PAL probes to

facilitate in cellulo labelling and proteomic target identification.
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6 Target Identification in Lymphatic Endothelial Cells Using
Photoaffinity Probes

6.1 Optimisation of photoaffinity labelling workflow

The initial investigations into fingolimod’s immunomodulatory effects implied that its
lymphangiogenic and migratory phenotype were occuring through distinct mechanisms.
These unique phenotypic effects could potentially be as a result of tissue-specific action by
fingolimod, with different targets and pathways being activated in Jurkats vs lymphatics. To
investigate this, it was of interest to utilise the validated PAL probes to identify fingolimod’s
interactome in both cell types. The differing enrichment patterns could shine a light on the
underlying mechanisms of fingolimod’s phenotypes of interest. Therefore, attempts were
made to optimise the photoaffinity labelling workflow in both Jurkats and lymphatic
endothelial cells.

The underlying principle of the photoaffinity labelling technique requires the diazirine probe
to undergo sufficient photolytic degradation to facilitate a measurable amount of proteome
labelling. To ensure this photolysis occurs, an optimal length of sample irradiation is required;
however, it is vital to avoid over-irradiation with UV light as this has been shown to induce
the formation of free radicals which promote irreversible protein denaturation.’* 34 Therefore,
a5 min UV irradiation window was chosen to avoid the potential loss of labelled sample while

ensuring probe 114 photolysis, as confirmed by MS (Figure 6.1).
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Figure 6.1: Photolysis of photoaffinity probe 114 achieved after UV irradiation. Mass spectra of 10
uM probe 114 in MeOH (a) before UV irradiation, where the molecular ion peak [M+H]" of probe 114 is
observed, and (b) after 5 min UV irradiation, where only the photolysed 1,2-H shift product is observed.

With the irradiation timeframe confirmed, the labelling workflow could be further optimised

in the cell lines of interest.

6.1.1 Optimisation of photoaffinity workflow in Jurkats

Due to the proliferative nature of Jurkats, optimisation in this cell line was attempted first. As
Jurkats are a comparatively small cell (~10 um),>* it was decided to optimise the workflow
using a large population (1 x 107 cells) per condition to ensure a concentrated protein volume
for SDS-PAGE analysis. The general workflow proceeded with Jurkats seeded in a T75 to
ensure larger surface area coverage for maximal irradiation, before treatment for a
preliminary 3 h timeframe (Figure 6.2a). PBS washes were performed to remove excess probe
and reduce sample contamination from serum proteins in the incubation media, due to the
high plasma protein binding potential of fingolimod (99.7%).3% Jurkats were then UV
irradiated in PBS, on ice, for 5 min before lysis. After sample normalisation, TAMRA-azide

was conjugated using a CuAAC reaction and the samples were subjected to SDS-PAGE. An

164



Chapter 6 Target Identification in Lymphatic Endothelial Cells Using Photoaffinity Probes

initial dose response trial was performed to assess PAL probe 114 labelling (Figure 6.2b).
Whilst there appeared to be a dose-dependent nature to the extent of labelling, the in-gel

fluorescence wasn’t clear. It was then hypothesised that the lack of signal could be improved

by changing the lysis buffer.
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Figure 6.2: Dose response of probe 114 labelling in Jurkats. (a) Schematic depiction of
labelling workflow in Jurkats (b) In-gel fluorescence of TAMRA-conjugated samples treated with
probe 114 (3 h, 5 min UV irradiation). Coomassie used for total protein stain.
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Initially, RIPA had been used as the chosen lysis buffer in an attempt to follow previous lab
protocols. However, RIPA is a Tris-based buffer, and the tris(hydroxymethyl)aminomethane
salts can chelate Cu(I), hindering the necessary Click reaction. Therefore, PBS-based lysis

buffers were used going forward.

The preliminary pharmacological evaluation of fingolimod’s mechanism of action indicated
that its protein target of phenotypic interest is a GPCR (Figures 5.4 & 5.15). All known GPCRs
are membrane-bound proteins with 7 characteristic transmembrane (TM) helices.?*” The
inherent hydrophobic nature of these TM regions is responsible for the propensity of GPCRs
to aggregate during protein extraction and isolation. To prevent this aggregation, and to
enable GPCR detection by Western blot analysis and MS, it is common practice to use
additional surfactants to facilitate GPCR solubilisation. A screen of PBS-based lysis buffers
was trialled to identify the most compatible surfactant (Figure 6.3). A selection of surfactants
(SDS, CHAPS, Triton X-100, NP-40) was screened with no significant improvement in the

clarity of the TAMRA bands, despite loading over 100 pg of protein per lane.
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Figure 6.3: Lysis buffer screen in Jurkats. In-gel fluorescence of TAMRA-conjugated samples treated
with probe 114 (3 uM, 3 h, 5 min UV irradiation). Coomassie used for total protein stain.

It was then hypothesised that the serum proteins in the media could be sequestering the
majority of probe 114, resulting in minimal labelling; therefore, serum-free labelling
conditions were trialled (Figure 6.4). In the absence of FBS during pre-irradiation probe
treatment, significantly less labelling was observed by in-gel fluorescence. This finding made

it clear that the presence of serum was necessary for probe uptake in Jurkats

167



Chapter 6 Target Identification in Lymphatic Endothelial Cells Using Photoaffinity Probes

o
¥ »n
o (a]
P 7))
= X
- -
(@) ) o )
2 5 2 3
[a) s O s
kDa
TAMRA
250
130
95
70
55
43
34
Coomassie

Figure 6.4: Serum-free labelling conditions trialled in Jurkats. In-gel fluorescence of TAMRA-
conjugated samples treated with probe 114 (3 uM, 3 h, 5 min UV irradiation) in the absence of
FBS. Coomassie used for total protein stain.

With no observable improvements with the labelling in the Jurkat cell line, it was decided to
prioritise optimisation of the LECs. In the future, alternative methods of Jurkat lysis (i.e.
sonication) or alternative cell lines (i.e. primary human T-lymphocytes) could be explored to
improve the labelling workflow. In addition, the efficiency of the Click chemistry could have
been sub-optimal, explaining the lack of signal observed, as such a thorough analysis of the

Click reagents could rectify this issue (i.e. TCEP pH).
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6.1.2 Optimisation of the photoaffinity workflow in lymphatic endothelial cells

Guided by the attempted optimisation of the Jurkat workflow, the general LEC protocol
proceeded in a confluent 10 cm dish (approx. 2-3 x 10°cells), before treatment with probe 114
for a preliminary 3 h timeframe. Precautionary PBS washes were performed and the LECs
were UV irradiated, on ice, for 5 min before lysis. After BCA normalisation, TAMRA-azide
conjugation was performed and the samples were subjected to SDS-PAGE. There were similar
issues with clarity of the in-gel fluorescence band (Figure 6.5a), however the excessive
background fluorescence could be removed by running the gel longer to ‘run off’ the excess
TAMRA-azide (Figure 6.5b). However, this still did not improve the lack of clear signal in the

gels, so a screen of lysis buffers was performed.
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Figure 6.5: Optimisation of TAMRA sample in-gel fluorescence. SDS-PAGE gels of TAMRA-
conjugated samples, imaged at 520 nm. Gels were loaded with lysates from cells treated with
DMSO, 3 uM probe 114 and 3 uM probe 114 + 10 uM fingolimod (competition). Coomassie
used for total protein stain.
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A variety of non-ionic (NP-40, Triton X-100), ionic (SDS) and zwitterionic (CHAPS) detergents
were tested. Whilst all trialled lysis buffers demonstrated a significant improvement in signal
clarity, relative to RIPA, NP-40 was chosen as the preferred surfactant moving forward, due

to its broader scope solubilising potential (Figure 6.6).
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Figure 6.6: Optimisation of lysis buffer conditions. In-gel fluorescence of lysis buffer screen
to identify optimal buffer conditions for improved TAMRA signal (1 uM 114 for 3 h, 5 min
irradiation). RIPA is a Tris-based buffer, all other buffers were made up in PBS. Coomassie used
for total protein stain.

To further optimise the labelling protocol, a dose response of probe 114 (0.01 — 3 uM) was
performed to assess the optimal concentration for labelling (Figure 6.7). Dose-dependent
signal intensity was observed upon increasing probe 114 concentration, with the signal
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plateauing at 1 uM. However, as the observable ECso of probe 114 in the phenotypic
lymphangiogenesis screen was 3.02 uM (Figure 5.1), it was determined that an optimal dose

of 3 uM would ensure capture of the phenotypic proteins of interest.
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Figure 6.7: Optimisation of probe dosage. In-gel fluorescence of TAMRA-conjugated samples subjected
to a serial dilution of probe 114 (3 h, 5 min UV irradiation). Coomassie used for total protein stain.

It was also of interest to explore whether there was an optimal time frame to dose the LECs
with probe 114, before irradiation. It was essential that the probe had ample time to permeate
the cells and undergo the key SPHK2-mediated phosphorylation that was necessary for its
phenotypic activity. LECs were dosed with 3 uM probe 114 for 0.5, 1, 2 and 3 h time intervals

before UV irradiation and sample preparation. There appeared to be no observable difference
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in the bands labelled between the different time points by in-gel fluorescence of the TAMRA-

conjugated samples (Figure 6.8).
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Figure 6.8: Optimisation of labelling timeframe. In-gel fluorescence of TAMRA-conjugated samples
treated over distinct time intervals (3 uM 114, 5 min UV irradiation). Coomassie used for total protein
stain.

To confirm whether this observation correlated with the expected labelling of a known
membrane target of fingolimod, the presence of SIPR:1 was assessed. A modified workflow
was followed for biotin-conjugation of the labelled samples (Figure 6.9a). Western blot
analysis showed the presence of SIPR: across all time points (Figure 6.9b). As the length of
probe 114 pre-dosing did not appear to have any significant influence on labelling coverage,

it was decided that a 1 h treatment would allow capture of fingolimod’s initial interactome.
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Figure 6.9: Optimisation of labelling timeframe. (a) Labelling workflow for neutravidin magnetic bead
pull-down of biotinylated, labelled samples (1 h, 5 min UV irradiation) (b) Pre- and post-pull down (PD)
biotin-conjugated protein samples treated over distinct time intervals (3 uM 114, 5 min UV irradiation).
Western blot analysis shows S1PR; labelling and capture across all time intervals.

This observation also served as further validation of the photoaffinity labelling technique and
the ability of probe 114 to mimic fingolimod’s interactions. It is worth noting that the pull-
down procedure used in Figure 6.9 was comprised of an optimised workflow compared to
Figure 6.11, explaining the enhanced clarity. This optimisation will be discussed later in this

chapter and is described in full detail in the Methods.

As previously stipulated, robust controls are essential to determine the identity of true probe-
protein interactions, amongst the background probe labelling. Negative control probe 130 had
previously demonstrated inactivity in both immunomodulatory phenotypic assays, and was
therefore trialled as a control condition. It was also of interest to explore the use of fingolimod

as a competitive ligand to indicate true interactions. The short time frame of the pre-dosing
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allowed exploration of higher fingolimod doses, capturing initial interactions before inducing
cytotoxicity (Appendix V). To ensure substantial competition with the PAL probe 114 (3 uM),
both 10 and 30 uM fingolimod doses were trialled. In-gel fluorescence revealed that
significantly more labelling had been achieved by the negative control probe 130, relative to
probe 114 (Figure 6.10). It was postulated that the more lipophilic nature of probe 130 could
enhance cell permeability and non-specific protein interaction, compared to the more targeted
interactions of probe 114. The fingolimod co-treatment conditions gratifyingly appeared to
outcompete some of the bands in the gel, an observation which was more defined in the 30

uM competition treatment.
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Figure 6.10: Optimisation of labelling timeframe. In-gelfluorescence of TAMRA-conjugated samples
treated over distinct time intervals (3 uM 114, 5 min UV irradiation). Coomassie used for total protein
stain. The overall signal per lane relative to the Coomassie stain was quantified. N=1.
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Western blot analysis of the biotinylated pull-down samples showed enrichment for S1PR:
relative to the pre-pulldown samples (Figure 6.11). There was also significantly more S1PR:
present in the probe 114 treated samples relative to the DMSO control, which was promising.
There appeared to be some labelling of SIPR:i by the negative control probe 130, but
encouragingly, there was little SIPR: observed in both of the competition-treated pull-down

samples.
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Figure 6.11: Identifying a suitable control condition for photoaffinity labelling. Pre and post pull-
down (PD) biotin-conjugated protein samples (1 h, 5 min UV irradiation). Inmunostained for STPR;.

Whilst these initial results were promising, the signal intensity for SIPR: was very weak. In
an attempt to improve the signal-to-noise ratio, and ensure maximum capture of fingolimod’s
labelled target proteins, a higher volume of beads per mg of protein was incorporated into the

workflow (100 pL/mg -> 250 uL/mg). This modification would allow for the capture of more
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protein per sample. However, with increased beads there is the inherent issue of increased
non-specific binding. To combat this, a more thorough bead washing protocol was adopted
(Figure 6.12a). These adjustments to the method significantly improved the signal of SIPRi1 in
the pull-down samples (Figure 6.12b). Western blot analysis reaffirmed that negative control
probe 130 was labelling SIPRi. It was also revealed that, although initially promising, the 10
uM fingolimod competition dose did not significantly outcompete probe 114 binding to
S1PRi. Contrastingly, the 30 uM fingolimod competition appeared to completely outcompete

probe 114 labelling of S1PRu.
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Figure 6.12: Increased beads and robust washing improved the signal of S1PR in pull-down. (a)
Optimised labelling workflow for neutravidin magnetic bead pull-down of biotinylated, labelled samples
(1 h, 5 min UV irradiation) (b) Pre and post pull-down (PD) biotin-conjugated protein samples (1 h, 5 min
UVirradiation). Inmunostained for S1PR;.

To assess whether this pattern was consistent across the proteome, the levels of biotinylation
within PD samples was investigated (Figure 6.13). Probe 114-treated LECs appeared to have
much more biotinylated proteins present within the PD samples, compared to DMSO-treated

and competition.
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Figure 6.13: Probe 114-treated LECs demonstrated increased sample biotinylation. Pull-down (PD)
biotin-conjugated protein samples (1 h, 5 min UV irradiation) from LECs treated with DMSO (0.1%),
probe 114 (3 uM) or competition (3 uM probe 114 + 30 uM fingolimod). Immunostained for biotin.

Despite the promising lack of phenotypic effect observed by negative control probe 130 in
both the lymphangiogenesis and migration assays, significant labelling of SIPR:1 was still
observed. It was shown that SIPR1 is not the target responsible for these phenotypes (Figures
5.3 and 5.15), but phosphorylation of fingolimod is still necessary for SIPR: agonism.""” The
site of SPHK2-mediated phosphorylation on probe 130 was purposefully blocked in the
design of the probe, highlighting the disconnection between affinity and efficacy. Control
probe 130 must still exhibit an inherent affinity towards S1PRi, whilst not exhibiting the
necessary structural indication to induce agonism. Whilst avoiding making experimental
assumptions based on a different target, the uncertainty surrounding the selectivity of control
probe 130 was of concern. If control probe 130 maintained a non-functional affinity for other

targets, then ‘true” hits could be discarded due to poor enrichment relative to the control. This
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justified the decision to use the 30 uM fingolimod competition control for future proteomics
studies.

Unfortunately, a robust protocol for photoaffinity labelling in Jurkats was not achieved within
the scope of this research; nonetheless, a workflow for PAL probe 114
-mediated labelling in LECs was optimised. A screen of detergents identified 1% NP-40 in PBS
as a click-compatible lysis buffer, which facilitated distinct in-gel fluorescence imaging of
TAMRA-conjugated samples. Preliminary labelling studies identified the optimal probe
concentration (3 puM) and pre-irradiation treatment time (1 h) to enable capture of
fingolimod’s initial interaction partners. This was validated by using a known membrane-
bound target of fingolimod, S1PR1. The neutravidin bead pull-down workflow was optimised
to increase the overall protein capture whilst reducing non-specific protein binding to the
beads. And finally, a suitable control condition was chosen to enable necessary deconvolution
of future proteomic data, thereby identifying the true interactome of fingolimod. This
thorough workflow optimisation was vital to ensure the highest confidence in the samples

generated for proteomic analysis.

6.2 Proteomic analysis of lymphatic endothelial cells treated with probe 114

6.2.1 Validation of proteomics workflow

With the labelling workflow optimised, it was in our interest to assess the MS workflow as
well. Common sample preparation proceeds initially via protein denaturation and disulphide
bond cleavage using reducing agents such as TCEP and DTT. The free cysteine thiols are then
alkylated with iodoacetamide to prevent disulphide bridge reformation and protein refolding.

The unfolded proteins then undergo enzymatic digestion from the neutravidin beads. The
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most commonly used digestive enzyme for proteomics workflows is trypsin, a serine protease
that cleaves peptide bonds exclusively at the C-terminal of lysine and arginine residues.>® As
it has previously been demonstrated, fingolimod’s target of interest is likely a membrane
bound GPCR. An inherent issue with GPCR tryptic digest is the scarcity of lysine and arginine
residues present in their sequence due to the hydrophobic nature of their TM regions. This
can make GPCR identification by proteomics problematic due to the reduced number of
ionisable peptide fragments and low peptide coverage. Several other proteases have been
identified that are more suited to membrane protein digestion. ProteinaseK is another serine
protease that cleaves the exposed hydrophilic regions of membrane proteins.*** However,
proteinaseK has no defined recognition or cleavage pattern, which is unsuited to the
complexity of whole cell proteomics. Despite these concerns, ExPASY in silico trypsin
digestion predicted significant peptide coverage of S1PR1 (90.8%).3 Therefore, it was decided
to perform a preliminary tryptic digest and LCMS analysis of a single PAL probe 114 labelled

pull-down sample to assess the extent of membrane protein detection.

STRING analysis of the resultant protein list revealed a high level of membrane proteins,
specifically those involved in focal adhesion and cell junctions (Figure 6.14a). This finding was
corroborated by the observed enrichment of cadherin and cell adhesion binding proteins as

well (Figure 6.14b).
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Figure 6.14: STRING analysis of initial LCMS run on a single probe 114-labelled sample. (a) Top
subcellular localisation hits (b) Top molecular function hits.

Amongst the identified proteins were several naturally biotinylated proteins, confirming the
success of the neutravidin pull-down (Table 6.1). Also of note was the identification of several

known targets of fingolimod, including the membrane bound S1PR: and Tiel.
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Table 6.1: Known targets of fingolimod and naturally biotinylated proteins identified in the initial
LCMS screen of a single probe 114-labelled pull-down sample

Protein Abbrev. Subcellular
localisation

Known targets of fingolimod:

Casein kinase I isoform delta CSNK1D Cytosol
Ceramide synthase 2 CERS2 ER

Histone deacetylase 6 HDAC6 Cytosol, Nucleus
Signal transducer and activator of transcription 3 STAT3 Cytosol, Nucleus
Sphingosine-1-phosphate lyase SGPL1 ER

Sphingosine 1-phosphate receptor 1 S1PR: Membrane
Tyrosine-protein kinase receptor 1 TIE1 Membrane

Naturally biotinylated proteins:

Acetyl-CoA carboxylase 1 ACACA Cytosol

Propionyl-CoA carboxylase PCCB Mitochondria

As these samples were run without fractionation or TMT-labelling, the proteome coverage is
generally limited, with only the most enriched proteins meeting the detection threshold.
Therefore, we would expect an even greater coverage in the intended 12-plex TMT-MS study.
The DMSO and competition controls would also enable elimination of non-specific and very
abundant proteins, permitting the identification of targets that are specifically enriched in
probe 114-labelled samples. These initial findings reaffirmed our confidence to continue with
the larger scale proteomic experiment. Subsequently, the labelled samples (DMSO, probe 114
and competition) were prepared in quadruplicate, to enhance the statistical power of the

bioinformatic analysis.

TMT-MS chemoproteomics is an expensive experiment to perform, therefore it is also worth
acknowledging that there are alternative MS techniques which are compatible with
chemoproteomics. The cheapest and therefore more accessible technique is label-free MS,
which uses a simple workflow which can be used for large-scale sample analysis. However,

it is very sensitive to technical variation between runs and samples which can lower the
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statistical power of the data. Another technique is SILAC, which metabolically incorporates
heavy isotope amino acids into cell culture allowing isotopic distinction between samples.
This is a robust technique with high quantitatively accuracy, however multiplexing is limited
to 2 or 3 samples unlike TMT-MS which can incorporate up to 35. Another limitation of SILAC
is the non-native system which is adopted by the presence of heavy amino acids, as well as
the risk of incomplete labelling or metabolic conversion of some amino acids which can skew
data analysis. Therefore, it was decided to use TMT-MS proteomic techniques to quantify the

interactome of probe 114, in collaboration with Dr Kate Heesom at The University of Bristol.
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6.2.2 TMT-proteomic analysis

The 12-plex TMT proteomic analysis yielded a list of 2839 identified proteins across the 12
samples. Of these proteins, 120 were significantly enriched (FC>1.5, P<0.05) in the probe 114-
treated LECs vs DMSO (Figure 6.15), including SIPRi. Some proteins of initial interest were
stabilin-1 (STAB1), galectin-1 (LGALS1) and LYVEIL, as all of these proteins have been
implicated in the modulation of immune cell migration through lymphatic vessels.?% 351-35
There were 12 significantly enriched (FC<0.067, P<0.05) proteins present in the DMSO-treated

samples, the majority of which were known naturally biotinylated proteins (i.e. histones,

carboxylases).
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Figure 6.15: Proteomic analysis of LECs treated with 3 uM PAL probe 114 relative to DMSO-
treated control LECs. Volcano plot of proteins enriched by 3 uM PAL probe 114 compared to
control cells (0.1% DMSO). Red circles indicate significantly enriched proteins (FC>1.5, P<0.05),
black circles indicate proteins of interest, blue circles indicate proteins enriched in the DMSO

control cells.
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When comparing PAL probe 114-treated lymphatics to the fingolimod competition cells
(Figure 6.16), there were 186 significantly enriched proteins (FC>2, P<0.05). Amongst these
enriched proteins were several known fingolimod interactors (i.e. SIPRi;, HDAC2, CerS2,
SPNS2). The enrichment of these proteins increased the confidence in the proteomic data,

ensuring that PAL probe 114 could capture true interactors of fingolimod.
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Figure 6.16: Proteomic analysis of LECs treated with 3 uM PAL probe 114 relative to fingolimod
competition LECs. Volcano plot of proteins enriched by 3 uM PAL probe 114 compared to control
cells (3 uM PAL probe 114 + 30 uM fingolimod). Red circles indicate significantly enriched proteins
(FC>1.5, P<0.05), black circles indicate significantly enriched proteins of interest, blue circles
indicate proteins enriched in the control cells.

The presence of enriched S1PR: in probe 114-treated pull-down samples had already been
confirmed by Western blot analysis during the optimisation of the labelling protocol (Figure

6.12). Therefore, to further corroborate the findings of the proteomic analysis, THEM6 was
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chosen as a substantially enriched protein to assess by Western blot. THEMBS6 is a thioesterase
that plays a role in lipid homeostasis.** Probe 114-treated LECs showed significant

enrichment of THEMBS relative to both DMSO control and competition pull-down samples

(Figure 6.17)
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Figure 6.17: Western blot analysis corroborates the enrichment of THEMG6 in probe-treated LECs
compared to controls. Quantified Western blot analysis of THEM6 enrichment in 3 uM probe 114-
treated LECs compared to DMSO control cells and competition (3 uM probe 114 + 30 uM fingolimod).
Statistical analysis was performed using one-way ANOVA and multiple comparison tests. **** =
P<0.001. Error bars =sem. N=3.

With established confidence in the proteomic data, a broader analysis of the proteins that were
enriched relative to the competition cells revealed a huge proportion of proteins involved in
mRNA processing, splicing and translation (Figure 6.18). Whilst, there is no prior knowledge
of Fing-P directly regulating mRNA, another type of phospholipid, phosphoinositides, have
been shown to directly bind to mRNA splicing, capping and transportation machinery.3*
However, the glycosylated nature of phosphoinositides makes them structurally different
from Fing-P, therefore it would be unadvisable to make an assumption on Fing-P’s activity
based on phosphoinositide mechanisms. Another likely explanation for the relatively high

proportion of mRNA related proteins is the generally high expression of these housekeeper
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proteins present in the cell, particularly in response to a new stimulus (i.e. probe 114). Coupled
with the probable high plasma protein binding capability of the probe (Fing-P PPB> 99.7%),34
there is likely a high probability of non-specific binding of the probe. A similar assessment
could be made for the cytoskeletal and ribosomal proteins which are abundant within a

human endothelial cell, all of which demonstrated a high false discovery rate (FDR).
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Figure 6.18: Gene ontology analysis of proteins enriched in 3 uM PAL probe 114 relative to
fingolimod competition LECs. STRING GO analysis highlighting the top 10 biological processes
associated with the enriched proteins.

It was decided that a targeted insight into the enriched proteins of phenotypic relevance
would be of great interest. Therefore, the 186 enriched proteins were shortlisted to 140,
through the removal of ribosomal, spliceosomal and transcriptional machinery. Gene
ontology analysis of these shortlisted proteins provided a more detailed account of the
biological processes associated with these proteins (Figure 6.19). Gratifyingly, there were
several clusters of enriched proteins with a low FDR, which exhibited associations with
angiogenic and immunomodulatory processes, these connections will be explored later in this

chapter.
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Figure 6.19: Gene ontology analysis of shortlisted proteins which were enriched in 3 uM PAL probe
114 relative to fingolimod competition LECs. STRING GO analysis of enriched proteins, which were
shortlisted through the removal of 46 ribosomal, translational and spliceosomal proteins.

Also of interest were the general proteome-wide differences which were observed in response
to fingolimod treatment, which could potentially be attributed to indirect pathway

perturbation versus direct interaction with probe 114. To investigate this, pathway analysis
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was performed on proteins which were enriched in competition samples relative to DMSO

but not in probe 144-treated samples relative to competition (Figure 6.20a).
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Figure 6.20: Proteome perturbation in response to fingolimod treatment. (a) Venn diagram
highlighting proteins which were enriched in the competition (3 uM probe 114 and 30 uM fingolimod)
relative to DMSO, but not enriched by probe 114-treated samples compared to competition (b)
Metascape gene ontology analysis of the 83 identified proteins which were enriched in the competition
samples, coloured by p-values. P-values were calculated by a hypergeometric test with an applied
Benjamini-Hochberg algorithm correction.

Metascape gene ontology analysis highlighted some expected pathway enrichment related to
lipid modification and fatty acid metabolism, which can be attributed to the lipid-like nature
of fingolimod (Figure 6.20b). In addition, there were some pathways related to growth
hormone secretion and VEGFR2 signalling which appeared to be enriched, which would be

expected in a pro-lymphangiogenic environment in response to fingolimod treatment.
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Similarly, ECM organisation and focal adhesion are processes which are necessary for

lymphangiogenic growth and immune cell adhesion/migration.

Furthermore, transcription factor analysis indicated a cluster of TAZ-regulated proteins
(Figure 6.21). This was intriguing, as TAZ-modulated transcriptional regulation has been
associated with angiogenic signalling through (V)EGFRs.?¢ Upregulated YAP/TAZ
transcriptional regulation has also been observed in response to APLNR agonism in mice.?”
Downstream processes of TAZ-regulated transcription also include ECM remodelling and
Rho GTPase-mediated actomyosin organisation.®®® As such future work could investigate

YAP/TAZ-signalling in response to fingolimod treatment.
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Figure 6.21: Transcription factor analysis by Metascape. Enrichment analysis in transcription factor
targets, coloured by p-values. P-values were calculated by a hypergeometric test with an applied
Benjamini-Hochberg algorithm correction.
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6.2.3 Analysis of (lymph)angiogenesis-related proteins

Examination of the probe 114-enriched shortlisted proteins GO analysis revealed that a

substantial proportion of enriched proteins were associated with endothelial vessel tube

morphogenesis and angiogenesis (Figure 6.22).
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Figure 6.22: A network of angiogenic proteins are enriched in probe 114-treated LECs relative to
fingolimod competition LECs. STRING network of 140 shortlisted proteins which are enriched in the
probe treated cells versus competition cells. Red circles indicate proteins which have a documented

association with angiogenesis and vessel morphology.

A closer look at the clustering of these proteins revealed an interlinked network, involving

many known regulators and inducers of lymphangiogenesis (Table 6.2). Of note was

191



Chapter 6 Target Identification in Lymphatic Endothelial Cells Using Photoaffinity Probes

calcitonin receptor-like receptor (CALCRL), a GPCR that forms a heterodimer with RAMP2

to enable adrenomedullin signalling, essential for normal lymphatic growth,** and has been

linked to tumour-associated lymphangiogenesis.?*

Table 6.2: Identified enriched proteins which have a known role in lymphangiogenesis.

Protein  Name Role in lymphangiogenesis Ref
ANGPT2 angiopoietin-2 Involved in the regulation of VEGFR3 cell surface 360
expression in LECs. Required for normal lymphatic
vessel development.
CALCRL calcitonin receptor- A GPCR for adrenomedullin signalling which 358
like receptor promotes lymphatic growth
COL18A1 collagen XVIII COL18AL1 is cleaved by MMPs into several anti- 361
lymphangiogenic factors
EGFR epidermal growth Activation of EGFR promotes lymphangiogenesis 362
factor receptor
FGF2 fibroblast growth ~ FGF2 plays a collaborative role with VEGFR3 in the 363
factor 2 promotion of lymphangiogenesis
FN1 fibronectin-1 Promotes VEGFC expression and 364
lymphangiogenesis
ITGAS5 integrin a5 Downregulation of ITGAS5 inhibits 365
lymphangiogenesis
MET hepatocyte growth ~ Receptor for HGF, downstream signalling leads to 3¢
factor receptor lymphangiogenesis
TMEM33 transmembrane Essential for VEGF-mediated calcium signalling 367
protein 33

Unfortunately, APLNR was not detected in any sample by proteomics. This was surprising,
as APLNR was enriched in the probe 114-treated pull-down samples by Western blot (Figure
6.23). It was hypothesised that the lack of APLNR observed by MS was due to its lack of
ionisable peptides after tryptic digestion, as to our knowledge APLNR has only been detected
by proteomics previously after a combined Lys-C and trypsin digest.?*® There were several
other membrane-bound fingolimod interactors which were not detected by TMT-MS (i.e.

S1PRs-s, Tiell), which supported this hypothesis.
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Figure 6.23: Apelin receptor enrichment is observed in 3 uM probe 114-treated LECs. Quantified
Western blot analysis of APLNR enrichmentin 3 uM probe 114-treated LECS compared to DMSO control
cells and competition (3 uM probe 114 + 30 uM fingolimod). Statistical analysis was performed using
one-way ANOVA and multiple comparison tests. ** = P<0.01, ns = P>0.05. Error bars = sem.

Despite the absence of APLNR in the proteomic data, there is still evidence to support its

involvement as a receptor of fingolimod and a regulator of lymphangiogenesis.

6.2.4 Analysis of migration-related proteins

Amongst the highlighted GO terms associated with the probe-enriched proteins were clusters
related to cell migration and cell adhesion. (Figure 6.24). Further investigation into these
clustered proteins identified a number of proteins with a prior link to immune cell migration
through lymphatic vasculature (Table 6.3). It was reaffirming that STAB1 and LGALS1 were
seen to be enriched again, as was LYVEI, another protein linked to the transendothelial of
immune cells.?> 3% Macrophage mannose receptor 1 (MRC1) has also been observed to increase
the adhesion of T-lymphocytes to lymphatic vessels, perpetuating them towards
transendothelial migration.’”® Neither CX3CR1, nor any other chemokine receptor, were

identified in the proteomic analysis, despite their known expression on LECs. Previous
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identification of CX3CR1 by proteomics used substantially more detergent to facilitate protein

solubilisation (5% SDS vs 0.1% SDS),*! which could potentially explain the lack of CX3CR1

present in our samples if it is prone to aggregation. Nevertheless, the identification of these

adhesion proteins within probe 114-enriched LECs was promising and suggested that

fingolimod could play a complimentary role in the lymphatic endothelium to induce its

inhibition of T-lymphocyte ingression. Further validation of the functional connection

between these receptors and fingolimod-mediated inhibition would be the focus of future

studies.
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Figure 6.24: A network of migration/adhesion proteins are enriched in probe 114-treated LECs
relative to fingolimod competition LECs. STRING network of 140 shortlisted proteins which are
enriched in the probe treated cells versus competition cells. Blue circles indicate proteins which
have an association with cell migration and cell adhesion.
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Table 6.3: Identified enriched proteins which have a known role in immune cell trafficking in
lymphatics.

Protein  Name Role in lymphangiogenesis Ref
LGALS1  galectin-1 Inhibits T-lymphocyte migration through 372
lymphatics
LYVE1 lymphatic vessel Required for immune cell migration from heart 22
endothelial hyaluronan into draining LNs
receptor 1
MRC1 macrophage mannose  Controls T-lymphocyte trafficking by increasing 370,
receptor 1 adhesion to lymphatics 373
STAB1 common lymphatic Mediates Treg migration across blood 3,
endothelial and vasculature. Also mediates lymphocyte 374
vascular endothelial migration from tissue to draining LNs
receptor-1

Western blot analysis of the pull-down samples was performed to assess whether these
identified receptors were ‘true’ interactions. LYVE1 was enriched in the probe 114-treated

samples compared to both the DMSO control sample and the competition sample (Figure 6.25)

LYVE1
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probe 130 - - 3 - - n
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Figure 6.25: Western blot analysis of LYVE1 expression in probe-treated LEC pull-down samples
compared to controls. Quantified Western blot analysis of LYVE1 enrichment in 3 uM probe 114-
treated LECs compared to control treatment. N=1.

LYVELI has been shown to be necessary for immune cell ingression into afferent lymphatics
for clearance to LNs after an MIL.22 Whilst a LYVE1-dependent mechanism has only been
confirmed for DCs, macrophages and leukocytes, its involvement has not yet been studied in
the context of T-lymphocyte trafficking. As such, further studies into the role of LYVE1 in T-

lymphocyte migration and fingolimod’s involvement would be of interest.
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Increased LGALS1 expression has been shown to inhibit T-lymphocyte migration across
human umbilical vein endothelial cells (HUVECs). Therefore, its association with T-
lymphocyte ingression into afferent lymphatics could be of interest and was investigated
further. Western blot analysis of LGALSI levels in pulldown samples from LECs highlighted
that whilst enriched relative to DMSO, there appeared to be no substantial enrichment of
probe 114-treated samples compared to competition (Figure 6.26). This highlights the

importance of thorough orthogonal validation during target identification and validation

studies.
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Figure 6.26: Western blot analysis of LGALS1 expression in probe-treated LEC pull-down
samples compared to controls. Quantified Western blot analysis of LGALS1 enrichment in 3 uM
probe 114-treated LECs compared to DMSO control cells and competition (3 uM probe 114 + 30 uM
fingolimod). N=1.

6.2.5 Connections to fingolimod’s adverse effects

Fingolimod treatment has also been linked to symptoms of hypertension in patients.?”> Thus
far, this indication has been attributed to S1PR: and SI1PRs signalling that induces
vasoconstriction.’”® %7 There were a number of probe-enriched proteins with associations to
hypertension: Type-I angiotensin II receptor-associated protein (ATRAP) and Tiel are
components of the Renin-Angiotensin-Aldosterone System (RAAS), which is the main
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pathway responsible for inducing hypertension.?”® Furthermore, APLNR has been shown to
interact with Tiel upon activation,® in a cardioprotective manner which antagonises Tiell-
mediated hypertension.’ However, other studies report contradictory findings, whereby
APLNR activation enhances hypertension.’!-3 Moreover, some reported polymorphisms of
APLNR correlate to an increased risk of hypertension in patients, which could explain, in part,
the differential findings listed above.343%¢ As such, the true association between APLNR and
hypertension remains unknown. In addition, 3-adrenergic receptor kinase 1 (GRK2) was also
enriched, and similarly has implications in hypertension, due to its upregulation of (-
adrenergic receptors.’” Whilst S1PRzs still play a role in the manifestation of hypertension,

there could be other contributing factors that have not yet been considered.

Furthermore, there have been numerous reports of increased carcinoma and melanoma risk
in patients receiving fingolimod treatment.?% 3 Among the probe 114-enriched proteins were
several families of cell-cycle modulators whose dysregulation has been linked to cancer
progression: cyclin-dependent kinases (CDKs), protein phosphatases (PPs) and
heterogeneous nuclear ribonucleoprotein (HNRNDPs).3%2 Additionally, transmembrane
protein 192 (TMEM192) was also found to be enriched. TMEM192 is highly expressed in
multiple cancers and plays a role in proliferation.®* Also of note is the reported association of
THEMBS6 with cancer cell survival.** Whilst these oncogenic mediators have been highlighted,
there are many protein dysregulations which have been implemented in the progression of
cancer and further studies would be required to understand which pathways could be
modulated by fingolimod treatment. Similarly, fingolimod’s pro-cancerous phenotype could

be a side effect of its immunosuppressive and pro-lymphangiogenic effects.
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6.2.6 Other observations

Metabolism of fingolimod proceeds via two differing biotransformations.®> The first is
mediated by CYP4F2, a cytochrome P450 isoform not detected in the proteomic analysis, likely
due to its low abundance outside the liver. The second pathway proceeds via a still unknown

acyltransferase, incorporating either a C16 or C18 fatty acid (Figure 6.27).3%

(+ octadecadienoic acid) (+ hydroxystearic acid)

Figure 6.27: Predicted metabolites of fingolimod, present in the blood by Huwiler et al.>*’ These
metabolites were predicted using LC-MS/MS, assigned primarily based on their retention times, compared
to metabolites characterized in rat blood. The metabolites are proposed to be products of amine acylation
with endogenous fatty acids (in brackets) and hence analogous to ceramides.

Amongst the probe enriched proteins were a selection of potential acyltransferases that could
be involved in Fing-P metabolism (Table 6.4), as they are known to perform similar acyl

transformations.397-401
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Table 6.4: Acyltransferases enriched in probe 114-treated samples, which could be involved in Fing-
P metabolism

Protein Name Function

AGPAT4 1l-acylglycerol-3-phosphate ~ O- Converts lysophosphatidic acid to

acyltransferase 4 phosphatidic acid
LCLAT1  lysocardiolipin acyltransferase 1  Involved in phosphatidylinositol acyl-chain
remodelling
LPCAT4  lysophosphatidylcholine Catalyses the conversion of lysophosphatidic
acyltransferase 4 acid to phosphatidic acid
LPGAT1 lysophosphatidylglycerol Catalyses the re-acylation of
acyltransferase 1 lysophosphatidylglycerol to
phosphatidylglycerol
MBOAT? lysophospholipid Involved in the re-acylation of phospholipids

acyltransferase 7

Also of note was a cluster of proteins relating to glycolysis, insulin signalling and fatty acid
metabolism that were observed in the probe 114-enriched samples (Figure 6.28). Fingolimod
has been linked to improved outcomes in type II diabetes due to its ability to regenerate islet
[-cells in mice.*> This was proposed to be through agonism of SIPRs, however no KO/KD
studies were performed to corroborate this statement. In addition to this regenerative effect,
fingolimod has also been shown to improve glucose tolerance and insulin sensitivity in rodent
disease models.* 4% Fingolimod’s inhibition of CerS2 contributes to a therapeutic decrease in
ceramide accumulation in the muscle.* 45 Moreover, fingolimod administration has also
been shown to reduce the levels of di and triacylglycerol in skeletal tissue in mouse models,®
potentially through its interaction with the plethora of metabolic enzymes highlighted below,
which were enriched in probe-treated LECs (Figure 6.26). Fingolimod and its metabolites
likely play a complex role in lipid modulation and signalling, that will have numerous effects

in differing cellular processes.
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Figure 6.28: Metabolic proteins enriched in probe 114-treated LECs compared to competition
cells. STRING network analysis of 140 shortlisted proteins, indicating metabolic proteins associated
with insulin signalling (green), fatty acid metabolism (purple) and glycolysis/gluconeogenesis (red).

Fingolimod has been linked to the amelioration of Alzheimer’s disease (AD) progression.“ In
the competition-enriched proteins was a clustering associated with long-term potentiation
(Figure 6.19). Long-term potentiation is a cellular mechanism involved in memory,
characterised by a persistent increase in synaptic transmission, which is impaired in AD
patients.*” If fingolimod could play a role in long-term potentiation induction, it may

contribute to the amelioration of AD symptoms observed with fingolimod treatment. Also of
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note in the context of fingolimod’s ties to AD, was the enrichment of ADAM10, a disintegrin
protein, in probe-treated LECs. ADAMIO0 is a protein that has been linked to the a-cleavage
of amyloid precursor protein (APP) reducing neurotoxic amyloid-B (AP) production.*
Different lipids have been reported to influence the effect of ADAM10, however it is still
unknown if this is through direct or indirect mechanisms.****"® Similarly, fingolimod could
potentiate ADAM10 towards APP cleavage either directly or indirectly through its influence
on cholesterol levels.#" Moreover, fingolimod also enriched the insulin-degrading enzyme
(IDE), another protein which has been associated with A3 degradation.“® Further studies into
the causal link between fingolimod and AP deposition are required to better understand these

effects.

Previous studies into fingolimod’s alleviation of Niemann-Pick disease phenotypes revealed
its ability to decrease free cholesterol levels. ' This was postulated to be due to its
upregulation of cholesterol transporter NPC1, in a SPHK2-independent manner. Analysis of
the enriched proteins in probe-treated LECs identified NPC1 alongside other known
modulators of free cholesterol, DHCR7 and NCEH1, which could potentially contribute to the

phenotypic effect observed.

Proteomic analysis of the fingolimod-derived probe 114-enriched LECs, relative to DMSO
control cells and fingolimod competition treatment, revealed a plethora of proteins potentially
involved in fingolimod’s pleiotropic effects. The TMT-MS technique was limited by its lack of
GPCR coverage, which could explain in the absence of APLNR, a hit which had demonstrated
a promising association with fingolimod-derived lymphangiogenesis. Despite this, GO
analysis identified a subpopulation of proteins associated with lymphangiogenesis, as well as

immune cell migration and adhesion. However, these lymphatic adhesion and migration
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receptors were not G-coupled. Previous PTX co-dosing studies had suggested that
fingolimod’s target was a GPCR, which implies that either (i) the true phenotypic target was
not identified by MS or (ii) the transendothelial migration of T-lymphocytes into afferent
lymphatics is a complex process involving multiple receptor pathways on both the lymphatic
endothelium and T-lymphocytes. The GPCR-dependency of the migration could originate
from the T-lymphocytes. As such, proteomic analysis of probe 114-treated T-lymphocytes

would enable further deconvolution of this biological process.

In short, the proteomics analysis was consistent with known immunomodulatory effects of
fingolimod and also shed light on potential factors related to its observed side effects. A more

in-depth study in disease-relevant tissue types is required to fully understand these findings.
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7 Discussion

7.1 General Discussion

Despite the need for new therapeutic solutions to combat ischaemic injury and its progression
towards chronic heart failure, there are no current treatments which target the root cause of
adverse cardiac remodelling. Modulating our immune response towards subtle pro-
inflammatory signalling and more reparative mechanisms has the potential to create an
environment which is conducive to cardiac regeneration. This research broadened our
understanding of these immunomodulatory mechanisms, using photoaffinity labelling
technology to probe the Fing-P-mediated regulation of lymphangiogenesis and T-lymphocyte
ingression. Novel interaction partners of fingolimod within lymphatics were discovered,

shining a light on these immunomodulatory processes of interest.

7.1.1 Lymphangiogenesis

Pharmacological studies into the nuances of fingolimod’s activity demonstrated that it
induced lymphangiogenesis, in a SPHK2-dependent manner. Furthermore, it was determined
that these immunomodulatory effects were independent of Fing-P’s canonically associate
SIPR family, but dependent on another GPCR. APLNR was identified as a potential GPCR
responsible for Fing-Ps induction of lymphangiogenesis. APLNR is essential for lymphatic
development, > 43 and remains strongly expressed in human lymphatic endothelial
vasculature.’?* 44 The endogenous peptide of APLNR, apelin, has previously been implicated
as a promotor of tumour-induced lymphangiogenesis.’!® In the context of cardiac lymphatic
vasculature, apelin administration has been shown to hinder fibrosis, inflammation and

pathological cardiac remodelling in vivo post-ML32° These indications implicate APLNR as a
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potential therapeutic target in the context of cardiac regeneration. As such this research
further assessed the connection between Fing-P and APLNR. Multiple, orthogonal studies
were explored to investigate both the affinity and the functional efficacy of APLNR as Fing-
P’s target of interest in lymphangiogenic modulation. CETSA demonstrated a fingolimod-
induced thermal stabilisation of APLNR in LECs, as biophysical evidence of their interaction.
APLNR antagonism and siRNA KD of APLNR ablated Fing-P’s lymphangiogenic effect.
Similarly, fingolimod administration triggered a known downstream pathway of APLNR
agonism, HDAC5 nuclear to cytoplasm translocation.#> Photoaffinity probe 114-treated
samples demonstrated enrichment of APLNR by Western blot analysis, however this finding
was not corroborated by TMT proteomic analysis of the enriched samples. It was
hypothesised that this could be due to an insufficient level of ionisable peptides after tryptic
digestion, a common problem associated with GPCRs.#¢ Nevertheless, this research has
provided substantial evidence to support the hypothesis that Fing-P acts via APLNR agonism

to induce its lymphangiogenic effect.

In addition to the pharmacological evaluation of fingolimod’s phenotypic effect, proteomic
analysis of probe 114-treated samples revealed a cluster of angiogenic proteins with known
lymphangiogenic ties (ANGPT2, CALCRL, EGFR, FGF2, TMEM33), amongst which CALCRL
was the only GPCR. CALCRL is necessary for normal lymphatic vessel development,*” and
forms part of the heterodimeric adrenomedullin receptor that has been shown to mediate
lymphangiogenesis.#'® As such, this receptor would be an interesting target to focus future

phenotypic studies on.
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7.1.2 T-lymphocyte ingression

Additionally, this research discovered that fingolimod’s inhibitory effect upon T-lymphocyte
migration was also SPHK2-dependent and S1PR-independent. A bell-shaped inhibition was
observed, whereby fingolimod lost its efficacy at higher concentrations. The underlying cause
of this effect was investigated; waterLOGSY and SAXS experimentation found no conclusive
evidence to support the hypothesis that fingolimod formed aggregates/micelles at higher
concentrations. As such, the current theory postulates that Fing-P induces receptor
desensitisation or internalisation at higher concentrations. This is an observation that has

commonly been attributed to GPCRs.#?

Further studies into Fing-P’s immunomodulatory effect revealed that pertussis toxin co-
administration resulted in a return to baseline migration, suggesting a GPCR-dependency.
CX3CR1 was identified as a potential target responsible for the Fing-P-mediated inhibition of
T-lymphocyte migration. CX3CR1 is a chemokine receptor which has been previously been
associated with immune cell migration into inflamed tissue,* and undergoes internalisation
via a regulatory mechanism.?! However, there has been no prior association of CX3CR1 with
CD4* T-lymphocyte ingress into lymphatics. Therefore, to further probe this relationship,
siRNA KD of CX3CR1 in LECs was performed and was shown to hinder T-lymphocyte

migration, highlighting the necessity of CX3CR1 expression on LECs for ingression.

Proteomic analysis of probe 114-treated LECs provided an unbiased insight into fingolimod’s
potential immunomodulatory role upon the lymphatic endothelium. This revealed a
clustering of surface receptors with reported links to T-lymphocyte ingress (LGALS1, LYVEI],
MRC1, STABI). Whilst these proteins are not GPCRs, the complex nature of immune cell

migration means these receptors cannot be disregarded from their potential role in Fing-P-
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mediated inhibition of ingression. The GPCR dependency of this process could originate from
the T-lymphocytes or from an additional unidentified lymphatic receptor. Further validation
of these clustered migratory receptors confirmed the enrichment of LYVE1 in probe-treated
LECs, however, LGALS]1 was shown to be a false positive hit which emphasised the
importance of orthogonal validation. Nevertheless, LYVE1, MRC1 and STABT1 are all proteins
of interest which will be followed up in future studies to confirm their affinity towards
fingolimod, and whether their interaction has a causal link to the phenotypic inhibition of T-

lymphocyte migration.

7.2 Research limitations

Despite extensive synthetic efforts, the fingolimod-derived photocatalytic probe could not be
produced. Labelling studies and proteomic analysis with this photocatalytic probe could have
provided a greater insight into subsequent fingolimod-mediated pathways. In addition, the
use of photocatalytic probes would have enhanced the detection of low abundance proteins,

which is an inherent limitation of the photoaffinity labelling technique.

Similarly, the photoaffinity labelling workflow could not be adapted to optimally label in
Jurkat cells. As such, the intricate nature of T-lymphocyte transendothelial migration through
the lymphatic endothelium could not be fully captured. Immune cell ingression is a complex
process requiring multiple receptors on both the immune cell and lymphatic endothelium to
mediate chemotaxis, adhesion and migration.*?> Therefore, more in-depth studies will be
required to deconvolute the specific role Fing-P plays in either/both the lymphatic

endothelium and T-lymphocytes.
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While Jurkats are a practical T-lymphocyte cell line to use, there are limitations in their
comparability to primary T-lymphocytes. As already stipulated, their genetic instability can
lead to discrepancies in their behaviour over time and between research groups.?* Also of
concern are their differential signalling pathways, particularly Ag-receptor and PI3K
signalling.*?® As the mechanism of Fing-P’s activity in T-lymphocytes remains uncertain, it
would be important to corroborate any findings in Jurkats, in primary T-lymphocytes as well.
To account for this limitation, this research performed in vivo studies to corroborate some of

the in vitro findings.

7.3 Future work

Whilst this research partially deconvoluted these immunomodulatory mechanisms, there are
some proposed future studies which did not fall within the scope of this research, due to time

and resource limitations.

APLNR was identified as a potential lymphangiogenic target, and several in vitro studies
supported this hypothesis. However, it would be crucial to corroborate this finding in vivo, to
assess whether Fing-P-mediated agonism of APLNR can induce biologically significant
lymphangiogenesis, and enhance immune cell clearance. Moreover, as APLNR is expressed
in both blood and lymphatic vasculature,® 44 it would be intriguing to investigate whether
there is an observable preference in the angiogenic behaviour between to two systems. The
combined effect of angiogenic reperfusion and lymphangiogenic immune cell clearance could
be beneficial post-MI.107 44 If these future studies confirmed the therapeutic viability of small
molecule modulation of APLNR, then a crystal structure of Fing-P bound to APLNR could
provide crucial information in the drug development process to generate a more selective

modality.
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Proteomic analysis of probe 114 enrichment highlighted numerous additional targets of
potential interest. However, affinity does not always correlate to a functional effect, as such,
further validation of these targets would be required. CALCRL, a potential lymphangiogenic
target, could be validated though CETSA/pulldown sample Western blot to confirm its
interaction with Fing-P. Following this the lymphangiogenesis assay can be used to assess
phenotype (i.e. antagonism, siRNA KD studies). Furthermore, analysis of downstream
pathways (i.e. rapid ERK1/2 phosphorylation) could be interrogated in response to

fingolimod treatment, relative to a known agonist (i.e. adrenomedullin).*

Similarly, the enriched migratory targets will also require thorough validation to confirm both
their interaction and phenotypic effect. This could be achieved with CETSA or Western blot
confirmation of their enrichment in probe 114-treated samples, coupled with phenotypic
assessment using the Transwell migration assay. Additionally, this research optimised the
growth of a lymphatic microvessel-on-a-chip, co-cultured with T-lymphocytes, in
collaboration with Dr Al Haj Zen. Unfortunately, these microvessels were not used to assess
the migratory influence of Fing-P, however, future imaging of T-lymphocyte migration could
provide insight into which aspects of migration are being hindered, in response to fingolimod

treatment.

Despite the successful labelling studies performed in the lymphatic endothelium, to grasp a
full understanding of the role of Fing-P in T-lymphocyte migration labelling studies must be
performed in a T-lymphocyte cell line. Due to the aforementioned limitations of Jurkat cells,
it would be preferable to perform these labelling studies in primary human T-lymphocytes.
This proteomic analysis would also reveal if there are any tissue-specific differences in Fing-

P’s mechanistic effects.
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Fingolimod has been shown to play a therapeutic role in a variety of diseases, including
Alzheimer’s disease,*> #2¢ type II diabetes,*”” and Niemann-Pick disease.”® This research
identified several disease-related targets within LECs, as such, future labelling studies in
relevant tissues or cell types, could further capture vital interactions which could be of

therapeutic value.

7.4 Final Conclusions

To conclude, in this thesis the molecular basis of fingolimod’s influence upon
lymphangiogenesis and T-lymphocyte migration has been investigated. Targeted
pharmacological analysis has highlighted a novel Fing-P-mediated pro-lymphangiogenic
pathway through APLNR agonism. Moreover, this research has designed, synthesised,
validated and utilised fingolimod-derived photoaffinity probes to identify previously
unknown interaction partners with implications in lymphangiogenesis, immune cell
migration, lipid metabolism, Alzheimer’s disease and Niemann-Pick disease. These findings
emphasise the importance of thorough small molecule target deconvolution, to enable the
informed progression of therapeutic interventions. Small molecule agonism of APLNR could
have beneficial implications in dampening the inflammatory response, enabling reparative
and regenerative mechanisms to be adopted to aid cardiac repair post-ischaemic injury.
Furthermore, the validated photoaffinity probe can be used in future labelling studies to
decipher the full extent of fingolimod’s influence upon T-lymphocytes, to identify new
immunomodulatory targets which can be manipulated to aid endogenous cardiac

regeneration.
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8 General Experimental

All reactions involving organometallic or other moisture-sensitive reagents were
performed under a nitrogen or argon atmosphere using standard vacuum line techniques
and glassware that was flame-dried and cooled under nitrogen before use. Anhydrous
solvents were dried by passing over an activated alumina column, under an inert
atmosphere, using a solvent purification system. All solvents were anhydrous unless
specified otherwise. Water was purified by an Elix® UV-10 system. All other reagents were
used as supplied (analytical or HPLC grade) without prior purification. Organic layers
were dried over Na:SOs. Thin-layer chromatography was performed on aluminium plates
coated with 60 F254 silica. Plates were visualised using UV light (254 nm), KMnOs (1% aq.),
10% ethanolic phosphomolybdic acid, and 10% ethanolic p-anisaldehyde. Normal phase
flash column chromatography was performed either on Kieselgel 60 silica in a glass column
or on a Biotage Isolera Four automated flash column chromatography platform. Reverse
phase flash column chromatography was performed on a Biotage Selekt automated flash
column chromatography platform. Melting points were recorded on SRS MPA120 EZ-Melt
Melting Point Apparatus and are uncorrected. IR spectra were recorded on a Bruker Tensor
27 FT-IR spectrometer as a thin film. Selected characteristic peaks are reported in cm™ .
NMR spectra were recorded on Bruker Avance spectrometers in the deuterated solvent
stated. Spectra were recorded at rt unless otherwise stated. The field was locked by external
referencing to the relevant deuterium resonance. Low-resolution mass spectra were
recorded on either an Agilent 6120 Single Quadrupole or a Waters LCT Premier
spectrometer. Accurate mass measurements were run on either a Bruker MicroTOF

internally calibrated with polyalanine, or a Micromass GCT instrument fitted with a 162
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Scientific Glass Instruments BPX5 column (15 m x 0.25 mm) using amyl acetate as a lock

mass.

General Procedure A

To a solution of the arene (1.0 eq) in cyclohexane (0.6 M) at 10 °C was added 2-bromoacetyl
chloride (1.4 eq) and AICls (1.4 eq) portionwise. The reaction was stirred at rt for 16 h. The
reaction mixture was diluted with pentane, quenched with ice-cold water, and the aqueous
layer extracted with EtOAc. The combined organic layers were dried (Na2SOs) and
concentrated in wvacuo. The crude product was further purified by flash column
chromatography (silica gel).

General Procedure B

To a solution of the alpha bromo ketone (1.0 eq) in TFA (0.6 M) at 10 °C was added HSiEts
(2.2 eq). The reaction was stirred at rt overnight. The reaction mixture was neutralised with
sat. ag. NaHCO:s, and the aqueous layer was extracted with pentane. The combined organic
layers were dried (Na:50s) and concentrated in vacuo. The crude product was further
purified by flash column chromatography (silica gel).

General Procedure C

To a solution of the alkyl bromide (1.0 eq) in a DMSO was added Cs2COs (2.0 eq). The
reaction was stirred at rt for 1.5 h before addition of diethylacetamidomalonate (2.0 eq). The
reaction was stirred at 60 °C overnight. The reaction mixture was allowed to cool to rt,
diluted with EtOAc and washed with water. The combined organic layers were dried
(Na2504) and concentrated in vacuo. The crude product was further purified by flash

column chromatography (silica gel).
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General Procedure D

To a solution of the malonate (1.0 eq) in THF (0.6 M) at 0 °C was added LiAlH4(1 M in THF,
6.0 eq) dropwise. The reaction was heated to 55 °C and stirred for 16 h. The reaction mixture
was allowed to cool to rt, then diluted with Et.O, quenched with water and extracted with
EtOAC three times. The combined organic layers were dried (Na250O4) and concentrated in
vacuo. To the resultant residue was added 4N HCl in 1,4-dioxane. The reaction mixture was
stirred for 16 h at rt, filtered and washed with Et:O to yield the pure product as a chloride

salt.

General Procedure E

To a flame-dried MW vial charged with N2 was added the halobenzene (1.0 eq) and the
alkyne (1.2 eq). The vial was degassed with N2 again. EtsN (10 eq) and DMF (0.1 M) were
added and the vial was degassed with N2 again. Cul (0.2 eq) and Pd(PPhs)s (0.4 eq) were
added and the vial was degassed with N2 again. The reaction was stirred at the specified
temperature for the specified length of time. The reaction mixture was diluted with EtOAc
and washed with 5% LiCl aq. solution. The organic layers were concentrated in vacuo and
the crude material washed purified by flash column chromatography to yield the title

compound.
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Fingolimod hydrochloride (1)

Following General Procedure D, 1 was obtained from 12 (450 mg, 1.04 mmol) as a
colourless crystalline solid (196 mg, 55% yield). 'H NMR (400 MHz, MeOD): 0 7.16 (d, | =
7.7 Hz, 2H, Hi3), 7.09 (d, ] = 7.7 Hz, 2H, Hae), 3.75 (s, 4H, Hisz1), 2.70-2.61 (m, 2H, His), 2.55
(t, ] =7.6 Hz, 2H, Hv), 2.03-1.95 (m, 2H, His), 1.63-1.52 (tt, ] = 7.6, 7.3 Hz, 2H, Hs), 1.32-1.23
(m, 10H, Ho-13), 0.89 (t, ] = 6.7 Hz, 3H, Hus) ppm. *C NMR (151 MHz,MeOD): 6 140.5 (Cs),
139.2 (C2), 128.1 (Cas), 128.0 (Ci3), 62.1 (Ci921), 58.5 (Cir7), 34.8 (Ci6), 32.5 (Cr2), 31.3 (Cs), 31.1
(Co), 28.7 (Cu1), 28.1 (Cis), 22.1 (Cro), 16.1 (Ci3), 13.9 (Cus) ppm. HRMS ESI*: m/z 308.2579
[M+H]* calc m/z 308.2584. IR (DMSO): Vmax 3430 (O-Hinter), 2945 (N-Hsai), 1666 (C=Carom), 1351
(O-H), 1090 (C-N), 1025 (C-O) cm’. This data was consistent with literature

characterisation.4?

1-Hydroxy-2-(hydroxymethyl)-4-(p-tolyl)butan-2-aminium chloride (6)
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Following General Procedure D, 6 was obtained from 126 (115 mg, 0.584 mmol) as a
colourless crystalline solid (73 mg, 60% yield). 'H NMR (400 MHz, MeOD): 6 7.15-7.07 (m,
4H, His4s), 3.73 (s, 4H, Hiz14), 3.20-3.03 (m, 2H, Hv), 2.67-2.57 (m, 2H, Hs), 2.37 (s, 3H, Hu)
ppm. ¥C NMR (101 MHz, MeOD): d 139.2 (Cs), 136.7.8 (C2), 130.2 (Cass), 129.2 (C13), 60.3
(Ci214), 37.8 (Co), 33.0 (Cs), 29.7 ((7), 21.1 (Cu1) ppm. HRMS ESI*: m/z 210.1486 [M+H]* calc
210.1489. IR (film): vmax 3359 (O-Hinter), 2925 (N-Hsar), 1601 (C=Carom), 1457 (C-H), 1178 (C-

N), 1058 (C-0), 683 (C-H) cm™. This data was consistent with literature characterisation.4?

4-(4-Butylphenyl)-1-hydroxy-2-(hydroxymethyl)butan-2-aminium chloride (7)

Following General Procedure C, 7 was obtained from 127 (1.0 g, 2.6 mmol) as a colourless
solid (470 mg, 63% yield). 'H NMR (400 MHz, MeOD): 0 7.13 (d, ] = 7.8 Hz, 2H, Ha3s), 7.04
(d, ] =7.8 Hz, 2H, Hage), 3.74 (s, 4H, Hi214), 3.15-3.05 (m, 2H, Hy), 2.66-2.57 (m, 2H, Hs), 2.51
(t, ] =7.7 Hz, 2H, Ho), 2.00-1.91 (m, 2H, Hae), 1.57-1.45 (m, 2H, H1s), 0.87 (t, ] = 7.2 Hz, 3H,
His) ppm. *C NMR (101 MHz, MeOD): 0 141.7 (Cs), 139.6 (C2), 129.5 (Css), 129.2 (C13), 66.8
(C1214), 60.3 (C), 37.8 (C7), 36.1 (Co), 34.9 (Cs), 33.0 (Cie), 23.2 (C17), 14.3 (C1s) ppm. HRMS
ESI*: m/z 252.1959 [M+H]* calc m/z 252.1958. IR (film): vmax 3350 (O-Hinter), 2957 (N-Hsat),

2857 (C-H), 1459 (C-H), 1420 (O-H), 1057 (C-O), 1024 (C-N) cm. mp: 92-95 °C (MeCN)
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1-Methoxy-2-(methoxymethyl)-4-(4-octylphenyl)butan-2-amine (8)

To a flame-dried MW vial under N2 was added 1,3-dimethoxypropan-2-amine (150 uL, 1.2
mmol) and 20 (250 mg, 1.2 mmol) in degassed DMF (5 mL). The vial was sealed and
degassed again. [NBu4][Ns] (33 mg in 100 uL MeCN, 10 mol%) and 3DPA2FBN (7.5 mg in
100 uL. DMF, 1 mol%) were added and the reaction was stirred and irradiated by 427 nm
light at rt for 20 h. The reaction was concentrated in vacuo. The crude material was purified
by reverse-phase flash column chromatography (0 -> 10% MeOH in CH2Cl) to yield 8 as a
colourless solid (261 mg, 65%). 'H NMR (400 MHz, CDCls): 0 7.12 — 7.05 (m, 4H, Hi34s),
3.35 (s, 6H, Hio21), 3.33 - 3.22 (m, 4H, His20), 2.65 —2.51 (m, 4H, H710), 1.75 - 1.66 (m, 2H, Hs),
1.58 (app p, ] = 8.0 Hz, 2H, Hun), 1.31 — 1.24 (m, 10H, Hi216), 0.87 (t, ] = 6.6 Hz, 3H, H17) ppm.
3C NMR (101 MHz, CDCls): 0 140.4 (Cs), 139.9 (C2), 128.5 (Ca6), 128.3 (C13), 66.0 (Cis20), 59.4
(Ci9.21), 55.1 (Cy), 37.6 (Cuo), 35.7 (Cs), 32.0 (Cis), 31.8 (Cn1), 29.6 (C7), 29.5 (Cr2), 29.4 (C3), 29.3
(Cu4), 22.8 (Cis), 14.3 (C17) ppm. LRMS ESI*: m/z 336 (100%, [M+H]"), 693 (24%, [2M+Na]).
HRMS ESI*: m/z 336.2899 [M+H]* calc. m/z 336.2897. IR (film): vmax 2928 (C-H), 1629 (N-H),

1222 (C-N), 1114 (C-O), 830 (C-H) cm™.
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Diethyl 2-acetamido-2-(4-octylphenethyl)malonate (9)

Following General Procedure C, 9 was obtained from diethylacetoamidomalonate (440 mg,
2.0 mmol) and 19 (500 mg, 1.7 mmol). Purification by flash column chromatography (0% ->
50% EtOAc in pentane) yielded the title compound as a colourless oil (390 mg, 55%). 'H
NMR (600 MHz, CDCl5): 0 7.06 (m, 4H, Hi346), 6.76 (s, 1H, NHais), 4.20 (m, 4H, Hz2s), 2.70
—2.66 (m, 2H, His), 2.57 — 2.52 (m, 2H, Hv), 2.48 — 2.43 (m, 2H, His), 1.97 (s, 3H, Hxo), 1.59 -
1.53 (m, 2H, Hs), 1.33 — 1.27 (m, 10H, Ho913), 1.24 (t, ] = 7.1 Hz, 6H, H2s26), 0.87 (t, ] = 6.9 Hz,
3H, Hus) ppm. 3C NMR (151 MHz, CDCls): 6 169.3 (C19), 168.2 (Ca1,24), 140.9 (Cs), 137.8 (C2),
128.6 (Cag), 128.5 (C13), 66.6 (C17), 62.7 (Ca225), 35.7 (C7), 33.5 (Cis), 32.1 (Ca2), 31.8 (Cs), 29.9
(C15), 29.6 (Co), 29.5 (C11), 29.4 (Cuo), 23.1 (Co0), 22.8 (Ci3), 14.2 (Cus), 14.1 (C2326) ppm. LRMS
ESI*: m/z 434 ([M+H"], 97 %), 456 ([M+Na]*, 87%). HRMS ESI*: m/z 434.2892 [M+H]* calc.
m/z 434.2901. IR (film): vmax 2954 (C-H), 1741 (C=0), 1683 (C=0), 1514 (C=C), 1195 (C-0O),

860 (C=C) cm™.
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2-Bromo-1-(4-octylphenyl)ethan-1-one (11)

14

Following General Procedure A, 11 was obtained from n-octyl benzene (1.0 mL, 8.9 mmol)
and 2-bromoacetylchloride (1.0 mL, 13 mmol). Purification by flash column
chromatography (0% -> 30% EtOAc in pentane) yielded the title compound as a brown oil
(1.3 g, 79%). 'H NMR (400 MHz, CDCl3): © 7.89 (d, ] = 8.3 Hz, 2H, Hag), 7.29 (d ] =8.3 Hz,
2H, Hi3), 4.43 (s, 2H, Hie), 2.71-2.61 (m, 2H, Hv), 1.63 (tt, | =7.4, 7.3 Hz, 2H, Hs), 1.33-1.22 (m,
10H, Ho-13), 0.88 (t, ] =7.0 Hz, His) ppm. *C NMR (101 MHz, CDCl): 6 190.8 (C15), 150.1 (C2),
131.7 (Cs), 129.2 (Cas), 129.0 (C13), 36.2 (C7), 32.0 (Cr2), 31.2 (Cie), 31.1 (Cs), 29.5 (Coor100r 11),
29.3 (Coorr0or11), 29.3 (Coor10orn), 22.7 (Ci3), 14.1 (Cis) ppm. HRMS ESI*: m/z 333.0804 [M+Na]*
calc. m/z 333.0825. IR (film): vmax 1695 (C=0), 1814 (C-H), 1606 (C=C), 1465 (C-H, CH>), 611

(C-Br) cm™. This data was consistent with literature characterisation.*!

2-(tert-Butyl) 1,1-diethyl 1-acetamidoethane-1,1,2-tricarboxylate (16)
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To a suspension of diethylacetamidomalonate (200 mg, 0.92 mmol) in EtOH (500 pL) was
added NaOEt (70 mg, 0.92 mmol). The reaction mixture was stirred at rt for 1 h. 2-
Bromoacetic acid (90 pL, 0.61 mmol) was added and the reaction was stirred at 65 °C
overnight. The reaction was allowed to cool to rt, diluted with EtOAc (50 mL) and washed
with water (2 x 100 mL). The combined organic layers were dried (Na250s) and
concentrated in vacuo. The crude product was purified by flash column chromatography (0
-> 5% MeOH in CH2Cl2) to yield 16 (138 mg, 64%) as a yellow oil. The product was used

without any further purification. HRMS ESI*: m/z 354.1539 [M+Na]* calc. m/z 354.1523.

3-Acetamido-4-ethoxy-3-(ethoxycarbonyl)-4-oxobutanoic acid (17)

0] (0]
0 3" 0
PN
1 2”3115 6OH7
o O

To a solution of 16 (100 mg, 0.30 mmol) in CH2Clz (1 mL) was added TFA (500 pL). The
reaction was stirred at rt for 30 min. The reaction was quenched with water and basified
with sat. agq. Na2COs. The aqueous layer was washed with EtOAc (100 mL) and
subsequently re-acidified with 1 M HCI. The aqueous layer was concentrated in vacuo to
yield 17 (80 mg, 97%) as a colourless solid. 'H NMR (400 MHz, d-DMSO): 6 8.42 (s, 1H, Hy),
412 (q,J=7.1,4H, Ho2), 3.17 (s, 2H, Hs), 1.90 (s, 3H, Hu), 1.13 (t, ] = 7.1 Hz, 6H, Hi013) ppm.
3C NMR (101 MHz, d-DMSO): 5 171.0 (Cs), 169.3 (C2), 166.7 (Cs11), 63.9 (Cs), 61.8 (Co,12), 38.5

(Cs), 22.0 (Cs), 13.7 (C013) ppm. LRMS ESI*: m/z 298 ([M+Na*, 100%), 276 (M+H]*, 41%).
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HRMS ESI: m/z 274.0935 [M-H] calc. m/z 274.0932. IR (film): vmax 3353 (O-H), 2920 (C-H),

1756 (C=0), 1736 (C=0), 1715 (C=0), 1222 (C-O), 617 (C-H) cm'.

1-(2-Bromoethyl)-4-octylbenzene (19)

5
14 12 10 8 16

Following General Procedure B, 19 was obtained from 11 (950 mg, 3.1 mmol). Purification
by flash column chromatography (0% ->10% EtOAc in pentane) yielded the title compound
as a colourless oil (840 mg, 91%). '"H NMR (400 MHz, CDCls): d 7.19-7.10 (m, 4H, Hi34s),
3.56 (t, ] = 7.8 Hz, 2H, Hie), 3.15 (t, ] = 7.8 Hz, 2H, His), 2.65-2.55 (m, 2H, Hv), 1.62 (tt, [ =7.5,
7.4 Hz, 2H, Hs), 1.37-1.25 (m, 10H, Hs-13), 0.90 (t, ] = 7.0 Hz, 3H, His) ppm. C NMR (101
MHz, CDCl): 6 141.8 (Gs), 136.2 (C2), 128.8 (Cas), 128.6 (Ci3), 39.3 (Cis), 35.8 (C7), 33.2 (Crs),
32.0 (Cr2), 31.6 (Cs), 29.6 (Co), 29.5 (Ci1), 29.4 (Co), 22.8 (C13), 14.2 (Cus) ppm. HRMS GC EI*:
m/z 296.11396 [M+H]* calc. m/z 296.11342. IR (film): vmax 3020 (C-H), 2926 (C-H), 2855 (C-
H), 1514 (C=C), 1462, 805, 643 (C-Br). This data was consistent with literature

characterisation.4?
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1-Octyl-4-vinylbenzene (20)

14

To a solution of 19 (1.0 g, 3.4 mmol) in EtOH was added 2 M NaOH (20 mL). The reaction
was stirred at 80 °C for 16 h. The reaction mixture was diluted with pentane (100 mL),
extracted and concentrated in vacuo. The crude material was purified by flash column
chromatography (pentane) to yield 20 (660 mg, 90%) as colourless oil. 'H NMR (400 MHz,
CDCl): 07.36 (d, ] =8.1 Hz, 2H, Hae), 7.17 (d, ] =8.1 Hz, 2H, Ha3), 6.73 (dd, ] =17.6, 10.9 Hz,
1H, His), 5.74 (dd, ] = 17.6, 1.0 Hz, 1H, His"), 5.22 (dd, ] = 10.9, 1.0 Hz, 1H, Hi¢), 2.66 — 2.60
(m, 2H, Hv), 1.64 (td, ] = 8.8, 4.7 Hz, 2H, Hs), 1.41 - 1.24 (m, 10H, Ho-13), 0.93 (t, ] =7.0 Hz, 3H,
His) ppm. 3C NMR (101 MHz, CDCl): 6 142.9 (C2), 136.9 (Cis), 135.2 (GCs), 128.7 (C3), 126.3
(Cus), 112.9 (Cis), 35.9 (C), 32.1 (Cr2), 31.7 (Cs), 29.7 (Co), 29.5 (Co), 29.4 (Cu1), 22.8 (Ci3), 14.3
(Cus) ppm. HRMS GC EI*: m/z 216.1878 [M+] calc. m/z 216.1873. This data was consistent

with literature characterisation.43

Note: Polymerises when stored at room temperature. Can be stored at —20 °C in the dark

for 3 months.

2-Acetamido-3-ethoxy-3-oxopropanoic acid (22)

7

(0] (0]
.
1HOMO 6
10

\%NH8 °

0]

222



Chapter 8 Chemistry Experimental

To a solution of diethylacetamidomalonate (1.0 g, 4.6 mmol) in 1,4-dioxane (15 mL) was
added 1 M KOH (4.6 mmol) dropwise over 2 h. The reaction was stirred for another 2 h
until completion. The organic solvent was evaporated and the aqueous layer was washed
with EtOAc (10 mL). The aqueous layer was acidified with 1 M HCI, the crystals which
formed were filtered and washed with EtO to yield 22 as a colourless crystalline solid (760

mg, 87% yield). The compound was used without any further purification.

1-Ethyl 3-(2,3,4,5-tetrafluorophenyl) 2-acetamidomalonate (23)

F2
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To a solution of pentafluorophenol (300 mg, 1.6 mmol) and DCC (240 mg, 1.2 mmol) in
CH2Cl2 (10 mL) at 0 °C was added 22 (200 mg, 1.1 mmol). The reaction mixture was warmed
to rt and stirred for 24 h. The reaction was diluted with CH2Cl> (20 mL) and washed with
water (10 mL). The combined organic layers were dried over Na:SOs and concentrated in
vacuo. The crude product was further purified by flash column chromatography (0 -> 10%
MeOH in CH:Cl) to yield 23 as a colourless solid (170 mg, 45%). 'H NMR (400 MHz,
CDCl): 6 7.25 (d, ] = 6.5 Hz, 1H, NH), 5.76 (d, | = 6.5 Hz, 1H, Hs), 4.68 — 4.55 (m, 2H, H),
2.39 (s, 3H, Hu), 1.60 (t, ] =7.2 Hz, 3H, Hu) ppm. ®*C NMR (101 MHz, CDCls): d 212.7 (Cr),
210.8 (Ci3), 173.0 (Co), 139.8 = 136.6 (m, C23556), 136.5—133.4 (m, C1), 132.4 - 131.4 (m, Cs4), 61.3
(C), 30.9 (Cs), 21.0 (Cus), 14.1 (Cu1) ppm. ¥F NMR (377 MHz, CDCl3): 0 -152.2 (d, ] =17.1
Hz, 2F, F?), -156.9 (t, | = 21.8 Hz, 1F, F'), -161.3 - -162.0 (m, 2F, F?) ppm. HRMS ESI*: m/z
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356.0606 [M+H]* calc. m/z 356.0552. IR (film): vmax2934 (C-H), 1744 (C=0), 1660 (C=0), 1567

(C=C), 1271 (C-0), 1209 (C-O), 1029 (C-F) cm-'. mp: 98-102 °C

4-(Hydroxymethyl)-4-(4-octylphenethyl)oxazolidin-2-one (26)

To a solution of fingolimod (150 mg, 0.49 mmol) in THF (200 puL) was added 6 M NaOH
(1.0 mL). Diphosgene (90 pL, 0.75 mmol) was added dropwise. The reaction was stirred at
rt for 3 h. The reaction mixture was extracted with EtOAc (20 mL) and concentrated in vacuo
to yield 26 (138 mg, 82% yield). '"H NMR (400 MHz, CDCls): 0 7.14 — 7.03 (m, 4H, Hi346),
428 (d, J=8.7 Hz, 1H, Har), 4.16 (d, ] = 8.7 Hz, 1H, H21), 3.67 (d, ] = 11.6 Hz, 1H, His), 3.54
(d, J=11.6 Hz, 1H, His"), 3.33 (ddd, | =7.4, 7.2, 7.0 Hz, 1H, His), 3.15(ddd, ] =74, 7.1, 7.0
Hz, 1H, His%), 2.73 - 2.46 (m, 4H, Hr16167), 1.58 (tt, [ =7.5, 7.2 Hz, 2H, Hs), 1.31 - 1.23 (m, 10H,
Ho13), 0.87 (t, ] = 6.5 Hz, 3H, Hus) ppm. *C NMR (101 MHz, CDCls): d 159.0 (Cx0), 141.1 (Cs),
137.8 (C2), 128.7 (Cas), 128.1 (C13), 68.6 (C21), 65.1 (Cis), 64.9 (Ci7), 35.5 (C7), 35.3 (Cis), 32.0
(Cr2), 31.6 (Cs), 29.5 (Cis), 29.4 (Co), 29.3 (Cu1), 28.8 (Cuo), 22.7 (C13), 14.7 (Cis) ppm. HRMS
ESI: m/z 332.2277 [M-H] calc m/z 332.2231. IR (film): vmax 3401 (O-H), 2926 (C-H), 1728
(C=0), 1422 (O-H), 1050 (C-0), 768 (C-H) cm. The data was consistent with literature

characterisation.4#
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tert-Butyl-4-(hydroxymethyl)-4-(4-octylphenethyl)-2-oxooxazolidine-3-

carboxylate (27)

To a solution of 26 (130 mg, 0.39 mmol) in CH2CL: (1 mL) was added di-tert-butyl
dicarbonate (85 mg, 0.40 mmol). The reaction was stirred at rt for 16 h. The reaction mixture
was diluted with CH2Cl> (10 mL), washed with water (5 mL) and concentrated in vacuo. The
crude material was purified by flash column chromatography (10 ->80% EtOAc in pentane)
to yield 27 (84 mg, 49%) as a yellow oil. 'H NMR (400 MHz, CDCls): 6 7.13 — 7.05 (m, 4H,
His46), 4.54 (d, ] = 11.3 Hz, 1H, Har), 4.46 (d, ] =11.3 Hz, 1H, H21), 4.35 (d, ] = 3.3 Hz, 1H,
Hxz), 4.32 (d, ] =2.7 Hz, 1H, H»s), 3.97 (dd, ] = 12.1, 7.0 Hz, 1H, Hi%), 3.81 (dd, ] =12.1, 7.2
Hz, 1H, His"), 2.69 (m, 2H, Haie), 2.55 (t, ] =7.5 Hz, 2H, Hv), 1.61-1.55 (m, 2H, Hs), 1.47 (s, 9H,
H20), 1.23 -1.19 (m, 10H, Hv-13), 0.88 (t, ] =7.0 Hz, 3H, Hus) ppm. *C NMR (101 MHz, CDCls):
0 157.9 (Cz), 153.2 (Cis), 141.2 (Cs), 137.3 (Cz2), 128.8 (Cas), 128.1 (C13), 85.2 (Cu9), 83.1 (Cz1),
68.3 (Cz), 62.8 (C17), 35.7 (C7), 35.5 (Cis), 31.9 (Cr2), 31.6 (Cs), 29.5 (Cis), 29.4 (Co), 29.3 (Cn),
28.6 (Cw), 27.7 (Cu), 22.7 (C13), 14.6 (C1s) ppm. LRMS ESI*: m/z 434 ([M+H]*, 100%), 456
([M+Nal, 14%). HRMS ESI*: m/z 456.3026 [M+Nal]* calc. m/z 456.2720. IR (film): vmax 3469

(O-H), 2934 (C-H), 1811 (C=0), 1756 (C=0), 1213 (C-O), 1070 (C-O), 846 (C-H) cm.
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2-Acetamido-2-(ethoxycarbonyl)-4-(4-octylphenyl)butanoic acid (30)

To a solution of 9 (200 mg, 0.46 mmol) in 1,4-dioxane (800 uL) was added 1 M KOH (500
uL) portionwise over 1 h. The reaction was stirred at rt for 16 h. The organic solvent was
evaporated off and the aqueous solution was washed with EtOAc (50 mL). The aqueous
layer was evaporated to yield 30 (180 mg, 87 %) as a crystalline solid. 'H NMR (400 MHz,
CDCls): 0 7.09 - 7.02 (m, 4H, Hi346), 6.92 (s, 1H, His), 4.29 — 4.16 (m, 2H, H»s), 2.74 - 2.58 (m,
2H, His), 2.53 (t, ] =7.7 Hz, 2H, H»), 2.50 — 2.42 (m, 2H, Hus), 2.18 (s, 3H, H2s), 1.54 (tt, ] =8.1,
7.7 Hz, 2H, Hs), 1.34 — 1.24 (m, 10H, Ho13), 0.87 (t, ] = 6.9 Hz, 3H, Hus) ppm. ¥C NMR (101
MHz, CDCls): d 176.9 (Cx), 172.2 (C21), 169.5 (C9), 139.9 (C2), 138.0 (Cs), 128.2 (Cse), 128.2
(C13), 60.4 (C17), 51.5 (C22), 34.8 (C7), 32.8 (Ci6), 31.3 (Ci2), 31.0 (Cs), 30.9 (Co), 28.8 (Cuo), 28.7
(Cus), 28.7 (Cn1), 22.3 (Ca0), 22.1 (C13), 14.1 (Ch4), 13.9 (C23) ppm. LRMS ESI*: m/z 444 ([M+K]*,
100%). HRMS ESI: m/z 404.2353 [M-H]- calc. m/z 404.2442. IR (film): vmax 3005 (O-H), 2939

(C-H), 1756 (C=0), 1064 (C-O), 716 (C-H) cm'.

2-Acetamido-2-(hydroxymethyl)-4-(4-octylphenyl)butanoic acid (31)
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To a solution of 30 (50 mg, 0.12 mmol) in THF (2 mL) was added LiBH4 (5.0 mg, 0.24 mmol).
The reaction was stirred at rt for 6 h. The reaction was quenched with water, acidified with
1 M HC], extracted with EtOAc (20 mL) and concentrated in vacuo. The crude material was
purified by reverse-phase flash column chromatography (0 -> 100% MeCN in water) to
yield 31 (20 mg, 44%) as a crystalline solid. 'H NMR (400 MHz, CDCls): d 8.01 (s, 1H, Hos),
7.11-7.02 (m, 4H, His4s), 6.72 (s, 1H, His), 4.20 (d, ] =11.5 Hz, 1H, Her), 3.94 (d, ] =11.5 Hz,
1H, H21v), 2.52 (m, 6H, H71516), 2.17 (s, 3H, H2o), 1.53 (tt, ] = 7.4, 7.1 Hz, 1H, Hs), 1.34 - 1.20
(m, 10H, Ho13), 0.92 - 0.84 (t, ] = 7.0 Hz, 3H, His) ppm. *C NMR (101 MHz, CDCls): 0 178.3
(C23), 171.5 (C9), 137.9 (Cs), 136.0 (C2), 128.3 (Cas), 128.0 (C13), 64.9 (C21), 64.8 (Cr7) 35.3 (Cr),
32.9 (Cie), 31.7 (Cr2), 31.4 (Cs), 29.5 (Ci5), 29.2 (Co), 29.1 (C11) 29.0 (Cro), 23.4 (C20), 22.4 (C13),
13.9 (Cu) ppm. LRMS ESI*: m/z 749 (100%, [2M+Na]*), 364 (70%, [M+H]*), 386 (32%,
[M+Na]*). HRMS ESI: m/z 362.2349 [M-H]- calc. m/z 362.2337. IR (film): vmax 3379 (O-H),

3100 (O-H), 1718 (C=0), 1644 (C=0), 1424 (O-H), 1375 (O-H), 1066 (C-O), 769 (C-H) cm.

((Oxybis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl) dimethanesulfonate (33)

To a solution of tetraethyleneglycol (1.8 mL, 10 mmol) and triethylamine (3.2 mL, 24 mmol)
in 2-MeTHF (15 mL) at 0 °C was added mesyl chloride (1.4 mL, 23 mmol). The reaction
stirred at rt for 4 h. The solvent was evaporated and dissolved in EtOAc (50 mL), washed
with water (20 mL) and sat. aq. NH4Cl (20 mL). The organic phases were concentrated in

vacuo to yield 33 (2.6 g, 72%) as a colourless oil. 'H NMR (400 MHz, CDCls): 0 4.21 — 4.18
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(m, 4H, H>), 3.61 - 3.57 (m, 4H, Hs), 3.51 — 3.45 (m, 8H, Has), 2.91 (s, 6H, H1). ppm. *C NMR
(101 MHz, CDCls): 0 70.3 (Cs4), 70.2 (Cs), 69.3 (Cs), 68.7 (C2), 37.3 (C1) ppm. HRMS ESI*: m/z
351.0782 [M+H]* cale. m/z 351.0778. This data was consistent with literature

characterisation.4¥»

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl methanesulfonate (34)

1\//() 2 5
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To a solution of 33 (2.6 g, 7.4 mmol) in EtOH (15 mL) was added sodium azide (530 mg, 8.2
mmol). The reaction was refluxed at 80 °C for 16 h. The reaction was diluted with EtOAc
(35 mL) and washed with water (20 mL). The organic phases were concentrated in vacuo
and purified by flash column chromatography (20 -> 80% EtOAc in pentane) to yield 34
(470 mg, 22% yield) as a colourless oil. 'H NMR (400 MHz, CDCls): 0 4.30 — 4.26 (m, 2H,
Hz), 3.70 — 3.65 (m, 2H, Hs), 3.60 — 3.55 (m, 10H, Ha-s), 3.30 (t, ] = 5.0 Hz, 2H, Ho), 2.99 (s, 3H,
Hi) ppm. C NMR (101 MHz, CDCls): 6 70.5 (Ce), 70.4 (Cs), 70.4 (Css), 69.8 (Cs), 69.3 (C2),
68.8 (C), 50.5 (Co), 37.4 (C1) ppm. LRMS ESI*: m/z 320 ([M+Na]*, 100%), 298 ([M+H]*, 8%).
HRMS ESI*: m/z 298.1071 [M+H]* calc. m/z 298.1067. IR (film): vmax 2874 (C-H), 2111
(N=N=N), 1352 (5=0), 1175 (5=0), 806 (C-H) cm. This data was consistent with literature

characterisation.4%
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Methyl 1-azido-14-(tritylamino)-3,6,9,12-tetraoxapentadecan-15-oate (35)

1
~
0
20

(0]
o 4 5 8 9 12
3 O/\/O\/\O/\/O\/\N
6 7 10 11 3
NH

14

To a solution of methyl tritylserinate (1.0 g, 2.8 mmol) in DMF (8 mL) at 0 °C was added
60% NaH in mineral oil (130 mg, 3.3 mmol) followed by 34 (920 mg, 3.1 mmol). The reaction
stirred at 40 °C for 6 h. The reaction was diluted with EtOAc (100 mL) and washed with 5%
LiCl aq. Solution (2 x 30 mL). The organic phases were concentrated in vacuo and purified
by flash column chromatography (10 -> 80% EtOAc in CH:CL) to yield 35 (790 mg, 49%) as
a colourless oil. 'TH NMR (400 MHz, CDCls): 0 7.54 — 7.48 (m, 6H, His20), 7.30 — 7.23 (m, 6H,
Hiz9), 7.22 - 7.17 (m, 3H, His), 4.39 — 4.35 (m, 2H, Hrec), 3.78 — 3.74 (m, 2H, Herec), 3.69 — 3.62
(m, 13H, Hrec), 3.38 (dd, ] =5.7, 4.6 Hz, 2H, Hx), 3.05 (s, 3H, Hi) ppm. *C NMR (101 MHz,
CDCls): 0 173.9 (C2), 145.6 (Cis), 128.7 (Ci620), 127.8 (Ci7,19), 126.5 (Cas), 71.3 (Crec), 70.9 (Creg),
70.8 (Crec), 70.6 (Crec), 70.5 (Crec), 70.5 (Crec), 70.0 (Crec), 69.3 (Crec), 68.9 (Crec), 57.8 (Ca),
50.6 (C12), 37.6 (C1) ppm. LRMS ESI*: m/z 243 ([Tr+H]*, 100%), 585 ([M+Na]*, 19%), 320 ([M-
Tr+H]J", 18%), 563 ([M+H]*, 15%). HRMS ESI*: m/z 563.2876 [M+H]* calc m/z 563.2864. IR

(film): vimax 3032 (N-H), 2110 (N), 1734 (C-O), 1175 (C-O), 1132 (C-N), 734 (C-H) cm.
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14-Amino-1-azido-3,6,9,12-tetraoxapentadecan-15-ol (37)
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To a solution of 35 (50 mg, 0.089 mmol) in THF (1 mL) at 0 °C was added LiBH4 (4 mg, 0.16
mmol). The reaction was stirred at rt for 4 h. The reaction was quenched with water and 2
M NaOH. The crude material was concentrated in vacuo, redissolved in CH2Cl2 (1.0 mL),
filtered and transferred to a new flask. TFA (500 pL) was added and the reaction was stirred
at rt for 1 h. The reaction was basified with 2 M NaOH, concentrated in vacuo and purified
by reverse-phase flash column chromatography (0 -> 100% MeCN in 10 mM NHsAc) to
yield a colourless oil (10 mg, 37%). 'H NMR (400 MHz, CDCL): 0 4.41 — 4.34 (m, 2H, Hu),
3.77 (ddd, ] = 4.6, 2.8, 1.5 Hz, 2H, Hs), 3.67 — 3.60 (m, 15H, His7911), 3.58-3.52 (m, 1H, Hr),
3.39 (m, 1H, Hz) ppm. ®C NMR (101 MHz, CDCI3): d 71.5 (Crzc), 70.8 (Crec), 70.8 (Crrc),
70.8 (Crec), 70.6 (Crec), 70.5 (Crec), 70.2 (Crec), 69.4 (Crec), 69.2 (Crec), 50.8 (C2), 37.8 (Cu)
ppm. LRMS ESI*: m/z 293 ([M+H]", 100%), 315 ([M+Na]*, 13%). IR (film): vmax 3345 (O-H),

3250 (N-H), 2143 (N=N=N), 1027 (C-0O), 654 (C-H) cm.

2-(2-(2-(Benzylamino)ethoxy)ethoxy)ethan-1-ol (40)
12
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To a solution of amino-PEG3-alcohol (1.0 g, 6.8 mmol) in CH2Cl2 (7 mL) over 4A molecular

sieves was added benzaldehyde (820 uL, 8.0 mmol). The reaction was stirred at rt for 18 h.
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The solvent was evaporated and the residue redissolved in EtOH (10 mL). NaBHa (550 mg,
14 mmol) was added portionwise and the reaction was stirred at rt for 3 h. The reaction was
diluted with Et2O (20 mL), and quenched with H2O (2 mL) and aq. 6 M NaOH (550 pL).
After stirring for 15 min, MgSOs (1 spatula) was added and stirred vigorously for another
15 min. The reaction mixture was filtered and the filtrate concentrated in vacuo. The crude
was purified by flash column chromatography (0 -> 10% MeOH in CH:Cl.) to yield 40 (930
mg, 58%) as a colourless oil. 'H NMR (400 MHz, CDCls): 0 7.39 — 7.20 (m, 5H, Ho-13), 3.83 (s,
2H, Hv), 3.73 - 3.53 (m, 10H, His), 2.82 (td, ] =5.2, 2.2 Hz, 2H, Hs) ppm. *C NMR (101 MHz,
CDCls): 0 134.2 (Cs), 129.6 (Cio12), 128.9 (Cons), 128.7 (C11), 72.8 (Crec), 70.2 (Crec), 65.9 (Crec),
61.7 (C1), 60.0 (Cr), 52.7 (Ce) ppm. LRMS ESI*: m/z 276 ([M+K]*, 100%), 240 ([M+H]*, 58%),
262 ([M+Na], 22%). HRMS ESI*: m/z 262.1411 [M+Na]* calc. m/z 262.1414. IR (film): Vmax

3471 (O-H), 2872 (C-H), 1455 (C-H), 1351 (O-H), 1123 (C-N), 1071 (C-O), 701 (C-H) cm.

2-(2-(2-(Benzylamino)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (41)

To a solution of 40 (500 mg, 2.1 mmol) and EtsN (590 uL, 4.2 mmol) in THF (10 mL) at 0 °C
was added tosyl chloride (600 mg, 3.2 mmol). The reaction was stirred at rt for 4 h. The
reaction was quenched with sat. aq. NHsCl (5 mL), extracted with EtOAc (40 mL), dried
over MgSOs and concentrated in vacuo to yield 41 (640 mg, 78%) as a colourless oil. 'H NMR
(400 MHz, CDCls): 0 7.72 (d, ] = 8.3 Hz, 2H, His9), 7.32 — 7.23 (m, 7H, Ho-13,16,18), 4.36 (s, 2H,

H7), 3.69 —3.65 (m, 2H, H1), 3.54 — 3.47 (m, 4H, Hrec), 3.41 —3.35 (m, 4H, Hrec), 3.28 (t, [=6.1
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Hz, 2H, Hs), 2.42 (s, 3H, Hx) ppm. *C NMR (101 MHz, CDCl3): d 143.5 (C17), 137.0 (Cs),
136.6 (Cis), 129.8 (Cis15), 128.7 (Cio12), 128.5 (Co,13), 127.9 (Cis), 127.3 (Cu), 77.5 (Crec), 77.2
(Crec), 76.8 (Crec), 72.5 (Crec), 70.3 (Crec), 69.7 (Crec), 61.8 (Crec), 53.0 (C7), 47.2 (Cs), 21.6 (Ca)
ppm. LRMS ESI*: m/z 411 (100%, [M+Na]*), 394 (56%, [M+H]), 809 (50%, [2M+Nal").
HRMS ESI*: m/z 394.1686 [M+H]* calc. m/z 394.1683. IR (film): vmax 3399 (N-H), 1339 (S=O),

1159 (5=0), 1011 (C-O), 701 (C-H) cm.

1-Tosylaziridin-2-yl)methyl 4-methylbenzenesulfonate (43)

Route A

To a solution of 1-amino-3-chloro-propan-2-ol hydrochloride (250 mg, 1.7 mmol) in
CH2Cl2:H20 (1:1, 10 mL) at 0 °C was added KOH (1.0 g) portionwise. Then tosyl chloride
(700 mg, 3.7 mmol) was added and the reaction was stirred at rt for 2 h. Upon completion,
the reaction was diluted with CH2Cl> (50 mL) and washed with water (2 x 20 mL). The
organic layers were extracted and concentrated in vacuo Purification by flash column
chromatography (10% ->80% EtOAc in pentane) yielded the title compound as a colourless
oil (120 mg, 19%).
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Route B

To a solution of 1-amino-3-chloro-propan-2-ol hydrochloride (2.1 g, 14 mmol) and EtsN (3.0
mL, 22 mmol) in CH2Cl2 (150 mL) was added tosyl chloride (3.3 g, 17 mmol) was added and
the reaction was stirred at rt for 8 h until all starting material had been converted to the N-
tosyl intermediate. Then H>O (150 mL) was added to the reaction mixture, followed by
KOH (2.0 g) portionwise. Then an additional portion of tosyl chloride (3.3 g, 17 mmol) was
added. The reaction was stirred at rt for 16 h, the crude material was concentrated in vacuo
and purified by flash column chromatography (2% -> 40% EtOAc in pentane) yielded the
title compound as a colourless 0il (4.5 g, 81%). 'TH NMR (400 MHz, CDCls): 0 7.99 —7.94 (m,
4H, Hs91216), 7.38 — 7.32 (m, 4H, Hes13,15), 3.88 (dd, ] =15.9, 5.3 Hz, 1H, Hz), 3.76 (dd, ] = 15.9,
4.8 Hz, 1H, Hs"), 3.20 (tdd, ] = 5.0, 3.9, 2.5 Hz, 1H, H2), 2.77 (dd, ] = 4.7, 3.9 Hz, 1H, Hr), 2.63
(dd, J=4.8, 2.5 Hz, 1H, Hx"), 2.46 (s, 6H, Hi017) ppm. *C NMR (101 MHz, CDCls):  145.3
(Cr4), 136.8 (Ca1), 129.8 (Ces1315), 128.6 (Cs9,1216), 50.7 (C23), 46.7 (C1), 21.8 (Cro17) ppm.
HRMS ESI*: m/z 382.0777 [M+H]* calc. m/z 382.0777. This data was consistent with literature

characterisation.4”

Note:- The pure aziridines polymerise at rt within a few days, but can be stored at —20 °C

for 3 months.
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13-((4-Methylphenyl)sulfonamido)-1-phenyl-5,8,11-trioxa-2-azatetradecan-14-yl

4-methylbenzenesulfonate (44)
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To a solution of 40 (380 mg, 1.6 mmol) in DMF (5 mL) was added 1 M KOBu in THF (3.0
mmol) dropwise. The reaction was stirred at rt for 15 min, then 43 was added (610 mg, 1.6
mmol) and the reaction was refluxed at 120 °C for 16 h. The reaction was diluted with
EtOAc (50 mL) and washed with 5% LiCl aq. solution (2 x 20 mL). The organic phases were
concentrated in vacuo and purified by flash column chromatography (0 -> 10% MeOH in
CH:CL) to yield 44 (100 mg, 16%) as a colourless oil. 'H NMR (400 MHz, CDCls): 0 7.91 (d,
J=8.4 Hz, 2H, His22), 7.37 — 7.20 (m, 7H, Hi2-161921,25262829), 4.00 (dtd, ] =9.7, 6.0, 3.4 Hz, 1H,
Hz), 3.82 (dd, ] = 15.3, 6.0 Hz, 1H, Hv), 3.74 — 3.67 (m, 2H, Hio), 3.66 — 3.35 (m, 11H, Hrkc),
2.76 (ddd, J=14.1,7.9, 4.2 Hz, 1H, Hs), 2.68 — 2.48 (m, 3H, Hs9), 2.41 (s, 6H, Hz33) ppm. *C
NMR (101 MHz, CDCls): d 145.0 (C20.27), 138.9 (Cu), 137.0 (Ci7.24), 129.7 (Cr921,2628), 129.1
(Ciz15), 128.6 (Cis222529), 128.5 (Ciz216), 127.3 (Cus), 73.0 (Crec), 70.3 (Crec), 70.2 (Crec), 69.4
(Creg), 67.6 (C2), 61.9 (Cro), 60.1 (Crec), 58.7 (Crec), 53.6 (Cs), 52.2 (C1), 21.8 (Cz3,30) ppm. LRMS
ESI*: m/z 621 ([M+H]*, 100%), 643 ([M+Nal*, 99%), 1263 ([2M+Na]*, 42%), 1241 ([2M+H],
32%). HRMS ESI*: m/z 621.2306 [M+H]", calc. m/z 621.2299. IR (film): vmax 3406 (N-H), 2838

(C-H), 1605 (N-H), 1349 (S=0), 1165 (S=0), 1021 (C-O), 704 (C-H) cm..
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13-Amino-1-phenyl-5,8,11-trioxa-2-azatetradecan-14-ol (46)
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To a flame-dried MW vial under Ar was added Li (70 mg, 10 mmol) and naphthalene (1.3
g, 10 mmol). The vial was purged with Ar and degassed THF (5 mL) was added. The
reaction was sonicated for 1 min until a dark green colour was observed. The reaction was
stirred at rt for 2 h, until all the Li had disappeared. To a solution of 44 (200 mg, 0.3 mmol)
in THF (5 mL) at -78 °C was added the freshly prepared lithium naphthalenide (10 eq)
portionwise. The reaction was stirred at rt for 3 h. The reaction was acidified with 1 M HCl
and washed with pentane (2 x 20 mL). The aqueous layer was concentrated in vacuo and
purified by reverse-phase flash column chromatography (0 -> 100% MeCN in 10 mM
NHAc) to yield 46 (40 mg, 43%) as a colourless oil. 'H NMR (400 MHz, CDCls): 0 7.43 -
7.22 (m, 5H, Hi216), 4.00 — 3.90 (m, 1H, H2), 3.86 — 3.31 (m, 14H, Hi4s10), 3.09 — 2.58 (m, 4H,
Hs9) ppm. *C NMR (101 MHz, CDCls): 0 138.2 (C11), 129.4 (C1216), 128.7 (Ci315), 127.6 (Ca),
72.6 (Crec), 70.3 (Crec), 69.9 (Crec), 68.5 (Crec), 65.2 (Crec), 61.0 (Crec), 60.0 (Crec), 58.1 (Crec),
54.5 (Cu), 44.1 (Co) ppm. LRMS ESI*: 313 ((M+H]*, 100%), 335 ([M+Nal*, 71%), 625 ([2M+H]",
7%). HRMS ESI*: m/z 313.2127 [M+H]* calc. m/z 313.2122. IR (film): vmax 3380 (N-H), 2878

(C-H), 1575 (N-H), 1070 (C-O), 704 (C-H) cm.
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13-Amino-13-(4-octylphenethyl)-1-phenyl-5,8,11-trioxa-2-azatetradecan-14-ol (47)
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To a flame-dried MW vial under N2 was added 46 (40 mg, 0.13 mmol) and 20 (30 mg, 0.13
mmol) in degassed DMF (1 mL). The vial was sealed and purged again. [NBus][Ns] (4 mg
in 100 uL MeCN, 10 mol%) and 3DPA2FBN (1 mg in 100 uL DMF, 1 mol%) were added and
the reaction was stirred and irradiated by 427 nm light at rt for 20 h. The reaction was
concentrated in vacuo. The crude material was purified by reverse-phase flash column
chromatography (0 -> 100% MeCN in 10 mM NHsAc) to yield 47 as a colourless solid (0.5

mg, 1%). LRMS ESI*: m/z 529 ([M+H]*, 31%).

Trimethyl(8-phenyloct-1-yn-1-yl)silane (54)
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To a solution of TMS acetylene (1.4 mL, 9.9 mmol) in. THF (20 mL) under N2 at =78 °C in
flame-dried glassware was added 1.6 M nBuLi in THF (9.9 mmol) dropwise. The reaction
was stirred at =78 °C for 1 h, then a solution of 1-bromo-6-phenylhexane (1.7 mL, 8.3 mmol)
and HMPA (1.6 mL, 9.1 mmol) in THF (3 mL) was added and stirred for 1 h at =78 °C and
then at rt for 16 h. The reaction was quenched with water (50 mL), and extracted with
pentane (100 mL) twice. The organic layers were combined, dried (Na:S5O.), and
concentrated in wvacuo. The crude material was further purified by flash column
chromatography (0 -> 5% EtOAc in pentane) to yield the title compound a colourless oil (2.0
g, 96%). 'H NMR (400 MHz, CDCls): 0 7.27 - 7.19 (m, 2H, Has), 7.16-7.09 (m, 3H, Hiz), 2.65
(t, ]=7.7 Hz, 2H, H»), 2.25 (t, ] = 7.0, 2H, H12), 1.74 - 1.62 (m, 2H, Hs), 1.61 — 1.33 (m, 6H, Ho-
1), 0.30 = 0.16 (m, 9H, His1s) ppm. ¥*C NMR (101 MHz, CDCls): d 142.6 (Cs), 128.4 (Ci3),
128.3 (Css), 125.5 (C2), 107.7 (Ci3), 84.3 (C4), 36.0 (C7), 31.4 (Cs), 28.7 (Co), 28.7 (Cio), 28.6 (Cn1),
20.0 (Cx2), 0.3 (Ci618) ppm. HRMS APCI*: m/z 259.1878 [M+H]* calc. m/z 259.1877. IR (film):

Vmax 2934 (C-H), 2172 (C=C), 1454 (C-H), 842 (C-Si), 698 (C-H) cm..

Triisopropyl(8-phenyloct-1-yn-1-yl)silane (55)
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To a solution of TIPS acetylene (670 uL, 3.0 mmol) in THF (10 mL) under N2 at =78 °C in
flame-dried glassware was added 1.6 M nBuLi in THF (3.0 mmol) dropwise. The reaction

was stirred at -78 °C for 1 h, then a solution of 1-bromo-6-phenylhexane (500 pL, 2.5 mmol)
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and HMPA (480 pL, 2.7 mmol) in THF (1 mL) was added and stirred for 1 h at —78 °C and
then at rt for 16 h. The reaction was quenched with water (50 mL), and extracted with
pentane (100 mL) twice. The organic layers were combined, dried (Na:S5Os), and
concentrated in wvacuo. The crude material was further purified by flash column
chromatography (0 -> 5% EtOAc in pentane) to yield the title compound a colourless oil
(510 mg, 75%). 'H NMR (400 MHz, CDCls): 0 7.33 — 7.27 (m, 2H, Has), 7.22 = 7.17 (m, 3H,
His), 2.63 (t, ] = 7.8 Hz, 2H, H7), 2.27 (t, ] = 6.8 Hz, 2H, Hx), 1.70 - 1.60 (m, 2H, Hs), 1.60 —
1.43 (m, 4H, Hou0), 1.43 - 1.33 (m, 2H, Hu1), 1.13 - 1.09 (m, 21H, Hie23) ppm. *C NMR (101
MHz, CDCl): d 142.9 (Cs), 128.5 (Cu3), 128.4 (Csp), 125.8 (C2), 112.0 (Ci3), 109.4 (Cus), 36.1
(Cr),31.6 (Cs) 28.9 (Co), 28.9 (Co), 28.7 (Cu1), 20.0 (Cr2), 18.8 (Ci6181921,2224), 11.5 (Ci7,20.23) ppm.
HRMS APCI*: m/z 343.2825 [M+H]* calc. m/z 343.2816. IR (film): vmax 2941 (C-H), 2172

(C=C), 1464 (C-H), 883 (C-Si), 677 (C-H) em.

(6-Methoxyhexyl)benzene (57)

To a suspension of 60% NaH in mineral oil (450 mg, 11 mmol) in THF (20 mL) at 0 °C was
added 6-phenyl-1-hexanol (1.0 g, 5.6 mmol) dropwise. The reaction was stirred at rt for 1 h,
then Mel (1.4 mL, 22 mmol) was added dropwise. The reaction was stirred for 2 h at rt,
quenched with water (20 mL), and extracted with EtOAc (100 mL). The combined organic
layers were dried (Na2SOs) and concentrated in vacuo. The crude material was further

purified by flash column chromatography (0 -> 10% EtOAc in pentane) to yield 57 (1.1 g,
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quantitative) as a colourless oil. 'H NMR (400 MHz, CDCls): 6 7.31 — 7.24 (m, 2H, Has), 7.20
—7.13 (m, 3H, Hi), 3.36 (t, ] = 6.6 Hz, 2H, H12), 3.32 (s, 3H, His), 2.61 (dd, ] = 8.7, 6.6 Hz, 2H,
Hr), 1.68-1.52 (m, 4H, Hsa1), 1.42 — 1.32 (m, 4H, Ho10) ppm. C NMR (101 MHz, CDCL): o
142.9 (Gs), 128.5 (Cu3), 128.3 (Cap), 125.7 (C2), 73.0 (Ci3), 58.7 (Cr2), 36.0 (C7), 31.6 (Cu1), 29.7
(Gs), 29.3 (Cu), 26.2 (Co) ppm. HRMS ESI*: m/z 215.1400 [M+Na]* calc. m/z 215.1406. IR

(film): Vimax 2932 (C-H), 1604 (C=Carom), 1454 (C-H), 1120 (C-O), 698 (C-H) cmL.

(6-(Allyloxy)hexyl)benzene (58)

To a suspension of 60% NaH in mineral oil (270 mg, 6.7 mmol) in THF (20 mL) at 0 °C was
added 6-phenyl-1-hexanol (1.0 g, 5.6 mmol) dropwise. The reaction was stirred at rt for 1 h,
then allyl bromide (730 pL, 8.40 mmol) was added dropwise. The reaction was stirred for 2
h at rt, quenched with water (20 mL), and extracted with EtOAc (100 mL). The combined
organic layers were dried (Na:50O4) and concentrated in vacuo. The crude material was
further purified by flash column chromatography (0 -> 10% EtOAc in pentane) to yield 58
(1.1 g, 94%) as a colourless oil. 'H NMR (400 MHz, CDCls): 0 7.30 — 7.23 (m, 2H, Hae), 7.20
- 7.13 (m, 3H, His), 5.92 (ddt, ] =17.2, 10.4, 5.6 Hz, 1H, Hu), 5.31 (ddt, | =17.2, 3.4, 1.5 Hz,
1H, His), 5.21 (ddt, ] =10.5, 3.4, 1.3 Hz, 1H, His") 3.95 (ddd, ] = 5.6, 1.5, 1.3 Hz, 2H, Hus), 3.42
(t, J=6.6 Hz, 2H, H12), 2.65 — 2.56 (m, 2H, Hr), 1.67 — 1.54 (m, 4H, Hs11), 1.45 - 1.33 (m, 4H,
Ho10) ppm. ¥C NMR (101 MHz, CDCls): o 142.8 (Cs), 135.2 (Cus), 128.5 (C13), 128.3 (Cag),

125.7 (Cy), 116.7 (Cis5), 71.9 (C13), 70.5 (Cr2), 36.0 (C7), 31.6 (C11), 29.8 (Cs), 29.3 (Cio), 26.1 (Co)
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ppm. HRMS ESI*: m/z 219.1744 [M+H]* calc. m/z 219.1743. IR (film): vmax 2932 (C-H), 1604

(C=Carom), 1108 (C-0), 923 (C=C), 698 (C-H) cm..

Trimethyl(2-(((6-phenylhexyl)oxy)methoxy)ethyl)silane (59)

16
6 7 9 M 15
/

1 O\/O\/\Si\
8 10 12 13 14 \

To a solution of 6-phenyl-1-hexanol (100 mg, 0.74 mmol) and DIPEA (520 pL, 3.0 mmol) in
CH:Cl2 (3 mL) was added 2-(trimethylsilyl)ethoxymethyl chloride (390 uL, 2.2 mmol). The
reaction mixture was stirred at rt for 1 h or until completion. The reaction was diluted with
Et20 (50 mL) and washed with water (2 x 30 mL). The combined organic layers were dried
(Naz2S0s) and concentrated in vacuo to yield 59 as a colourless oil (190 mg, 96%). 'H NMR
(400 MHz, CDCls): 0 7.28 — 7.20 (m, 2H, Hse), 7.17 - 7.11 (m, 3H, Hu-3), 4.64 (s, 2H, His), 3.63
—3.55 (m, 2H, H12), 3.50 (t, ] = 6.6 Hz, 2H, Hus), 2.62 - 2.54 (m, 2H, H), 1.66-1.52 (m, 4H, Hs 1),
1.40-1.32 (m, 4H, Ho,10), 0.96 — 0.89 (m, 2H, His), 0.00 (s, 9H, His1s) ppm. 3*C NMR (101 MHz,
CDCl): 0 142.8 (GCs), 128.5 (C13), 128.4 (Cap), 125.7 (C2), 94.9 (C13), 67.9 (C12), 65.8 (C4), 36.0
(C7), 31.6 (Cs), 29.8 (Cn1), 29.2 (Co), 26.2 (C1o), 18.3 (Ci5), -1.3 (Ci618) ppm. LRMS ESI*: m/z 331
([M+Na]*, 100%). HRMS ESI*: m/z 331.2062 [M+Na]* calc. m/z 331.2064. IR (film): vmax 2952

(C-H), 1941 (C-H), 1638 (C=C), 1146 (C-O), 1061 (C-O), 1249 (C-Si), 836 (C-Si) cm™.
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Trimethyl(2-(((6-phenylhexyl)oxy)methoxy)ethyl)silane (60)
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To a solution of 6-phenyl-1-hexanol (100 mg, 0.74 mmol) and 60% NaH in mineral oil (120
mg, 3.0 mmol) in THF (3 mL) was added 4-nitrobenzyl bromide (475 mg, 2.2 mmol). The
reaction mixture was stirred at rt for 18 h. The reaction was diluted with Et2O (50 mL) and
washed with water (2 x 30 mL). The combined organic layers were dried (Na:50s) and
concentrated in vacuo to yield 60 as a colourless oil (200 mg, 86%). 'H NMR (400 MHz,
CDCls): 0 8.09 (d, ] = 8.0 Hz, 2H, His1s), 7.49 (d, ] = 8.0 Hz, 2H, His9), 7.26 — 7.20 (m, 2H,
Has), 7.20 — 7.10 (m, 3H, Hi), 4.48 (s, 2H, Hi3), 3.53 (t, ] = 6.0 Hz, 2H, Hx2), 2.63 (t, | =7.9 Hz,
2H, Hv), 1.60-1.52 (m, 4H, Hs11), 1.42-1.34 (m, 4H, Ho,10) ppm. *C NMR (101 MHz, CDCls):
0 148.3 (Cr7), 143.0 (Cus), 142.8 (Cs), 128.6 (Cu3), 128.3 (Cas), 127.5 (Cis19), 125.7 (C2), 124.8
(Ci618) 72.4 (Cu3), 69.9 (Cr2), 36.1 (Cr), 31.5 (Cs), 29.7 (Cn), 28.2 (Co), 26.7 (Cro) ppm. LRMS
ESI*: m/z 314 (IM+H]*, 100%). HRMS ESI*: m/z 314.1750 [M+H]* calc. m/z 314.1756. IR

(film): vmx 2955 (C-H), 1061 (C-O), 1525 (N-O), 1313 (N-O), 742 (C-H) cm-.

tert-Butyldimethyl((6-phenylhexyl)oxy)silane (61)

6 7 9 11 13
! O’
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To a suspension of 6-phenyl-1-hexanol (130 mg, 0.98 mmol) and imidazole (80 mg, 1.2
mmol) in CH2Cl2 (3 mL) was added TBDMSCI (300 pL, 1.2 mmol). The reaction mixture
was stirred for 2 h. The reaction was diluted with Et2O (50 mL) and washed with water (2
x 30 mL). The combined organic layers were dried (Na25Os) and concentrated in vacuo to
yield 61 as a colourless oil (370 mg, 99%). '"H NMR (400 MHz, CDCls): 0 7.26 - 7.20 (m, 2H,
Hae), 7.16 — 7.09 (m, 3H, His), 3.55 (t, ] = 6.5 Hz, 2H, Hi2), 2.59 — 2.52 (m, 2H, H7), 1.58 (tt, ] =
7.6, 6.5 Hz, 2H, Hu1), 1.47 (tt, ] =7.0, 6.7 Hz, 2H, Hs), 1.34 — 1.28 (m, 4H, Ho,10), 0.85 (s, 9H, Hie-
18), 0.00 (s, 6H, Hiz,14) ppm. *C NMR (101 MHz, CDCls): 6 143.0 (Cs), 128.5 (Cu3), 128.3 (Cas),
125.7 (C2), 63.4 (C12), 36.0 (C7), 32.9 (Cs), 31.6 (Ci1), 29.2 (Co), 26.1 (Cis-18), 25.8 (Cio), 14.2 (Cus),
-5.2 (Ci314) ppm. LRMS ESI*: m/z 315 ((M+Na]*, 100%), 293 ((M+H]*, 30%). HRMS ESI*: m/z
293.2300 [M+H]* calc. m/z 293.2295. IR (film): vmax2931 (C-H), 1604 (C=C), 1259 (C-Si), 1098

(C-0), 1031 (O-Si), 835 (C=C) cm™.

2-Bromo-1-(4-(6-methoxyhexyl)phenyl)ethan-1-one (62)

Following General Procedure A, 62 was obtained from 57 (1.5 g, 7.8 mmol), 2-
bromoacetylchloride (650 uL, 7.8 mmol) and AICls (1.1 g, 7.8 mmol). The reaction was
stirred for 10 h. Purification by flash column chromatography (0% ->30% EtOAc in pentane)
yielded the title compound as a colourless oil (1.1 g, 44%). '"H NMR (400 MHz, CDCls): o
7.90 (d, ] =8.3 Hz, 2H, Hi3), 7.28 (d, | = 8.3 Hz, 2H, Hae), 4.43 (s, 2H, Hie), 3.35 (t, ] = 6.5 Hz,

2H, Hu), 3.32 (s, 3H, Hus), 2.71 - 2.63 (m, 2H, Hy), 1.64 (m, 2H, Hu1), 1.56 (m, 2H, Hs), 1.43 —
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1.29 (m, 4H, Ho0) ppm. C NMR (101 MHz, CDCls): d 191.1 (Cis), 149.9 (Cs), 131.8 (C2),
129.2 (C13), 129.0 (Cse), 72.9 (Cr2), 58.7 (Cia), 36.1 (C7), 31.1 (Cis), 31.0 (Cs), 29.7 (Cu1), 29.2 (Cs),
26.1 (Cio) ppm. LRMS ESI: m/z 337 ([¥BrM+NaJ’, 100%), 335 ([?BrM+Nal’, 91%), 315
([FBrM+H], 12%), 313 (["BrM+H]", 6%). HRMS ESI*: m/z 335.0611 [#BrM+Na]* calc. m/z
335.0617. IR (film): Vimax 2933 (C-H), 1680 (C=0), 1606 (C=Carom), 1117 (C-O), 690 (C-H), 605

(C-Br) em™.

1-(4-(6-(Allyloxy)hexyl)phenyl)-2-bromoethan-1-one (63)

Following General Procedure A, 63 was obtained from 58 (1.1 g, 5.0 mmol), 2-
bromoacetylchloride (420 pL, 5.0 mmol) and AICls (680 mg, 5.0 mmol). The reaction was
stirred for 10 h. Purification by flash column chromatography (0% ->50% EtOAcin pentane)
yielded the title compound as a colourless oil (700 mg, 41%). *H NMR (600 MHz, MeOD):
07.98 -791 (m, 2H, Huzs), 7.37 = 7.33 (m, 2H, Hae), 5.89 (ddt, ] =17.3, 10.6, 5.6 Hz, 1H, His),
5.25 (ddt, ] =17.3, 3.4, 1.7 Hz, 1H, His), 5.14 (ddt, ] = 10.6, 3.4, 1.3 Hz, 1H, Hi¢"), 4.62 (s, 2H,
His), 3.95 (dt, ] =5.6, 1.7, 1.3 Hz, 2H, Hu), 3.43 (t, ] = 6.5 Hz, 2H, Hn), 2.71 (t, ] = 7.7 Hz, 2H,
Hv), 1.67 (tt, ] =7.7, 6.5 Hz, 2H, Hn), 1.57 (tt, | =7.7, 7.0 Hz, 2H, Hs), 1.43 — 1.34 (m, 4H, Ho,10)
ppm. BC NMR (151 MHz, CDCls):  193.3 (Cr7), 151.1 (Cs), 136.2 (Cis5), 133.2 (C2), 130.2 (Cu3),
130.0 (Cus), 117.0 (Cie), 72.8 (Cu4), 71.3 (C12), 36.8 (C7), 32.2 (Czs), 30.6 (Cs), 30.0 (C11), 27.0 (Co),

22.1 (Cuw) ppm. LRMS ESI*: m/z 361 ([M+Na]*, 100%). HRMS ESI*: m/z 339.0957 [M+H]*
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calc. m/z 339.0954. IR (IPA): vmax 2935 (C-H), 1734 (C=0), 1648 (C=C), 1102 (C-O), 994 (C=C),

681 (C-Br) cm™.

Diethyl 2-acetamido-2-(2-(4-(6-(allyloxy)hexyl)phenyl)-2-oxoethyl)malonate (64)

Following General Procedure C, 64 was obtained from 63 (400 mg, 1.2 mmol) and
diethylacetamidomalonate (520 mg, 2.4 mmol). The reaction was stirred at 65 °C overnight.
Purification by flash column chromatography (0% -> 50% EtOAc in pentane) yielded the
title compound as a colourless oil (145 mg, 25%). 'TH NMR (600 MHz, CDCls):  7.90 - 7.85
(m, 2H, Hig), 7.27-7.23 (m, 2H, Hae), 7.11 (s, 1H, NH), 5.91 (ddt, ] = 17.3, 10.4, 5.6 Hz, 1H,
His), 5.26 (dq, J=17.3, 1.3 Hz, 1H, His), 5.16 (dt, ] =10.4, 1.3 Hz, 1H, Hie"), 4.26 (m, 4H, H2s,27),
4.24 (s, 2H, His), 3.95 (dt, ] = 5.6, 1.5 Hz, 2H, Hus), 3.41 (t, ] = 6.6 Hz, 2H, H12), 2.66 (t, ] =7.7
Hz, 2H, Hz), 1.96 (s, 3H, Hz), 1.66 — 1.60 (m, 2H, Hs), 1.57 — 1.54 (m, 6H, Ho1), 1.24 (t, [=7.1
Hz, 6H, Hzs28) ppm. *C NMR (151 MHz, CDCls): 6 196.7 (C17), 169.6 (Ca1), 167.5 (Cas27), 149.6
(Gs), 135.2 (Cis), 134.0 (C2), 128.9 (Cas), 128.5 (Ci3), 116.9 (Cis), 72.0 (Ci4), 71.5 (C12), 70.5 (Cas),
63.0 (Cas,27), 42.4 (Cu9), 36.1 (C7), 31.1 (Cs), 29.8 (Cu1), 29.1 (Co), 26.0 (c10), 23.1 (Cz2), 14.1 (Co5,28)
ppm. LRMS ESI*: m/z 498 ([M+Na]*, 100%), 476 ([M+H]*, 40%). HRMS ESI*: m/z 476.2653
[M+H]* calc. m/z 476.2643. IR (film): vmax 2935 (C-H), 1747 (C=0), 1685 (C=0), 1447 (C-H),

1228 (C-0), 1196 (C-O) cm-.
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Diethyl 2-acetamido-2-(2-(4-(6-hydroxyhexyl)phenyl)-2-oxoethyl)malonate (65)

To a solution of 64 (200 mg, 0.42 mmol) in MeOH (2 mL) was added 1,3-dimethylbarbituric
acid (130 mg, 0.84 mmol). The reaction vessel was purged with Nz. Pd(PPhs;), (25 mg, 5 mol
%) was added and the reaction was stirred at rt for 6 h. The reaction mixture was diluted
with CH2Cl2 (50 mL), washed with water (2 x 30 mL) and concentrated in vacuo. The crude
material was purified by flash column chromatography (10 -> 80% EtOAc:EtOH (3:1) + 2%
NH:OH in pentane) to yield 65 (150 mg, 82%) as a yellow oil. 'H NMR (400 MHz, CDCl:):
07.87(d, ]=8.3 Hz, 2H, Hae), 7.26 (d, | =8.3 Hz, 2H, Ha3), 7.11 (s, 1H, NH), 4.27 (qd, | =7.0,
1.4 Hz, 4H, H224), 4.23 (s, 2H, Hus), 3.46 (t, ] = 6.5 Hz, 2H, Hx2), 2.65 (t, ] = 7.6 Hz, 2H, H7),
1.96 (s, 3H, Hu), 1.68 — 1.53 (m, 4H, Hs1), 1.39 — 1.33 (m, 4H, Hou0), 1.24 (t, ] = 7.0 Hz, 6H,
H2,.25) ppm. ®*C NMR (101 MHz, CDCls): 0 196.7 (Cis), 169.6 (C1s), 167.5 (C20,23), 149.6 (C2),
134.0 (Gs), 128.9 (Ci3), 128.5 (Cas), 71.5 (C1s), 64.2 (C12), 63.0 (C21,24), 42.4 (Cr7), 36.1 (Cr), 31.1
(Gs), 29.6 (C11), 26.0 (Co), 23.1 (Co), 21.9 (Cr9), 14.1 (C2225) ppm. LRMS ESI*: m/z 436 ([M+H]",
100%), 458 (M+Na]*, 88%). HRMS ESI*: m/z 436.2343 [M+H]* calc. m/z 436.2330. IR (film):
vmax 3628 (O-H), 2935 (C-H), 1747 (C=0), 1684 (C=0), 1607 (C=0), 1369 (O-H), 1053 (C-O),

746 (C-H) cm™.
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Diethyl 2-acetamido-2-(2-(4-(6-bromohexyl)phenyl)-2-oxoethyl)malonate (66)

To a solution of 65 (100 mg, 0.23 mmol) in CH2Cl> (1 mL) at 0 °C under N2 was added PPhs
(73 mg, 0.28 mmol) and CBr4(93 mg, 0.28 mmol). The reaction was stirred at rt for 24 h. The
reaction mixture was filtered and washed with CH2Cl> (50 mL). The filtrate was washed
with water (20 mL) and the organic layers were concentrated in vacuo. The crude material
was purified by flash column chromatography (10 -> 80% EtOAc in pentane) to yield 66 (17
mg, 15%) as a yellow oil. 'TH NMR (400 MHz, CDCls): 0 7.88 (d, ] = 8.3 Hz, 2H, Hae), 7.28 -
7.24 (d, ] =8.3 Hz, 2H, Huzs), 7.11 (s, 2H, NH), 4.30 — 4.22 (m, 6H, Hz1,24,16), 3.40 (t, ] = 6.8 Hz,
2H, Huw), 2.67 (m, 2H, H»), 1.97 (s, 3H, Hu), 1.85 (dq, | = 8.6, 6.9 Hz, 2H, Hs), 1.70 — 1.56 (m,
4H, Hsu1), 1.54 - 1.41 (m, 2H, Ho), 1.41 - 1.29 (m, 2H, Huw), 1.24 (t, ] =7.1 Hz, 6H, H225) ppm.
3C NMR (101 MHz, CDCls): d 196.7 (Cis), 169.6 (Cis), 167.5 (Czo23), 149.4 (C2), 134.1 (Cs),
128.9 (Cas), 128.6 (Ci3), 64.2 (C17), 63.0 (C21,24), 42.4 (Cie), 36.0 (C7), 34.0 (Cr2), 32.8 (Cu1), 31.0
(GCs), 28.4 (Co), 28.1 (Co), 23.1 (Cr9), 14.1 (C2225) ppm. LRMS ESI*: m/z 520 ([M+Na]*, 100%),
498 ([M+H]*, 79%). HRMS ESI*: m/z 498.1509 [M+H]* calc. m/z 498.1486. IR (film): vmax 2934

(C-H), 1746 (C=0), 1684 (C=0), 1229 (C-0), 672 (C-Br) cm-..
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Diethyl 2-acetamido-2-(2-(4-(6-iodohexyl)phenyl)-2-oxoethyl)malonate (67)

To a solution of 65 (100 mg, 0.23 mmol) in CH2Cl> (1 mL) at 0 °C under N2 was added PPhs
(73 mg, 0.28 mmol) and imidazole (19 mg, 0.28 mmol), after 5 min I> (71 mg, 0.28 mmol) was
added. The reaction was stirred at rt for 24 h. The reaction mixture was filtered and washed
with CH2Cl2 (50 mL). The filtrate was washed with water (20 mL) and the organic layers
were concentrated in vacuo. The crude material was purified by flash column
chromatography (10 -> 80% EtOAc in pentane) to yield 67 (12.5 mg, 10%) as a yellow oil. 'H
NMR (400 MHz, CDCls): 6 7.88 (d, ] = 8.3 Hz, 2H, Has), 7.26 (d, ] =8.3 Hz, 2H, His), 7.12 (s,
1H, NH), 4.30 — 4.22 (m, 6H, His2124), 3.17 (t, ] = 6.9 Hz, 2H, H12), 2.66 (t, ] =7.7 Hz, 2H, H7),
1.96 (s, 3H, Hu), 1.81 (m, 2H, Hu), 1.69 — 1.57 (m, 2H, Hs), 1.52 - 1.43 (m, 4H, Ho0), 1.25 (t, ]
=6.7 Hz, 6H, H2225) ppm. *C NMR (101 MHz, CDCls): 0 194.3 (Ci5), 171.4 (Cis), 167.5 (C20,23),
146.5 (C2), 137.6 (Cs), 128.9 (Cu3), 128.6 (Cas), 63.0 (Ca1,24), 46.4 (Cr2), 42.4 (C1s), 36.0 C7), 30.9
(GCs), 30.4 (Cu), 28.2 (Co), 23.1 (Cr9), 14.1 (C2225) ppm. LRMS ESI*: m/z 546 ([M+H]*, 100%),
568 ((M+Nal*, 46%). HRMS ESI*: m/z 546.1353 [M+H]" calc. m/z 546.1347. IR (film): Vmax 2938

(C-H), 1747 (C=0), 1685 (C=0), 1176 (C-0), 921 (C=C) cm..
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Diethyl 2-acetamido-2-(2-0x0-2-(4-(6-oxohexyl)phenyl)ethyl)malonate (69)

To a solution of 65 (16 mg, 0.036 mmol) in CH2Cl2 (200 pL) and DMSO (a few drops) was
added PCC (30 mg, 0.072 mmol). The reaction vessel was stirred under N: at rt for 24 h. The
reaction mixture was diluted with CH2Cl2 (20 mL), filtered through celite and concentrated
in vacuo. The crude material was purified by flash column chromatography (0 ->80% EtOAc
in pentane) to yield 69 (15 mg, 96%) as a yellow oil. 'H NMR (400 MHz, CDCls): 6 9.76 (t, |
=1.7 Hz, 1H, H), 7.88 (d, | = 8.0 Hz, 2H, Hi,), 7.25 (d, ] = 8.0 Hz, 2H, Hae), 7.14 (s, 1H, NH),
4.32 —4.21 (m, 6H, Hie21,24), 2.67 (t, | =7.7 Hz, 2H, H7), 2.43 (td, ] = 7.3, 1.7 Hz, 2H, Hu), 1.97
(s, 3H, Hu), 1.71 — 1.60 (m, 4H, Hs0), 1.40 — 1.31 (m, 2H, Ho), 0.88 (t, ] = 7.0 Hz, 6H, H222s)
ppm. ¥C NMR (101 MHz, CDCls): d 202.6 (C12), 196.7 (Cis), 169.7 (Cis), 167.5 (Czo,23), 149.2
(C2), 134.1 (Cs), 132.2 (Ca3), 128.7 (Cags), 64.2 (Cis), 63.0 (Ca1,24), 42.4 (Cr7), 35.9 (C7), 30.9 (Cs),
29.2 (Cu), 28.8 (Co), 23.1 (Cu), 22.0 (Cr9), 14.2 (C2225) ppm. LRMS ESI*: m/z 456 ([M+Na]",
100%), 434 ([M+H]*, 38%). HRMS ESI*: m/z 434.2163 [M+H]* calc. m/z 434.2173. IR (film):
vmax 3017 (C-H), 2939 & 2852 (C-H), 1745 (C=0), 1714 (C=0), 1687 (C=0), 1372 (C-H), 1197

(C-0), 697 (C-H) em..
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Dimethyl 2-acetamido-2-(2-(4-(hept-6-yn-1-yl)phenyl)-2-oxoethyl)malonate (70)

To a solution of 69 (15 mg, 0.030 mmol) in MeOH (200 pL) was added 10% dimethyl (1-
diazo-2-oxo propyl) phosphonate in MeCN (63 pL, 0.033 mmol). The reaction vessel was
stirred under N: at rt for 24 h. The reaction mixture was diluted with EtOAc (20 mL),
washed with water (10 mL) and concentrated in vacuo. The crude material was purified by
flash column chromatography (0 -> 80% EtOAc in pentane) to yield 70 (2 mg, 16% yield) as
a yellow oil. 'TH NMR (600 MHz, CDCls): 6 7.87 (d, ] = 7.9 Hz, 2H, Hage), 7.43 (s, 1H, NH),
7.09 (d, ] =7.9 Hz, 2H, Hu5s), 4.24 (s, 2H, His), 3.80 (s, 6H, Hz123), 3.39 (t, ] = 5.0 Hz, 2H, Hy),
2.68 (m, 2H, Hs), 2.19 (dt, ] = 6.7, 2.7 Hz, 2H, Hu1), 1.97 (s, 3H, Hu), 1.94 (t, ] = 2.7 Hz, 1H,
His), 1.64 (p, | = 7.7 Hz, 2H, Huw), 1.45 (p, ] = 8.0 Hz, 2H, Hy) ppm. ¥C NMR (151 MHz,
CDCl): 0 192.0 (Cu4), 175.6 (Cis), 168.0 (Cz0,22), 133.6 (C2), 129.4 (Cs), 128.9 (Css), 128.6 (Cu3),
85.0 (Ci2), 70.8 (Ci3), 69.2 (Cus), 53.9 (C21,23), 42.6 (C15), 36.0 (C7), 30.7 (Cs), 28.7 (Co), 28.4 (Co),
23.4 (Cu9), 19.0 (C11) ppm. LRMS ESI*: m/z 424 ([M+Na]*, 100%), 402 ((M+H]*, 12%). HRMS

ESI*: m/z 402.1904 [M+H]* calc. m/z 402.1911.
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2-(Bromomethyl)-2-(4-(6-methoxyhexyl)phenyl)-1,3-dioxolane (72)

To a solution of 62 (500 mg, 1.6 mmol) in benzene (20 mL) with activated 3A molecular
sieves was added ethylene glycol (130 uL, 2.4 mmol) and para-toluene sulfonic acid (30 mg,
0.16 mmol). The reaction was refluxed for 48 h. Purification by flash column
chromatography (0% -> 30% EtOAc in pentane) yielded the title compound as a colourless
oil (480 mg, 85%). 'TH NMR (400 MHz, CDCls): 0 7.40 (d, ] =8.1 Hz, 2H, Hi3), 7.17 (d, ] =8.1
Hz, 2H, Hse), 4.22 —4.15 (m, 2H, Hi7,18), 3.91 - 3.87 (m, 2H, Hi7"1s”), 3.66 (s, 2H, His), 3.36 (t,
J=6.6 Hz, 2H, H1), 3.32 (s, 3H, Hus), 2.64 — 2.56 (m, 2H, Hr), 1.67 — 1.50 (m, 4H, Hs11), 1.44 -
1.32 (m, 4H, Ho0) ppm. C NMR (101 MHz, CDCls): d 143.7 (Cs), 137.0 (C2), 128.5 (Casg),
126.0 (Ci3), 107.4 (Cis), 73.0 (Ca2), 65.9 (Ci7:8), 58.7 (Cu3), 38.5 (Cie), 35.7 (Cv), 31.4 (Cs), 29.7
(Cn), 29.29 (Cy), 26.1 (Cr0) ppm. LRMS ESI*: m/z 381 ([*'BrM+Na]*, 100%), 397 ([?’BrM+Na]*,
80%), 359 ([*'BrM+H], 70%), 357 ([”’BrM+H], 46%), 277 ([M-Br+H]e*, 19%). HRMS ESI*:
m/z 357.1054 [M+HY]*, calc. m/z 357.1060. IR (film): vmax 2930 (C-H), 1607 (C=C), 1463 (C-H),

1120 (C-O), 663 (C-H) cm™.

1-(4-(3-Amino-4-hydroxy-3-(hydroxymethyl)butyl)phenyl)hept-6-yn-1-one (74)
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To a flame-dried MW vial under N2 was added serinol (340 mg, 3.8 mmol) and 94 (800 mg,
3.8 mmol) in degassed DMF (20 mL). The vial was sealed and purged again. [NBua4][Ns]
(110 mg in 300 uL MeCN, 10 mol%) and 3DPA2FBN (24 mg in 500 uL. DMF, 1.0 mol%) were
added and the reaction was stirred and irradiated by 427 nm light at rt for 24 h. The reaction
was concentrated in vacuo. The crude material was purified by reverse-phase flash column
chromatography (2 -> 100% MeCN in 10mM NH4OAc aq.) to yield the title compound as a
colourless solid (95 mg, 8%). '"H NMR (400 MHz, MeOD): 6 7.90 (d, ] = 8.1 Hz, 2H, Has),
7.36 (d, ] = 8.1 Hz, 2H, Hi3), 3.49 (app q, | = 10.9 Hz, 4H, Hizs), 3.02 (t, ] = 7.3 Hz, 2H, Hs),
2.79 —2.69 (m, 2H, His), 2.26 — 2.17 (m, 3H, Hu,13), 1.81 (app p, ] =7.3 Hz, 2H, Hy), 1.73 - 1.66
(m, 2H, His), 1.59 (app p, ] =7.1 Hz, 2H, Hio) ppm. *C NMR (101 MHz, MeOD): 5 202.3 (C7),
150.3 (C2), 136.0 (Cs), 129.8 (C13), 129.5 (Cas), 84.7 (Cr2), 69.7 (Ci3), 66.4 (Ci7-18), 56.9 (Cis), 38.8
(GCs), 37.2 (Cis), 30.5 (Cu4), 29.2 (Cuo), 24.7 (Co), 18.9 (Cu) ppm. LRMS ESI*: m/z 304 (100%,
[M+H]"), 607 (68%, [2M+H]*). HRMS ESI*: m/z 326.1724 [M+Na]* calc. m/z 326.1727. IR
(film): vmax 3262 (N-H), 2570 (O-H), 2073 (C=C), 1679 (C=0), 1606 (N-H), 1355 (O-H), 1182

(C-N)), 1063 (C-O), 804 (C-H) cm™.

2-(Hex-5-yn-1-yl)-1,3-dioxolane (77)

8
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To a solution of 79 (500 mg, 4.5 mmol) in benzene (5 mL) at rt was added para-toluene

sulfonic acid (80 mg, 0.45 mmol) and ethylene glycol (300 uL, 5.4 mmol). The reaction was

stirred at 85 °C for 48 h. Upon completion by TLC, the reaction was concentrated in vacuo

251



Chapter 8 Chemistry Experimental

(volatile compound, do not go below 700 mbar) to yield the title compound as a colourless
oil (520 mg, 75%). 'H NMR (400 MHz, CDCls): 0 4.85 (t, ] = 4.7 Hz, 1H, Hi), 3.98 - 3.91 (m,
2H, Hs,9), 3.89 - 3.82 (m, 2H, Hs",9), 2.20 (td, ] = 6.7, 2.7 Hz, 2H, Hs), 1.94 (t, ] = 2.7 Hz, 1H,
Hr), 1.73 — 1.64 (m, 2H, Hz), 1.63 — 1.47 (m, 4H, Hs4) ppm. *C NMR (101 MHz, CDCl): o
104.6 (C1), 84.5 (Cs), 68.5 (C7), 65.0 (Cs), 33.5 (C2), 28.5 (C4), 23.3 (Cs), 18.5 (Cs) ppm. IR (film):
vmax 2951 (C-H), 2116 (C=C), 1141 (C-0), 869 (C-H), 668 (C-H) cm. This data was consistent

with literature characterisation.48

Hept-6-ynal (79)

o
\
//;»
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To a solution of heptyn-6-ol (500 mg, 4.5 mmol) in CH2Cl2 (14 mL) under Nowas added PCC
(1.9 g, 8.9 mmol). The reaction was stirred at rt for 16 h. Upon completion, the reaction was
filtered over celite and concentrated in vacuo (volatile compound, do not go below 700
mbar). The crude material was purified by flash column chromatography (pentane) to yield
the title compound as a colourless oil (500 mg, quantitative). 'H NMR (400 MHz, CDCls):
09.78 (s, 1H, Hu), 2.47 (dt, ] =7.2, 4.3 Hz, 2H, H»), 2.23 (td, ] =7.0, 2.6 Hz, 2H, Hs), 1.96 (t, ] =
2.7 Hz, 1H, H»), 1.77 (m, 2H, Hs), 1.57 (p, ] = 7.0 Hz, 2H, H4) ppm. ®*C NMR (101 MHz,
CDCls): 0 202.1 (C1), 83.6 (Cs), 68.6 (Cr), 53.5, 43.2 (C2), 27.6 (Cs), 20.9 (Cs), 18.1 (Cs) ppm. IR
(film): vmax3291 (O-H), 2867 (C-H), 2116 (C=C), 1724 (C=0), 1449 (C-H), 765 (C-H) cm'. This

data was consistent with literature characterisation.?
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2-Bromo-1-(4-bromophenyl)ethan-1-one (80)

Following General Procedure A, 80 was obtained from bromobenzene (1.0 mL, 9.4 mmol)
and 2-bromoacetylchloride (1.1 mL, 11 mmol). Purification by flash column
chromatography (0% ->20% EtOAc in pentane) yielded the title compound as a yellow solid
(860 mg, 35%). '"H NMR (400 MHz, CDCls): 0 7.85 (d, ] =8.7 Hz, 2H, Has), 7.64 (d, ] =8.7 Hz,
2H, Huzs), 4.40 (s, 3H, Hs) ppm. C NMR (101 MHz, CDCls): 6 190.6 (C7), 132.8 (Cs), 132.4
(C13), 130.6 (Cas), 129.5 (C2), 30.5 (Cs) ppm. IR (film): vmax 2950 (C-H), 1693 (C=0), 1396 (C-

H), 710 (C-H), 644 (C-Br) cm™. This data was consistent with literature characterisation.*?

2-Bromo-1-(4-iodophenyl)ethan-1-one (81)

Following General Procedure A, 81 was obtained from iodobenzene (1.8 mL, 4.9 mmol)
and 2-bromoacetylchloride (500 pL, 5.9 mmol). Purification by flash column
chromatography (0% ->30% EtOAc in pentane) yielded the title compound as a yellow solid
(1.3 g, 86%). '"H NMR (400 MHz, CDCls): 0 7.91 (d, ] = 8.6 Hz, 2H, Hss), 7.74 (d, ] = 8.6 Hz,
2H, Huz), 4.45 (s, 2H, Hs) ppm. *C NMR (101 MHz, CDCl): 5 190.8 (C7), 138.3 (C13), 133.2
(Gs), 130.3 (Cas), 102.3 (C2), 30.6 (Cs) ppm. HRMS ESI*: m/z 346.8535 [M+Na]* calc. m/z

346.8539. This data was consistent with literature characterisation. 44!
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2-Bromo-1-(4-bromophenyl)ethan-1-one (82)

Following General Procedure A, 82 was obtained from anisole (1.0 mL, 9.2 mmol) and 2-
bromoacetylchloride (1.0 mL, 11 mmol). Purification by flash column chromatography (0%
->20% EtOAc in pentane) yielded the title compound as a white solid (1.6 g, 76%). 'H NMR
(400 MHz, CDCls): 0 7.95 (d, ] = 9.0 Hz, 2H, Hae), 6.94 (d, ] = 9.0 Hz, 2H, Has), 4.39 (s, 2H,
Hs), 3.87 (s, 3H, Ho) ppm. ¥C NMR (101 MHz, CDCls): 6 190.0 (C7), 164.2 (C2), 131.4 (Ci3),
127.0 (Gs), 114.2 (Cue), 55.7 (Cs), 30.9 (Co) ppm. HRMS: m/z 228.9851[M+H]*, calc. m/z

228.9859. This data was consistent with literature characterisation.44

Diethyl 2-acetamido-2-(2-(4-bromophenyl)-2-oxoethyl)malonate (83)

Following General Procedure C, 83 was obtained from 80 (810 mg, 3.0 mmol) and
diethylacetamidomalonate (770 mg, 3.6 mmol). The reaction was stirred at 65 °C overnight.
Purification by flash column chromatography (0% -> 50% EtOAc in pentane) yielded the
title compound as a colourless oil (370 mg, 30%). '"H NMR (400 MHz, CDCl5): 0 7.78 (d, | =

8.4 Hz, 2H, Hae), 7.56 (d, ] = 8.4 Hz, 2H, Hi3), 7.11 (s, 1H, NH), 4.22 (q, ] = 7.2 Hz, 4H, Hz),
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4.19 (s, 2H, Hs), 1.94 (s, 3H, Hu), 1.20 (t, ] = 7.2 Hz, 6H, Hu) ppm. C NMR (101 MHz,
CDCls): 5 196.0 (C7), 169.6 (Ci), 167.2 (C12), 134.9 (Cs), 132.1 (C13), 129.8 (Cse), 129.1 (C2), 64.0
(C9), 63.0 (C1s), 42.2 (Cs), 23.0 (C11), 14.2 (C1s) ppm. LRMS ESI*: m/z 851 ([2M(*'Br)+Na]",
100%), 849 (2M(*Br)+Nal, 61%), 436 (IM(*Br)+Nal", 48%), 438 ([M(*Br)+Nal", 43%), 416
(IM(*'Br)+HJ", 16%), 414 (IM(Br)+Na]*, 10%). HRMS ESI*: m/z 414.0553 [M+H]* calc. m/z

414.0547. IR (film): vinax 2940 (C-H), 1746 (C=0), 1688 (C=0), 1198 (C=0), 608 (C-Br) cm'.

HU269 Diethyl 2-acetamido-2-(2-(4-iodophenyl)-2-oxoethyl)malonate (84)

Following General Procedure C, 84 was obtained from 81 (1.2 g, 3.7 mmol) and
diethylacetamidomalonate (960 mg, 4.4 mmol). The reaction was stirred at 65 °C overnight.
Purification by flash column chromatography (0% -> 50% EtOAc in pentane) yielded the
title compound as a colourless oil (52 mg, 3%). 'H NMR (400 MHz, CDCl3): 6 7.83 (d, ] =8.7
Hz, 2H, Has), 7.66 (d, ] = 8.7 Hz, 2H, His), 7.09 (s, 1H, NH), 4.26 (qd, ] =7.1, 1.0 Hz, 4H,
Hus17), 4.21 (s, 2H, Ho), 1.97 (s, 3H, Hx2), 1.24 (t, ] = 7.1 Hz, 6H, His1s) ppm. *C NMR (101
MHz, CDCl): 8 196.5 (Cs), 170.0 (Cu1), 167.3 (Ci316), 138.2 (Ci3), 135.5 (Cs), 129.7 (Cae), 102.1
(C2), 64.1 (Cu), 63.1 (Cusr7), 42.2 (Co), 23.1, (C12) 14.1 (Cis18) ppm. LRMS ESI*: m/z 945
([2M+Na]*, 100%), 462 ([M+H]*, 36%), 484 ([M+Na]*, 34%). HRMS ESI*: m/z 462.0403
[M+H]* calc. m/z 462.0408. IR (film): vmax 3381 (N-H), 2981 (C-H), 1743 (C=0), 1684 (C=0),

1223 (C-0), 810 (C-H) cmL.
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Diethyl 2-acetamido-2-(2-(4-methoxyphenyl)-2-oxoethyl)malonate (85)

Following General Procedure C, 85 was obtained from 82 (2.5 g, 11 mmol) and
diethylacetamidomalonate (3.0 g, 14 mmol). The reaction was stirred at 60 °C overnight.
Purification by flash column chromatography (10% -> 70% EtOAc in pentane) yielded the
title compound as a colourless oil (2.8 g, 70%). 'H NMR (400 MHz, CDCls): 5 7.85 (d, ] =8.9
Hz, 2H, Has), 7.12 (s, 1H, NH), 6.85 (d, ] = 8.9 Hz, 2H, Hi3), 4.18 (qd, ] =7.1, 1.1 Hz, 4H, Hus),
4.13 (s, 2H, Hs), 3.78 (s, 3H, His), 1.89 (s, 3H, Hu1), 1.16 (t, ] =7.1 Hz, 6H, Hus) ppm. *C NMR
(101 MHz, CDCl5): 0 195.2 (C7), 169.4 (Cr0), 167.2 (C12), 163.9 (C2), 130.6 (C13), 129.2 (Cs), 113.8
(Cup), 64.0 (Co), 62.7 (C13), 55.5 (C15), 41.8 (Cs), 22.8 (C11), 13.8 (Cus) ppm. LRMS ESI*: m/z 753
([2M+Na]*, 100%), 366 ([M+H]*, 93%), 388 ([M+Nal*, 89%), 731 ([2M+H]*, 29%). HRMS ESI*:
m/z 366.1561 [M+H]* calc. m/z 366.1547. IR (film): vmax 2984 (C-H), 1745 (C=0), 1679 (C=0),

1601 (C=0), 1234 (C-O), 733 (C-H) cm™™.

Diethyl 2-acetamido-2-(4-bromophenethyl)malonate (86)
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Following General Procedure C, 86 was obtained from 83 (1.0 g, 3.8 mmol). The reaction
was stirred at 70 °C. Purification by flash column chromatography (10% -> 80% EtOAc in
pentane) yielded the title compound as a colourless oil (680 mg, 45%). 'H NMR (400 MHz,
CDCl): 0 7.37 (d, ] =8.4 Hz, 2H, Hi3), 7.02 (d, ] = 8.4 Hz, 2H, Hae), 6.83 (s, 1H, NH), 4.21 (m,
4H, Hu), 2.72 - 2.61 (m, 2H, Hv), 2.49 - 2.42 (m, 2H, Hs), 2.00 (s, 3H, Hus), 1.25 (t, ] =7.1 Hz,
6H, Hi2) ppm. *C NMR (101 MHz, CDCls): d 180.0 (C13), 178.8 (C10), 150.5 (Cs), 142.3 (Cu3),
141.1 (Cap), 130.7 (C2), 77.2 (Cs), 73.5 (Cn1), 44.2 (Cs), 40.5 (C7), 33.8 (Cu4), 24.8 (C12) ppm.
HRMS (ESI*): m/z 400.0741 [M]* calc. m/z 400.0754. This data was consistent with literature

characterisation.43

Diethyl 2-acetamido-2-(4-methoxyphenethyl)malonate (87)

O O
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Following General Procedure B, 87 was obtained from 85 (2.8 g, 7.7 mmol). The reaction
was stirred at 70 °C. Purification by flash column chromatography (0% -> 50% EtOAc in
pentane) yielded the title compound as a colourless oil (800 mg, 85%). 'H NMR (400 MHz,
CDCls): 0 7.08 — 6.98 (m, 2H, Has), 6.88 (s, 1H, NH), 6.80 — 6.72 (m, 2H, Hi3), 4.16 (qt, [ =7.1,
3.6 Hz, 4H, Hus), 3.71 (s, 3H, His), 2.66 — 2.57 (m, 2H, Hr), 2.44 - 2.35 (m, 2H, Hs), 1.96 (s, 3H,
Hu1) ppm. 3C NMR (101 MHz, CDCl3): 6 169.0 (Cu), 168.0 (C12), 157.9 (C2), 132.5 (Cs), 129.4
(Cup), 113.5 (C13), 66.5 (Co), 62.5 (C13), 55.2 (C15), 33.6 (Cs), 29.2 (C7), 22.8 (Cn1), 14.0 (Cus) ppm.

HRMS ESI*: m/z 374.1579 [M+Nal*, calc. m/z 374.1574. LRMS ESI*: m/z 725 (100%,
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[2M+Nal*), 352 (77%, [M+H]*), 374 (8%, [M+Na]*). IR (film): vmax 3249 (N-H), 2980 (C-H),

1740 (C=0), 1643 (C=0), 1214 (C-O), 1034 (C-O), 827 (C-H) cm™..

Diethyl 2-acetamido-2-(4-hydroxyphenethyl)malonate (88)

To a solution of 87 (680 mg, 1.9 mmol) in CH2Clz (10 mL) at -5 °C was added 1 M boron
tribromide in CH2Clz (5.8 mmol) dropwise. The reaction was stirred at -5° C for 20 min,
then warmed to rt for 18 h. The reaction was cooled in an ice bath, diluted with EtOAc (50
mL) and quenched with sat. ag. NaHCO:s solution (20 mL). The organic layers were
extracted and purified by reverse-phase flash column chromatography (0 -> 100% MeCN
in 10 mM aq. NH4Ac) yielded the title compound as a colourless oil (550 mg, 85%). 'H NMR
(400 MHz, CDCls): 0 6.97 (dd, ] = 11.7, 8.5 Hz, 2H, Has), 6.88 (s, 1H, NH), 6.75 (dd, | = 8.4,
6.0 Hz, 2H, His), 4.23 (qd, ] =7.2, 1.4 Hz, 4H, His), 2.72 - 2.63 (m, 2H, Hv), 2.44 - 2.34 (m, 2H,
Hs), 2.00 (s, 3H, Hur), 1.25 (t, ] = 7.2 Hz, 6H, Hus) ppm. *C NMR (101 MHz, CDCls): o 170.0
(Cu) 168.1 (C12), 154.9 (C2), 131.9 (Cs), 129.5 (Cas), 115.6 (Cu3), 66.7 (Co), 62.9 (C13), 33.8 (Cs),
29.3 (C7), 23.0 (Cu), 14.1 (Cus) ppm. LRMS ESI*: m/z 338 (100%, [M+H]*), 692 (82%,
[2M+NHa4]%), 675 (73%, [2M+H]*), 697 (65%, [2M+Na]*), 355 (40%, [M+NHa4]*), 360 (29%,
[M+Na]*). HRMS ESI*: m/z 338.1591 [M+HY], calc. m/z 338.1598. IR (film): vmax 3317 (O-H),

1739 (C=0), 1637 (C=0), 1373 (O-H), 1070 (C-O), 773 (C-H) cm".
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Diethyl 2-(4-(6-(1,3-dioxolan-2-yl)hex-1-yn-1-yl)phenethyl)-2-acetamidomalonate

(84)

)

ge
Following General Procedure E, 90 was obtained from 86 (2.1 g, 5.3 mmol) and 71 (990 mg,
6.3 mmol). The reaction was stirred at 80 °C for 16 h. Purification by reverse-phase flash
column chromatography (0% -> 100% MeCN in H20 + 0.1% formic acid) yielded the title
compound as a yellow oil (260 mg, 10%). 'H NMR (400 MHz, CDCls): 5 7.28 (d, ] =8.2 Hz,
2H, Hi3), 7.05 (d, | =8.2 Hz, 2H, Hae), 6.75 (s, 1H, NH), 4.87 (t, ] =4.7 Hz, 1H, H21), 4.27 - 4.12
(m, 4H, His), 3.99 - 3.92 (m, 2H, H22), 3.90 — 3.80 (m, 2H, Hx), 2.71 - 2.62 (m, 2H, Hr), 2.49 -
2.43 (m, 2H, Hs), 2.40 (t, ] = 6.9 Hz, 2H, His), 1.98 (s, 3H, Hu), 1.75 - 1.53 (m, 6H, His), 1.24
(t, J=7.1Hz, 6H, Hu) ppm. *C NMR (101 MHz, CDCls):  169.3 (C10), 168.1 (C12), 140.2 (Cs),
131.7 (Cu3), 128.5 (Cas), 121.9 (C2), 104.7 (C21), 89.8 (Cis), 80.7 (Cis), 66.5 (Cio), 65.0 (C22), 62.8
(C3), 33.6 (C20), 33.3 (Cs), 30.2 (C7), 28.8 (Cus), 23.6 (Cas), 23.1 (Cu1), 19.5 (Cr7), 14.1 (Cis) ppm.
LRMS ESI*: m/z 964 (100%, [2M+NHa]"), 491 (79%, [M+NH4]*), 474 (23%, [M+H]*), 947 (23%,
[2M+H]"), 985 (8%, [2M+K]*). HRMS ESI*: m/z 474.2502 [M+H]* calc. m/z 474.2486. IR (film):

vmax 2981 (C-H), 2236 (C=C), 1742 (C=0), 1211 (C-O), 1096 (C-O), 695 (C-H) cm'.
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N-(4-(4-(6-(1,3-Dioxolan-2-yl)hex-1-yn-1-yl)phenyl)-1-hydroxy-2-

(hydroxymethyl)butan-2-yl) acetamide (91)

To a solution of 90 (220 mg, 0.47 mmol) in THF was added 60% RedAl in toluene (760 uL,
2.3 mmol). The reaction was stirred at 0 °C for 30 min. The reaction was diluted with Et-O
(20 mL), and quenched with water (300 pL) and aq. 6 M NaOH (100 pL). After stirring for
15 min, MgSOs (500 mg) was added and stirred vigorously for another 15 min. The reaction
mixture was filtered and the filtrate concentrated in vacuo. Purification by flash column
chromatography (0% ->10% MeOH in CH:CL) yielded the title compound as a colourless
oil (30 mg, 16%). 'H NMR (400 MHz, CDCls): 6 7.35 (d, ] =8.1 Hz, 2H, Hai3), 7.17 (d, ] = 8.1
Hz, 2H, Hae), 4.87 (t, ] =4.7 Hz, 1H, Hu), 4.04 — 3.78 (m, 8H, Hiz20), 2.46 —2.36 (m, 4H, Hr,15),
2.09 -1.88 (m, 5H, Hs 1), 1.75-1.53 (m, 8H, Hie1s) ppm. *C NMR (101 MHz, CDCls): 6 172.1
(Cr0), 141.2 (Cs), 131.9 (Ca3), 128.7 (Ca6), 123.1 (C2), 104.6 (C19), 90.7 (Cu14), 80.3 (Ci3), 65.0 (Ci220),
64.2 (Co), 33.5 (Cus), 28.8 (Cis), 24.3 (Cs), 23.5 (Ci1,17), 19.5 (C7,15) ppm. LRMS ESI*: m/z 412
(100%, [M+Na]"), 428 (47%, [M+K]*). HRMS ESI*: m/z 390.2283 [M+H]" calc. m/z 390.2275.

IR (film): vmex 3330 (O-H), 2219 (C=C), 1664 (C=0), 1016 (C-O), 764 (C-H) cm-.
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1-(4-Vinylphenyl)oct-7-yn-1-one (94)
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To a flame-dried MW vial under Ar was added magnesium turnings (400 mg, 19 mmol)
and 2 small crystals of iodine (20 mg, 0.079 mmol). THF (3 mL) was added and the mixture
was refluxed for 1 min and stirred at rt for 15 min. The activated magnesium was cooled to
0°C and 4-bromostyrene (1.0 mL, 7.7 mmol) was added dropwise over 30 min. The reaction
was warmed to rt and stirred for 4 h. Then the Grignard reagent was cooled to 0 °C and 95
(1.6 g, 8.70 mmol) in THF (3 mL) was added dropwise. The reaction was warmed to rt and
stirred for 18 h. The reaction was quenched with sat. aq. NH«CI (10 mL), extracted with
EtOAc (50 mL) and concentrated in vacuo. The crude material was purified by flash column
chromatography (0 -> 10% EtOAc in pentane) to yield the title compound a colourless oil
(350 mg, 20%). 'H NMR (400 MHz, CDCls): 6 7.91 (d, ] =8.2 Hz, 2H, Has), 7.47 (d, ] =8.2 Hz,
2H, Hi3), 6.75 (dd, | =17.6, 10.9 Hz, 1H, His), 5.87 (d, ] =17.6 Hz, 1H, His), 5.39 (d, ] =10.9
Hz, 1H, His”), 2.94 (t, ] = 7.4 Hz, 2H, Hs), 2.21 (td, ] = 6.9, 2.6 Hz, 2H, H12), 2.02 (t, ] =2.6 Hz,
1H, Hu), 1.75 (app p, ] = 7.4 Hz, 2H, Ho), 1.64 — 1.54 (m, 2H, Hu), 1.54 — 1.44 (m, 2H, Ho)
ppm. ¥*C NMR (101 MHz, CDCls): 0 199.0 (C7), 141.5 (C2), 135.9 (Cs), 135.7 (Cis), 128.1 (Cas),
126.0 (Cu3), 116.3 (Cic), 84.1 (C13), 68.4 (Ci4), 38.0 (Cs), 28.2 (Co), 23.5 (Co), 18.0 (C12) ppm.
LRMS ESI*: m/z 249 ([M+Na]*, 100%), 475 ([2M+Na]*, 50%), 227 ((M+H]*, 41%). HRMS ESI*:
m/z 249.1258 [M+Na]* calc. m/z 249.1250. IR (film): vmax 2942 (C-H), 2116 (C=C), 1672 (C=0),

1604 (C=C), 989 (C=C), 734 (C-H) cm.
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N-Methoxy-N-methyloct-7-ynamide (95)

To a solution of 97 (1.4 g, 10 mmol) in CH2Cl>: (70 mL) at 0 °C was added N,O-
dimethylhydroxylamine hydrochloride (1.2 g, 12 mmol), DMAP (cat.) and EtsN (1.7 mL, 12
mmol). Then EDCeHCI (2.3 g, 12 mmol) was added, and the reaction was stirred at rt for
16 h. The reaction was quenched with aq. 1 M HCI (10 mL), extracted and concentrated in
vacuo. The crude material was purified by flash column chromatography (0 ->25% EtOAc
in pentane) to yield the title compound as a colourless oil (1.6 g, 87%). 'H NMR (400 MHz,
CDCls): 0 3.63 (s, 3H, Hio), 3.13 (s, 3H, Hv), 2.38 (t, ] =7.6 Hz, 2H, H>), 2.14 (td, ] =7.0, 2.6 Hz,
2H, He), 1.89 (t, ] = 2.6 Hz, 1H, Hs), 1.60 (app p, ] = 7.6 Hz, 2H, Hs), 1.56 — 1.47 (m, 2H, Hs),
1.47 - 1.34 (m, 2H, Hs) ppm. C NMR (101 MHz, CDCls): d 176.8 (C1), 84.5 (Cv), 68.2 (Cs),
61.2 (Co), 33.8 (Cuo), 31.7 (C2), 28.5 (Ca4), 28.3 (Cs), 24.1 (Cs), 18.3 (Cs) ppm. LRMS ESI*: m/z
389 ([2M+Na]*, 100%), 206 ([M+Na]*, 62%), 184 ([M+H]*, 58%). HRMS ESI*: m/z 206.1151
[M+Na]* calc. m/z 206.1152. IR (film): vmax 2940 (C-H), 2116 (C=C), 1663 (C=0), 1463, 671 (C-

H) cm™.

Oct-7-ynoic acid (97)
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To a solution of 7-octyn-1-ol (2.0 g, 16 mmol) in acetone (16 mL) at 0 °C was added Jones
reagent (7.6 mL, 19 mmol). The reaction was stirred at rt for 2 h. The reaction was quenched
with water (20 mL), extracted with EtOAc/MeOH (3:1, 50 mL) and concentrated in vacuo.
The crude material was purified by flash column chromatography (0 -> 100% EtOAc in
pentane) to yield 97 as a colourless oil (1.7 g, 77%). 'H NMR (400 MHz, CDCls): 6 2.37 (t, |
=7.5Hz, 2H, H»), 2.20 (td, ] = 6.9, 2.6 Hz, 2H, He), 1.94 (t, ] = 2.6 Hz, 1H, Hs), 1.66 (p, ] =7.5
Hz, 2H, Hs), 1.61 - 1.52 (m, 2H, Hs), 1.51 — 1.41 (m, 2H, Hs) ppm. ®C NMR (101 MHz,
CDCls): 0 220.7 (C1), 84.4 (Cr), 68.5 (Cs), 34.0, 28.2, 28.2, 24.3, 18.4 ppm. HRMS ESI: m/z
139.0764 [M-H] calc. m/z 139.0764. This data was consistent with literature

characterisation.4

N-(4-Vinylphenyl)hept-6-ynamide (99)

16' 6 H _8 10 12
N

H 1 7 13

N , O 14

To a flame-dried MW vial under N2 was added 94 (200 mg, 0.66 mmol), benzylamine (220
mg, 2.1 mmol) and ZnClz (5.0 mg, 5 mol%) in degassed toluene (2 mL). The reaction was
refluxed for 18 h. The reaction was cooled to rt, washed with water (5 mL), extracted with
Et20 (20 mL) and concentrated in vacuo. The crude material was transferred to a flame-dried
flask under N, redissolved in MeOH (2 mL) and cooled to 20 °C. NHs was condensed into
the flask until saturated and HOSA (170 mg, 1.5 mmol) in MeOH (1 mL) was added. The
reaction was stirred at —20 °C for 3 h and then at rt overnight. The reaction was filtered,

washed with MeOH (10 mL), concentrated in vacuo. The crude material was purified by

263



Chapter 8 Chemistry Experimental

flash column chromatography (2 -> 100% MeCN in 10mM NH4OAc aq.) to yield 99 as a
colourless solid (95 mg, 60%). 'H NMR (400 MHz, CDCls): 6 8.92 (s, 1H, NH), 7.57 (d, | =
8.3 Hz, 2H, Hus), 7.42 (d, ] =8.5 Hz, 2H, Ha3), 6.73 (dd, ] =17.5, 10.9 Hz, 1H, His), 5.79 (d, | =
17.5 Hz, 1H, Hi¢), 5.29 (d, ] =10.9 Hz, 1H, His"), 2.81 (t, | =7.7 Hz, 2H, Hs), 2.18 (td, ] = 6.7,
2.6 Hz, 2H, H12), 1.93 (t, ] = 2.6 Hz, 1H, Hus), 1.65 — 1.43 (m, 4H, Ho11), 1.37 — 1.18 (m, 2H, Huo)
ppm. ¥*C NMR (101 MHz, CDCl:): d 159.5 (C7), 138.6 (Cs), 136.4 (Cis), 135.1 (C2) 126.6 (Cac)
126.5 (C13), 114.8 (Cis), 84.6 (Ci3), 68.4 (C1a), 29.0 (Cs), 28.3 (Ci1), 26.0 (C1o), 18.4 (Co), 14.2 (C12)
ppm. LRMS ESI*: m/z 242 (100%, [M+H]*), 505 (64%, [2M+Na]*), 280 (38%, [M+K]*), 521
(13%, [2M+K]"). IR (film): vmax 3304 (N-H), 2938 (C-H), 1629 (C=0), 1606 (C=C), 1512 (N-H),

737 (C-H) cm.

1-(4-(3-Amino-4-hydroxy-3-(hydroxymethyl)butyl) phenyl)hept-6-yn-2-one (101)

18
%
17 13

110 (30 mg, 0.14 mmol), serinol (13 mg, 0.15 mmol), [NBus][Ns] (4.0 mg, 20 mol%),
3DPA2FBN (1.0 mg, 1 mol%) in degassed DMF (950 uL) were stirred and irradiated at 427
nm at rt overnight. The crude reaction was concentrated in vacuo and purified by reverse-
phase flash column chromatography (0 -> 100% MeCN in 10 mM NH4OACc) to yield 101 (19
mg, 45%) as a colourless oil. 'H NMR (400 MHz, MeOD): 6 7.21 (d, J=7.9 Hz, 2H, Hi3), 7.14
(d, J=7.9 Hz, 2H, Hae), 3.79 - 3.60 (m, 6H, Hio12), 2.70 — 2.60 (m, 4H, Hr,14), 2.20 (t, ] =2.7 Hz,
1H, Hais), 2.14 (td, ] = 6.9, 2.7 Hz, 2H, His), 1.98 — 1.94 (m, 2H, Hs), 1.71 (app p, ] =7.0 Hz, 2H,

His) ppm. *C NMR (101 MHz, MeOD): 6 210.7 (C13) 141.2 (Cs), 131.8 (C2), 130.8 (Css), 129.6
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(C13), 84.2 (C17), 70.2 (C1s), 61.9 (Cio-1), 61.6 (Cs), 50.3 (Ci2), 41.4 (Cus), 34.7 (Cs), 29.7 (C7), 23.7
(C15), 20.9 (Cis) ppm. LRMS ESI*: m/z 342 (100%, [M+Nal"), 304 (76%, [M+H]*), 607 (55%,
[2M+H]"), 629 (41%, [2M+Na]*). HRMS ESI*: m/z 304.1917 [M+H]* calc. m/z 304.1907. IR

(film): vimax 3266 (O-H), 2937 (C-H), 2116 (C=C), 1728 (C=0), 1061 (C-O), 706 (C-H) cm.

N-Methoxy-N-methylhept-6-ynamide (102)

To a solution of 6-heptynoic acid (500 mg, 4.0 mmol) in CH2Cl2 (12 mL) at 0 °C was added
N,O-dimethylhydroxylamine hydrochloride (420 mg, 4.4 mmol), DMAP (cat.) and EtsN
(610 uL, 4.4 mmol). Then EDCeHCl (840 mg, 4.4 mmol) was added, and the reaction was
stirred at rt for 16 h. The reaction was quenched with aq. 1 M HCl (10 mL), extracted with
CH:Cl2 (50 mL) and concentrated in vacuo. The crude material was purified by flash column
chromatography (0 ->25% EtOAc in pentane) to yield the title compound as a colourless oil
(130 mg, 19%). 'H NMR (400 MHz, CDCls): 6 3.68 (s, 3H, Hs), 3.18 (s, 3H, Ho), 2.45 (t, [ =74
Hz, 2H, H»), 2.22 (td, ] =7.1, 2.7 Hz, 2H, Hs), 1.93 (t, ] =2.7 Hz, 1H, H»), 1.77 (dd, ] = 8.3, 7.4
Hz, 2H, Hs), 1.60 (dd, ] =8.3, 7.1 Hz, 2H, Hs) ppm. *C NMR (101 MHz, CDCls):  171.4 (Ch),
84.4 (Cs), 68.7 (C7), 61.5 (Cs), 60.6 (Co), 28.4 (C2), 24.0 (C4), 18.5 (Cs), 14.4 (Cs) ppm. LRMS
ESI*: m/z 190 ([M+H]*, 97%), 192 ([M+Na]*, 11%), 138 ([M-*OCHzs]**, 9%), 110 ([M-
*NCHsOCHs +HJ**, 16%). HRMS ESI*: m/z 192.1001 [M+Na]* calc. m/z 192.0995. IR (film):

Vmax 2941 (C-H), 2116 (C=C), 1656 (C=0), 1419, 661 (C-H) cm-".
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1-(Bromomethyl)-4-vinylbenzene (103)

To a solution of (4-vinylphenyl)methanol (500 mg, 3.7 mmol) in Et20 (30 mL) at 0 °C under
N2 was added 1 M PBrs in CH2Cl2 (7.5 mmol) dropwise. The reaction was stirred at 0 °C for
1 h before an extra addition of 1 M PBrs in CH2Cl2 (7.5 mmol). The reaction was then stirred
at rt overnight. The reaction was cooled with an ice bath, quenched with water (10 mL),
extracted with Et2O (50 mL) and concentrated in vacuo. The crude material was purified by
flash column chromatography (0 ->30% EtOAc in pentane) to yield 103 (470 mg, 81%) as a
colourless oil. 'H NMR (400 MHz, CDCls): © 7.39 (app q, ] = 8.4 Hz, 4H, Hi5346), 6.74 (dd, | =
17.6,10.9 Hz, 1H, H»), 5.80 (d, ] =17.6 Hz, 1H, Hs"), 5.31 (d, ] =10.9 Hz, 1H, Hy), 4.51 (s, 2H,
Ho) ppm. *C NMR (101 MHz, CDCls): 6 137.8 (C2), 137.3 (Cs), 136.2 (C7), 129.4 (Ci3), 126.7
(Cup), 114.7 (Cs), 33.6 (Co) ppm. HRMS EI*: m/z 195.98876 [M+]* calc. m/z 195.98821. This

data was consistent with literature characterisation.4

(6-Chlorohex-1-yn-1-yDtrimethylsilane (105)

3 5

2 Cl
\|1//\4/\6/

Si

7

To a solution of 6-chloro-1-hexyne (500 mg, 4.3 mmol) in Et2O (9 mL) at =78 °C was added
1.6 M nBulLi in hexanes (4.7 mmol) dropwise. The reaction was stirred for 1 h before adding
TMSCI (600 pL, 4.7 mmol). The reaction was allowed to warm to rt overnight. The reaction

was quenched with water (10 mL), extracted with EtOAc (50 mL) and concentrated in vacuo.

266



Chapter 8 Chemistry Experimental

The crude material was purified by flash column chromatography (0 -> 10% EtOAc in
pentane) to yield the title compound as a colourless oil (750 mg, 93%). 'H NMR (400 MHz,
CDCl): 6 3.57 (t, ] = 6.6 Hz, 2H, He), 2.27 (t, ] =7.0 Hz, 2H, H3s), 1.95 - 1.81 (m, 2H, Hs), 1.73
—1.63 (m, 2H, Ha), 0.15 (s, 9H, Hr) ppm. *C NMR (101 MHz, CDCl:): 5 106.7 (C2), 85.4 (C1),
44.8 (Cs), 31.8 (Cs), 26.0 (Cs), 19.4 (C3), 0.4 (C7) ppm. IR (film): vmax 2959 (C-H), 2175 (C=C),
1250 (C-Si), 844 (C-Si), 760 (C-Cl) cm?. This data was consistent with literature

characterisation.¢

Methyl 2-(4-vinylphenyl)acetate (106)

To a flame-dried MW vial purged with N2 was added methyl 4-bromophenylacetate (1.0 g,
4.4 mmol), potassium vinyltrifluoroborate (600 mg, 4.5 mmol), Cs2COs (4.3 mg, 13 mmol)
and Pd(dppf)Cl.e CH2Cl2 (180 mg, 0.22 mmol). Degassed THEF/H:20 (9:1, 9 mL) was added
and the reaction was stirred at 85 °C overnight. The mixture was then cooled, filtered over
celite and washed with Etz2O (50 mL). The organic layer was concentrated in vacuo and
purified by flash column chromatography (0 -> 10% EtOAc in pentane) to yield 106 (460
mg, 59%) as a colourless oil. 'H NMR (400 MHz, CDCls): 0 7.40 — 7.33 (m, 2H, Hue), 7.24 (d,
J=8.2Hz, 2H, His), 6.70 (dd, ] =17.6, 10.9 Hz, 1H, H»), 5.73 (d, ] =17.6 Hz, 1H, Hs"), 5.24 (d,
J=10.9 Hz, 1H, Hs), 3.69 (s, 3H, Hu), 3.62 (s, 2H, Ho) ppm. *C NMR (101 MHz, CDCls): o

172.1 (Cw), 136.7 (C7), 136.5 (Cs), 133.6 (C2), 129.6 (C13), 126.6 (Css), 114.0 (Cs), 52.2 (Cnn), 41.1
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(Co) ppm. HRMS ESI*: m/z 177.0912 [M+H]* calc. m/z 177.0910. This data was consistent

with literature characterisation.*”

N-Methoxy-N-methyl-2-(4-vinylphenyl)acetamide (107)

To a solution of 106 (480 mg, 2.7 mmol) in MeOH:2-Me THF (2:1, 8 mL) was added 1M
LiOH (11 mL). The reaction was stirred at 50 °C for 1 h. The reaction crude was acidified
with 1 M HCI, extracted in EtOAc (50 mL) and concentrated in vacuo. The crude material
was redissolved in CH2Cl> (8 mL). EtsN (800 pL, 5.5 mmol) and HATU (1.2 g, 3.3 mmol)
were added and the reaction was stirred for 15 min before addition of NHMeOMee HCI
(320 mg, 3.3 mmol). The reaction was stirred at rt for 3 h. The reaction was washed with
water (10 mL), extracted with CH2Clz (50 mL) and concentrated in vacuo. The crude material
was purified by flash column chromatography (0 -> 30% EtOAc in pentane) to yield 107
(470 mg, 81%) as a colourless oil. 'H NMR (400 MHz, CDCls): 0 7.36 — 7.28 (m, 2H, Has),
7.25-7.17 (m, 2H, Hi5), 6.65 (dd, ] =17.6, 10.9 Hz, 1H, H»), 5.68 (d, ] =17.6 Hz, 1H, Hs"), 5.18
(d, ] =11.0 Hz, 1H, Hs), 3.72 (s, 2H, Hy), 3.56 (s, 3H, H1), 3.14 (s, 3H, Hu1) ppm. ¥C NMR
(101 MHz, CDCls): d 172.3 (C), 136.5 (C7), 136.2 (Cs), 134.6 (C2), 129.5 (Ci3), 126.4 (Cae),
113.6 (Cs), 61.3 (C12), 39.2 (Co), 32.3 (Cu1) ppm. LRMS ESI*: m/z 115 (100%, [M+H+Na]*), 228
(63%, [M+Nal*), 206 (54%, [M+H]"), 433 (54%, [2M+Na]*). HRMS ESI*: m/z 206.1174 [M+H]*
calc. m/z 206.1176. IR (film): vmax 2938 (C-H), 1666 (C=0), 1181 (C-N), 1002 (C-0O), 728 (C-H)
cm.
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7-(Trimethylsilyl)-1-(4-vinylphenyl)ept-6-yn-2-one (109)

| 6 5 7 H 8
.~
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A flame-dried MW vial purged with N2 was charged with etched Mg turnings (200 mg, 7.8
mmol), I> (3 balls, cat.), 1,2-dibromoethane (a few drops) and degassed THF (3 mL). The
reaction was stirred at rt for 15 min before a couple drops of (5-chloro-1-
pentynyl)trimethylsilane were added. The reaction was heated to reflux and the remaining
(5-chloro-1-pentynyl)trimethylsilane (720 pL, 3.9 mmol) in THF (1 mL) was added
dropwise over 30 min. The reaction was stirred at reflux for 3 h, then cooled to —78 °C before
the addition of 107 (200 mg, 0.98 mmol) in THF dropwise. The reaction was allowed to
warm to rt slowly and was stirred at rt overnight. The reaction was cooled with an ice bath,
quenched with sat. agq. NH4«Cl (10 mL) solution, extracted with Et:O (50 mL) and
concentrated in vacuo. The crude material was purified by reverse-phase flash column
chromatography (2 -> 100% MeCN in 10 mM NHiOAc aq.) to yield 109 (90 mg, 32%) as a
colourless oil. 'TH NMR (400 MHz, CDCls): 0 7.36 (d, ] = 8.0 Hz, 2H, Has), 7.17 (d, ] = 8.0 Hz,
2H, Hi3), 6.70 (dd, ] = 17.6, 10.9 Hz, 1H, Hr), 5.73 (d, ] = 17.6 Hz, 1H, Hs"), 523 (d, ] = 10.8
Hz, 1H, Hs), 3.68 (s, 2H, Ho), 2.58 (t, ] =7.2 Hz, 2H, Hu1), 2.20 (t, ] = 7.0 Hz, 2H, Hzs), 1.75 (app
p,/=7.2,7.0 Hz, 2H, Hx), 0.13 (s, 9H, His) ppm. *C NMR (101 MHz, CDCls): & 207.9 (Co),
136.6 (Cs), 136.5 (C7), 133.9 (C2), 129.7 (Ci3), 126.8 (Cas), 114.0 (Cs), 106.4 (C1s), 85.6 (Cis), 50.2
(Co), 40.5 (Cu1), 22.5 (C3), 19.2 (C12), 0.3 (C16) ppm. LRMS ESI*: m/z 591 (100%, [2M+Na]*),
307 (89%, [M+Na]*), 285 (74%, [M+H]*). HRMS ESI*: m/z 285.1672 [M+H]* calc. m/z 285.1669.

IR (film): vmax 2958 (C-H), 2174 (C=C), 1714 (C=0), 1249 (C-Si), 843 (C-H) cm-..
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1-(4-Vinylphenyl)hept-6-yn-2-one (110)

6 7 8'

5
15wH
X 12 2
h 10 4 H

13 1 9 3 8

109 (90 mg, 0.32 mmol) and K>COs (44 mg, 0.64 mmol) in MeOH (2 mL) were stirred at rt
overnight. The crude reaction was concentrated in vacuo and purified by flash column
chromatography (0 -> 10% Et20 in pentane) to yield 110 (30 mg, 48%) as a colourless oil. '"H
NMR (400 MHz, CDCls): 0 7.37 (d, ] = 8.1 Hz, 2H, Hase), 7.17 (d, | = 8.1 Hz, 2H, Hi3), 6.70
(dd, J=17.6,10.8 Hz, 1H, Hr), 5.73 (d, ] =17.6 Hz, 1H, Hs"), 5.25 (d, ] = 10.8 Hz, 1H, Hs), 3.68
(s, 2H, Ho), 2.60 (t, ] = 7.2 Hz, 2H, Hn), 2.19 (td, ] = 6.9, 2.6 Hz, 2H, His), 1.93 (t, ] = 2.6 Hz,
1H, His), 1.76 (app p, ] = 7.0 Hz, 2H, H12) ppm. C NMR (101 MHz, CDCls): d 207.7 (C),
136.6 (Cs), 136.5 (Cr), 133.8 (C2), 129.7 (Ci3), 126.7 (Cas), 114.0 (Cs), 83.6 (Cis), 69.2 (Ci5), 50.1
(Co), 40.5 (Cmn1), 22.3 (Cu3), 17.8 (C12) ppm. LRMS ESI*: m/z 235 (100%, [M+Na]*), 213 (34%,
[M+H]*). HRMS ESI*: m/z 235.1094 [M+Na]* calc. m/z 235.1093. IR (film): vmax 2944 (C-H),

2116 (C=C), 1715 (C=0), 987 (C=C), 757 (C-H) cm"'.

2-Amino-2-(4-(2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethoxy)phenethyl)propane-

1,3-diol — Photoaffinity labelling probe 114
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To a solution of 120 (50 mg, 0.24 mmol) and K2COs (66 mg, 0.48 mmol) in DMF (500 uL)
was added 3-(but-3-yn-1-yl)-3-(2-iodoethyl)-3H-diazirine (60 mg, 0.24 mmol) in DMF (500
uL) dropwise. The reaction was stirred in the dark at 40 °C for 20 h. The crude reaction was
cooled down, concentrated in wvacuo and purified by reverse-phase flash column
chromatography (0 -> 100% MeCN in 10 mM NHiOAc) to yield 5 (1.3 mg, 2 %) as a
colourless solid. 'TH NMR (400 MHz, CDCls): 0 7.15 (d, ] = 8.6 Hz, 2H, Has), 6.84 (d, ] = 8.6
Hz, 2H, His), 3.82 (t, ] = 6.0 Hz, 2H, His), 3.70 — 3.63 (m, 4H, Hio11), 2.65 — 2.57 (m, 2H, Hv),
2.26 (t, ] =2.7 Hz, 1H, Hu), 2.07 (td, ] =7.5, 2.7 Hz, 2H, Hi7), 1.91 - 1.89 (m, 2H, Hs), 1.85 (t, ]
=6.0 Hz, 2H, Hu), 1.68 (t, ] =7.5 Hz, 2H, His) ppm. *C NMR (101 MHz, CDCl): 0 158.5 (C2),
134.9 (Cs), 130.3 (Cas), 115.7 (Ca3), 83.7 (C1s), 70.2 (Cu), 63.8 (C13), 62.8 (Cio11), 61.7 (Co), 35.1
(Cs), 33.9 (Cus), 33.8 (Ci6), 29.2 (Cr), 27.8 (Ci5), 13.9 (Cr7) ppm. LRMS ESI*: m/z 685 (100%,
[2M+Na]"), 354 (69%, [M+Na]*), 332 (9%, [M+H]"). HRMS ESI*: m/z 332.1957 [M+H]" calc.

mlz 332.1969. IR (£ilm): vimax 3366 (N-H), 1566 (N=N), 1410 (O-H), 1017 (C-O), 658 (C-H) cm-

1

2-Amino-2-(4-bromophenethyl)propane-1,3-diol (116)

OH

4-Bromo styrene (310 mg, 1.7 mmol), serinol (150 mg, 1.7 mmol), [NBus][Ns] (50 mg, 20
mol%), 3DPA2FBN (10 mg, 1 mol%) and degassed DMF (11 mL) were stirred and irradiated

at 427 nm at rt overnight. The crude reaction was concentrated in vacuo and purified by
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reverse-phase flash column chromatography (0 ->100% MeCN in 10 mM NH4OACc) to yield
116 (400 mg, 86%) as a colourless oil. 'H NMR (400 MHz, MeOD): 0 7.42 (d, ] =8.4 Hz, 2H,
His), 7.16 (d, ] = 8.4 Hz, 2H, Hae), 3.68 — 3.58 (m, 4H, Ho), 2.72 - 2.58 (m, 2H, Hy), 1.88 — 1.81
(m, 2H, Hs) ppm. ¥C NMR (101 MHz, MeOD): d 142.2 (Cs), 132.6 (C13), 131.3 (Cas), 120.7
(C2), 63.6 (C), 60.5 (Co), 35.3 (Cs), 29.6 (C7) ppm. LRMS ESI*: m/z 274 (100%, [M+H]*), 571
(46%, [2M+Nal*), 298 (40%, [M+Na]*). HRMS ESI*: m/z 274.0431 [M+H]* calc. m/z 274.0437.

IR (film): vmax 3284 (O-H), 2934 (C-H), 1558 (N-H), 1070 (C-O), 1012 (C-N), 656 (C-Br) cm-.

3-(But-3-yn-1-yl)-3-(2-(4-vinylphenoxy)ethyl)-3H-diazirine (117)

To a solution of 4-(vinyl)phenol (15 mg, 0.12 mmol) and K2COs (33 mg, 0.24 mmol) in DMF
(500 pL) was added 3-(but-3-yn-1-yl)-3-(2-iodoethyl)-3H-diazirine (30 mg, 0.12 mmol) in
DMF (500 pL) dropwise. The reaction was stirred in the dark at 40 °C for 20 h. The crude
reaction was concentrated in vacuo and purified by reverse-phase flash column
chromatography (0 -> 100% MeCN in 10 mM NHiOAc) to yield 117 (10 mg, 35%) as a
colourless oil. 'H NMR (400 MHz, MeOD): 0 7.35 (d, ] =8.8 Hz, 2H, Has), 6.87 (d, ] =8.8 Hz,
2H, His), 6.66 (dd, ] =17.6, 10.9 Hz, 1H, H>), 5.62 (dd, ] =17.6, 1.0 Hz, 1H, Hs), 5.09 (dd, | =
10.9, 1.1 Hz, 1H, Hs"), 3.85 (t, ] = 6.1 Hz, 2H, Ho), 2.26 (t, ] =2.7 Hz, 1H, His), 2.07 (td, | = 7.5,
2.7 Hz, 2H, His), 1.87 (t, ] = 6.1 Hz, 2H, Huo), 1.69 (t, ] = 7.5 Hz, 2H, H12) ppm. *C NMR (101

MHz, MeOD): 5 d 159.8 (C2), 137.6 (C7), 132.1 (Cs), 128.4 (Cse), 115.6 (C13), 111.8 (Cs), 83.7
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(Cis), 70.3 (C1s), 63.8 (Cs), 33.9 (Cio), 33.8 (C12), 27.8 (C11), 13.8 (C13) ppm. IR (£ilm): vimax 2919

(C-H), 2091 (C=C), 1607 (C=C), 1042 (C-O), 642 (C-H) cm.

2-Amino-2-(4-hydroxyphenethyl)propane-1,3-diol (120)

OH

(4-Vinylphenyl)boronic acid pinacol ester (150 mg, 0.65 mmol), serinol (59 mg, 0.65 mmol),
[NBu4][Ns] (50 mg, 20 mol%), 3DPA2FBN (5.5 mg, 1 mol%) and degassed DMF (4.3 mL)
were stirred and irradiated at 427 nm at rt overnight. The crude reaction was concentrated
in vacuo, redissolved in THF:1 M NaOH (1:1, 25 mL) and 30% w/w H20: (480 uL, 4.80 mmol)
was added at 0 °C. The reaction was stirred at rt for 1 h, quenched with sat. aq. Na250s (10
mL), extracted with EtOAc:THF (2:1, 3 x 150 mL), concentrated in vacuo and purified by
reverse-phase flash column chromatography (0 ->100% MeCN in 10 mM NH4OACc) to yield
120 (100 mg, 73%) as a colourless oil. 'H NMR (400 MHz, MeOD): 0 7.04 (d, ] =8.5 Hz, 2H,
Has), 6.70 (d, ] = 8.5 Hz, 2H, Hi3), 3.76 — 3.62 (m, 4H, Hu), 2.64 - 2.52 (m, 2H, H»), 1.89 - 1.85
(m, 2H, Hs) ppm. 3C NMR (101 MHz, MeOD): 6 156.8 (C2), 133.3 (Cs), 130.2 (Cus), 116.3
(C13), 62.8 (Cr), 61.7 (Co), 35.2 (Cs), 29.2 (C7) ppm. LRMS ESI*: m/z 234 (100%, [M+Na]*), 445
(54%, [2M+Na]*). HRMS ESI*: m/z 212.1278 [M+H]* calc. m/z 212.1281. IR (film): vmax 3120

(O-H), 3096 (N-H), 1555 (N-H), 1410 (O-H), 1066 (C-O), 656 (C-H) cm.
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2-Bromo-1-(p-tolyl)ethan-1-one (123)

Following General Procedure A, 123 was obtained from toluene (30 mL) and 2-
bromoacetylchloride (1.0 mL, 13 mmol). Purification by re-crystallisation in pentane
yielded the title compound as colourless crystals (2.09 g, 79%). 'H NMR (400 MHz, CDCls):
07.88(d, J=8.1Hz 2H, Hae), 7.28 (d, ] = 8.1 Hz, 2H, Hi3), 4.43 (s, 2H, Hs), 2.43 (s, 3H, Ho)
ppm. ¥C NMR (101 MHz, CDCls): 8 191.1 (C7), 145.2 (C2), 131.6 (Cs), 129.7 (Cae), 129.2 (Cu3),
31.0 (Cs), 21.9 (Co) ppm. HMRS ESI*: m/z 212.9905 [M+H]* calc m/z 212.9910. This data was

consistent with literature characterisation.4

2-Bromo-1-(4-butylphenyl)ethan-1-one (124)

10

Following General Procedure A, 124 was obtained from n-butyl benzene (1.0 mL, 6.4 mmol)
and 2-bromoacetylchloride (1.4 mL, 8.9 mmol). Purification by flash column
chromatography (0% ->20% EtOAc in pentane) yielded the title compound as a brown oil
(1.6 g, 96%). '"H NMR (400 MHz, CDCls): 6 7.90 (d, | = 8.3 Hz, 2H, His), 7.29 (d, ] = 8.3 Hz,
2H, Hue), 4.43 (s, 3H, H2), 2.71-2.63 (m, 2H, Hr), 1.67-1.55 (m, 2H, Hs), 1.41-1.29 (m, 2H, Ho),
0.93 (t, ] =7.3 Hz, 3H, Hio) ppm. *C NMR (101 MHz, CDCls): 0 191.1 (Cu1), 150.1 (C2), 131.8
(Gs), 129.2 (Cap), 129.1 (Cu3), 35.9 (C7), 33.3 (Cr2), 31.1 (Cs), 22.5 (Co), 14.0 (Cro) ppm. HRMS
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ESI*: m/z 255.0367 [M+H]* calc m/z 255.0379. IR (film): vmax 2957 (C-H), 1680 (C=0), 1605
(C=Carom), 845 (C=Carom), 690 (C-H), 631 (C-Br) cm™. This data was consistent with literature

characterisation.4

1-(2-Bromoethyl)-4-methylbenzene (125)

Following General Procedure B, 125 was obtained from 123 (2.0 g, 9.4 mmol). Purification
by flash column chromatography (0% ->30% EtOAc in pentane) yielded the title compound
as a colourless oil (1.6 g, 87%). 'TH NMR (400 MHz, CDCls): 0 7.10-7.02 (m, 4H, Hi346), 3.49
(t, J=7.8 Hz, 2H, Hs), 3.06 (t, ] = 7.8 Hz, 2H, Hv), 2.28 (s, 3H, H9) ppm. *C NMR (101 MHz,
CDCls): d 136.6 (Cs), 136.0 (C2), 129.4 (Cae), 128.6 (Ci3), 39.2 (Cs), 33.3 (C7), 21.2 (Co) ppm.
HRMS GC EI'*: m/z 198.00441 [M+H]* calc m/z 198.00386. IR (film): vmax 3020 (C-H), 1899
(C-H), 1515, 1449 (C-H), 1209, 807 (C=C), 632 (C-Br) cm™. This data was consistent with

literature characterisation.4°

1-(2-Bromoethyl)-4-butylbenzene (126)

10
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Following General Procedure B, 126 was obtained from 124 (1.5 g, 5.9 mmol). Purification
by flash column chromatography (0% ->10% EtOAc in pentane) yielded the title compound
as a colourless oil (1.4 g, 95%). 'TH NMR (400 MHz, CDCls): 0 7.20-7.09 (m, 4H, Hi346), 3.57
(t, ] =8.2 Hz, 2H, Hu), 3.15 (t, ] = 8.2 Hz, 2H, H1), 2.66-2.57 (m, 2H, H7), 1.66-1.56 (m, 2H,
Hs), 1.44-1.32 (m, 2H, Ho), 0.95 (t, ] = 7.4 Hz, 3H, Hi) ppm. *C NMR (101 MHz, CDCl): o
141.8 (Cs), 136.3 (C2), 128.9 (Cas), 128.7 (C13), 39.4 (Cr2), 35.5 (C7), 33.9 (Cu1), 33.3 (Cs), 22.6
(Co), 14.2 (C10) ppm. HRMS GC EI*: m/z [M]*240.05136 calc m/z 240.05081. IR (film): vmax

2956 (C-H), 1652 (C=Carom), 1464 (C-H), 739 (C=Carom), 639 (C-Br) cm1.

Diethyl 2-acetamido-2-(4-methylphenethyl)malonate (127)

Following General Procedure C, 127 was obtained from diethylacetoamidomalonate (2.1 g,
9.8 mmol) and 125 (1.6 g, 8.2 mmol). Purification by flash column chromatography (0% ->
50% EtOAc in pentane) yielded the title compound as a colourless oil (840 mg, 31%). 'H
NMR (600 MHz, MeOD): 6 7.09 — 7.06 (m, 2H, Hi3), 7.03 — 6.99 (m, 2H, Has), 4.29 —4.21 (m,
4H, Hiss), 2.54 — 2.49 (m, 2H, Hv), 2.48 — 2.42 (m, 2H, Hs), 2.28 (s, 3H, His), 1.98 (s, 3H, Hu),
1.24 (t, ] = 7.1 Hz, 6H, His19) ppm. *C NMR (151 MHz, MeOD): 6 172.5 (Cu1), 169.2 (Ci417),
139.1 (Cs), 136.7 (C2), 130.1 (Cas), 129.3 (Cu3,), 68.0 (Co), 63.4 (Cis18), 35.6 (C7), 30.6 (Cs), 22.3

(Cr2), 21.0 (C13), 14.3 (Ci619) ppm. LRMS ESI*: m/z 378 ([M+Nal+, 91%), 336 (IM+H]+, 37%).
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HRMS ESI*: m/z 336.1807 [M+H]* calc m/z 336.1806. IR (MeOH): vmax 2929 (C-H), 1740

(C=0), 1644 (C=0), 1515 (N-H), 1466 (C-H), 1191 (C-O), 808, 696 cm".

Diethyl 2-acetamido-2-(4-butylphenethyl)malonate (128)

Following General Procedure C, 128 was obtained from diethylacetoamidomalonate (1.5 g,
7.1 mmol) and 126 (1.4 g, 5.9 mmol). Purification by flash column chromatography (0% ->
50% EtOAc in pentane) yielded the title compound as a colourless oil (1.1 g, 41%). 'H NMR
(400 MHz, CDCls): 0 7.07 - 6.97 (m, 4H, Hi3456), 6.82 (s, 1H, NHio), 4.21 — 4.09 (m, 4H, His21),
2.67 - 2.61 (m, 2H, H»), 2.53 (t, ] =7.5 Hz, 2H, Hzs), 2.47 — 2.38 (m, 2H, Hs), 1.99 (s, 3H, H1),
1.52 (tt, ] =8.7,7.5 Hz, 2H, Hus), 1.37 = 1.24 (m, 8H, His,1922), 0.87 (t, | =7.3 Hz, 3H, His). ppm.
3C NMR (101 MHz, CDCls): 6 169.0 (Cu1), 168.0 (Ci7.20), 140.5 (Cs), 137.6 (C2), 128.3 (Cas),
128.2 (C13), 66.4 (Co), 62.4 (Cis21), 35.1 (C13), 33.7 (Cs), 33.3 (C7), 29.6 (Cus), 22.8 (C12), 22.3 (Cis),
13.9 (C19,22), 13.9 (Ci6) ppm. LRMS ESI*: m/z 378 ([IM+H]*, 97%), 400 ((M+Na]*, 40%). HRMS
ESI*: m/z 400.2111 [M+Na]* calc. m/z 400.2094. IR (film): vmax 2935 (C-H), 1743 (C=0), 1679

(C=0), 1650 (C=0), 1515 (N-H), 1371 (C-0), 1268 (C-N), 1192 (C-O), 733 (C-H) cm.
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4-(4-(2-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)ethoxy)phenyl)-1-methoxy-2-

(methoxymethyl)butan-2-amine — Photoaffinity probe 130

To a solution of 112 (50 mg, 0.20 mmol) and K2CO:s (55 mg, 0.40 mmol) in DMF (500 uL)
was added 3-(but-3-yn-1-yl)-3-(2-iodoethyl)-3H-diazirine (50 mg, 0.20 mmol) in DMF (500
uL) dropwise. The reaction was stirred in the dark at 40 °C for 20 h. The crude reaction was
concentrated in vacuo and purified by reverse-phase flash column chromatography (0 ->
100% MeCN in 10 mM NH4OACc) to yield 12 (9.0 mg, 13%) as a colourless solid. 'H NMR
(400 MHz, MeOD): 0 7.12 (d, ] =8.6 Hz, 2H, Hae), 6.85 (d, ] =8.6 Hz, 2H, Ha3), 3.82 (t, [ =6.0
Hz, 2H, His), 3.54 — 3.46 (m, 4H, Huo), 3.41 (s, 6H, Hx), 2.62 —2.56 (m, 2H, Hr), 2.26 (t, | =2.7
Hz, 1H, Hu), 2.07 (td, ] =7.5, 2.7 Hz, 2H, Hi7), 1.91 - 1.89 (m, 2H, Hs), 1.86 (t, ] = 6.0 Hz, 2H,
Hus), 1.68 (t, ] = 7.5 Hz, 2H, His) ppm. 3C NMR (101 MHz, MeOD): d 158.6 (C2), 134.7 (Cs),
130.2 (Cus), 115.8 (C1,3), 83.7 (Cis), 73.8 (Ci0), 70.2 (C9), 63.8 (C13), 59.7 (Co), 59.7 (Ci3), 36.0 (Cs),
33.9 (Cie), 33.8 (Cus), 29.4 (Cy), 27.8 (Cis), 13.9 (Cr7) ppm. LRMS ESI*: m/z 360 (100%, [M+H]*),
398 (78%, [M+Na]*). HRMS ESI*: m/z 360.2277 [M+H]* calc. m/z 360.2282. IR (film): vmax 3398

(N-H), 1673 (N=N), 1204 (C-O), 1010 (C-O), 614 (C-H) cm.
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4-(3-Amino-4-methoxy-3-(methoxymethyl)butyl)phenol (131)

(4-Vinylphenyl)boronic acid pinacol ester (500 mg, 2.17 mmol), 1,3-dimethoxypropan-2-
amine (260 mg, 2.2 mmol), [NBu4][Ns] (125 mg, 20 mol%), 3DPA2FBN (14 mg, 1 mol%) and
degassed DMF (14 mL) were placed in a reaction flask and irradiated at 427 nm at rt
overnight. The crude reaction was concentrated in vacuo, redissolved in THF:1 M NaOH
(1:1, 25 mL) and 30% w/w H20: (1.2 mL, 11 mmol) was added at 0 °C. The reaction was
stirred at rt for 1 h, quenched with Na:SOs (2 mL), extracted with EtOAc (50 mL),
concentrated in vacuo and purified by reverse-phase flash column chromatography (0 ->
100% MeCN in 10 mM NH4OAC) to yield 131 (370 mg, 71%) as a colourless oil. 'H NMR
(400 MHz, MeOD): d 6.91 (d, | = 8.5 Hz, 2H, Hae), 6.61 (d, ] = 8.5 Hz, 2H, Hi3), 3.43 - 3.33
(m, 4H, Hio), 3.30 (s, 6H, Hi213), 2.51 —2.37 (m, 2H, H»), 1.79 - 1.74 (m, 2H, Hs) ppm. *C NMR
(101 MHz, MeOD): 5 156.8 (Cz2), 133.1 (Cs), 130.2 (Css), 116.3 (C13), 73.8 (Cio), 59.6 (Ci213),
36.1 (Co), 29.4 (Cs), 23.9 (Cr7) ppm. LRMS ESI*: m/z 501 (100%, [2M+Na]*), 262 (57%,
[M+Na]*), 240 (34%, [M+H]*). HRMS ESI*: m/z 262.1401 [M+Nal* calc. m/z 262.1414. IR

(film): vmax 3372 (N-H), 2976 (C-H), 1252 (O-H), 1110 (C-O), 616 (C-H) cm™™.
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(1R,25,3R,4R)-3-(4-methylpiperazine-1-carbonyl)-7-oxabicyclo[2.2.1]heptane-2-

carboxylic acid (LB-100, 132)

;3 8
o N
®
|
1
To a solution of norcantharidin (100 mg, 0.6 mmol) in benzene (2 mL), was added N-
methylpiperazine (70 uL, 0.6 mmol). The reaction was stirred at rt overnight. The crude
reaction was filtered and washed with toluene (10 mL) and acetone (10 mL) to yield LB-100
as a white solid (35 mg, 22%). 'H NMR (400 MHz, D:0): 6 4.87 (d, ] =4.2 Hz, 1H, Hs), 4.73
(d, ] =4.5Hz, 1H, Hs), 3.69 — 3.37 (m, 5H, Hy94), 3.26 (t, ] = 5.3 Hz, 1H, Hs), 3.23 - 3.17 (m,
2H, Hio), 3.06 — 3.00 (m, 2H, Hio), 2.92 (s, 3H, Hu), 1.72 (tdd, ] =13.3, 7.1, 3.4 Hz, 2H, Hr2),
1.65 - 1.49 (m, 2H, Hi2") ppm. *C NMR (101 MHz, D:0): 5 178.1 (C7), 173.6 (Cs), 80.1 (Cs),
78.6 (Cs), 52.6 (Cs), 51.0 (Cs), 49.1 (Cuo), 42.9 (Co), 42.6 (Cu1), 28.7 (C1), 28.3 (C2) ppm. HRMS
ESI: m/z 267.1361 [M-H]- calc. m/z 267.1350. This data was consistent with literature

characterisation.4!

Pyrrolo[1,2-alquinoxalin-4(5H)-one (133)
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To a solution of 2-(1-pyrrolyl)benzoic acid (200 mg, 1.1 mmol) and DIPEA (370 uL, 2.1
mmol) in 2-MeTHF (80 mL) was added diphenylphosphonium azide (370 pL, 1.7 mmol).
The reaction was stirred at 40 °C for 18 h. The reaction was allowed to cool, the precipitate
was filtered off and washed with CH:Cl: (20 mL) to yield 133 as a white solid (30 mg, 15%).
"H NMR (400 MHz, CDCls): 6 10.42 (s, 1H, NH), 7.72 (dd, ] =2.8, 1.5 Hz, 1H, Ho), 7.66 (d, |
=8.0 Hz, 1H, Hs), 7.32 - 7.27 (m, 3H, Hi611), 7.23 (ddd, ] =8.8, 6.5, 2.4 Hz, 1H, H>), 6.71 (dd,
J=4.0,2.8 Hz, 1H, Hu) ppm. *C NMR (101 MHz, CDCls): 5 157.2 (Cs), 128.1 (Cs), 125.8 (C1),
123.5 (C24), 123.4 (C7), 117.3 (Co), 117.1 (Cs), 114.5 (Cs), 113.4 (Co), 112.9 (C11) ppm. HRMS
ESI*: m/z 207.0532 [M+Na]* calc. m/z 207.0529. This data was consistent with literature

characterisation.4>2

5-(3-Chloropropyl)pyrrolol[1,2-alquinoxalin-4(5H)-one (134)

Cl 14
:HQ
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To a solution of 133 (30 mg, 0.16 mmol) in DMF (1 mL) was added Cs2COs (53 mg, 0.16
mmol) and stirred for 3 h at rt. 1-Bromo-3-chloropropane (32 pL, 0.33 mmol) was added
and the reaction heated to 70 °C overnight. The reaction was cooled, diluted with EtOAc
(25 mL) and washed with water (10 mL). The crude product was purified by flash column
chromatography (0 ->50% EtOAc in pentane) to yield 134 as a colourless film (17 mg, 45%).

"H NMR (400 MHz, CDCls): 5 7.71 (dd, ] = 8.1, 1.4 Hz, 1H, Hv), 7.66 (dd, ] =2.8, 1.5 Hz, 1H,
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Hs), 7.42 (dt, J]=8.4, 1.5 Hz, 1H, Hn), 7.35 (td, | =7.8, 1.4 Hz, 1H, He), 7.28 - 7.21 (m, 2H, Hi2),
6.67 (dd, ] =3.9, 2.8 Hz, 1H, Hu), 4.51 - 4.42 (m, 2H, H12), 3.71 (t, ] = 6.3 Hz, 2H, Hus), 2.29 -
2.21 (m, 2H, His) ppm. *C NMR (101 MHz, CDCl): 6 155.7 (Cs), 129.3 (Cs), 125.9 (C1), 124.3
(C4), 123.2 (Ca7), 116.2 (Co), 115.6 (Cs), 115.0 (Cs), 113.5 (Co), 112.9 (Cu1), 42.8 (Ci2), 39.2 (Cra),
30.6 (Cis) ppm. HRMS ESI*: m/z 283.0613 [M+Na]* calc. m/z 283.0609. This data was

consistent with literature characterisation.*3

5-(3-(4-(4-Chlorophenyl)piperidin-1-yl)propyl)pyrrolo[1,2-alquinoxalin-4(5H)-

one (JMS-17-2, 135)
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To a solution of 134 (17 mg, 0.065 mmol) in MeCN (1 mL) in a MW vial was added 4-(4-
chlorophenyl)piperidine (16 mg, 0.078 mmol) and K2COs (18 mg, 0.13 mmol). The reaction
was irradiated at 140 °C for 1 h. The crude material was filtered and purified by flash
column chromatography (10 -> 100% EtOAc in pentane) to yield the title compound as a
colourless oil (22 mg, 81%). '"H NMR (400 MHz, CDCls): 6 7.72 - 7.68 (dd, ] = 8.1, 1.4 Hz,
1H, Hy), 7.67 - 7.66 (m, 1H, Hs), 7.47 (d, ] =8.3 Hz, 1H, Hu1), 7.36 = 7.30 (t, ] = 7.6 Hz, 1H, He),

7.29 - 7.19 (m, 4H, Hi22022), 7.14 (d, ] = 8.3 Hz, 2H, Huss), 6.67 (t, ] = 3.3 Hz, 1H, Huo), 4.36 (t,

J=7.4Hz, 2H, H), 3.08 (d, ] = 11.2 Hz, 2H, His), 2.57 (t, ] = 7.1 Hz, 2H, Hiz), 2.48 (tt, ] = 11.6,
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4.3 Hz, 2H, Hu), 2.10 (dt, ] =12.3, 6.2 Hz, 2H, Hi5"), 2.01 (t, ] = 7.2 Hz, 2H, Hi3), 1.89 - 1.71
(m, 4H, Hies'167) ppm. *C NMR (101 MHz, CDCls): 6 155.7 (Cs), 144.8 (Cis), 131.9 (Ca1), 129.6
(Gs), 128.7 (Cao22), 128.3 (Cr923), 125.7 (C1), 124.3 (C7), 123.4 (Ca), 122.9 (C2), 116.1 (Co), 116.0
(Co), 114.9 (Gs), 113.4 (Cur), 112.7 (Cuo), 56.1 (Cr4), 54.4 (Cis), 42.1 (C12), 39.8 (C17), 33.4 (Cue),
25.1 (Ci3) ppm. HRMS ESI*: m/z 420.1848 [M+H]* calc. m/z 420.1837. This data was

consistent with literature characterisation.**

Methyl (55,6R,E)-5,6,7-trihydroxyhept-2-enoate (136)

To a solution of 2-deoxy-D-ribose (100 mg, 0.75 mmol) in THF (9 mL) was added methyl
(triphenylphosphoranylidene)acetate (300 mg, 0.90 mmol). The reaction was refluxed at 80
°C for 16 h. The solvent was evaporated and the crude material was purified by reverse-
phase flash column chromatography ( 0 -> 100% MeCN + 0.1% formic acid in H20 + 0.1%
formic acid) to yield the title compound as a colourless oil (73 mg, 51%). 'H NMR (400 MHz,
MeOD): 6 7.07 (dt, ] =15.7, 7.3 Hz, 1H), 5.94 (d, | = 15.7 Hz, 1H), 3.77 - 3.61 (m, 5H), 3.58
(dd, J=11.3, 6.2 Hz, 1H), 3.45 (ddd, ] =7.2, 6.2, 3.9 Hz, 1H), 2.65 - 2.57 (m, 1H), 2.36 (dddd,
J =148, 8.8, 7.6, 1.5 Hz, 1H) ppm. ¥C NMR (101 MHz, MeOD): d 168.61, 148.24, 123.74,
75.83, 72.21, 64.62, 51.90, 40.42, 37.15 ppm. HRMS ESI*: m/z 191.0921 [M+H]* calc. m/z

191.0914. This data was consistent with literature characterisation.4>
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Methyl (55,6R)-5,6,7-trihydroxyheptanoate (BML-111, 137)

To a solution of 136 (73 mg, 0.38 mmol) in MeOH (5 mL) under N2 was added a small
spatula of palladium on activated charcoal. The reaction was placed under an atmosphere
of Hz and stirred for 1 h. The reaction was filtered through celite and purified by reverse-
phase flash column chromatography (0 -> 100% MeCN + 0.1% formic acid in H20 + 0.1 %
formic acid) to yield the title compound as a colourless oil (65 mg, 89%). 'H NMR (400 MHz,
MeOD): 6 3.70 (td, ] = 11.2, 3.6 Hz, 1H, Hx), 3.66 (s, 3H, Hy), 3.56 (dd, ] =11.2, 6.4 Hz, 1H,
Hs), 3.49 (ddd, ] =9.1, 6.4, 2.6 Hz, 1H, Ha), 3.43 (td, | = 6.4, 3.6 Hz, 1H, H>"), 2.37 (m, 2H,
H7.7), 1.90 - 1.79 (m, 1H, Hs), 1.76 — 1.60 (m, 2H, Hs¢), 1.49 — 1.36 (m, 1H, Hs") ppm. ®C
NMR (101 MHz, MeOD): 5 175.9 (Cs), 76.2 (Cs), 73.1 (Cs), 64.7 (C2), 52.1 (Cy), 34.8 (Cv), 33.4
(Gs), 22.3 (Ce) ppm. HRMS ESI*: m/z 193.1075 [M+H]* calc. m/z 193.1071. This data was

consistent with literature characterisation.4
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Appendix I: Jurkat T-lymphocyte activation after 24 h, as measured by CD69 expression by FACS.
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Appendix ll: Flow cytometry characterisation of the Jurkat E6.1 cells
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Appendix 111
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Appendix|Ill: WaterLOGSY experiment to investigate fingolimod aggregation in EGM-2MV
media. (a) '"H NMR spectra (32 scans) of fingolimod (500 uM) in EGM-2MV media (b)
waterLOGSY spectra (1024 scans) of fingolimod (500 uM) in EGM-2MV media (c) stacked
spectra of 'TH NMR and waterLOGSY in the aromatic region (7.0-9.1 ppm) indicating significant
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Appendix IV: 'H NMR of 8-chlorovinyl ketone 56 side product.
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Appendix V: Cytotoxicity Assay of all compounds in Jurkats and LECs. MTT assays after 6 h treatment
with fingolimod and negative control analogues 8 & 9 in (a) Jurkats and (b) LECs. MTT assays after 6 h
treatment with all compounds at their highest tested dose in (c) Jurkats and (d) LECs. (e) MTT assay after
1 h treatment of LECs with fingolimod. Error bars = sem. All data normalised to 0.1% dmso treated cell
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Appendix VI: S1PR expression levels on lymphatic endothelial cells. Flow cytometry was
used to assess the surface expression levels of STPR; 3.5. % of the population expressing
each marker was S1PR;=76.5%; S1PR;=52.1%; S1PR,=88.0%; S1PRs = 79.7%.
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Appendix VII

Appendix Vil: Synthetic routes to ChREMBL screen compounds, BML-111, JMS-17-2, LB-100
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Scheme S1: BML-100 synthetic route. Reaction conditions: norcantharidin (1.0 eq), N-
methylpiperazine (1.0 eq), benzene, rt, 18 h, 22% yield.
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Scheme S2: JMS-17-2 synthetic route. Reaction conditions: (i) DIPEA (2.0 eq), DPPA (1.6
eq), 2-MeTHF, 40 °C, 18 h, 15% yield (ii) Cs,CO;3 (1.0 eq), 1-bromo-3-chloropropane (2.0 eq),
DMF, 70 °C, 18 h, 45% yield (iii) 4-(4-chlorophenyl)piperidine (1.2 eq), K.CO; (2.0 eq), MeCN,
MW, 140 °C, 1 h, 81% yield.
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Scheme S3: LB-100 synthetic route. Reaction conditions: (i) methyl
(triphenylphosphoranylidene)acetate (1.2 eq), THF, 80 °C, 16 h, 51% yield (ii) Pd/C (cat.), Ho,
MeOH. 89% vield.
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NMRs for fingolimod:
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NMRs for Compound 7:
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NMRs for Compound 8:
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NMRs for PAL probe 114:
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Appendix VIII
HMBC Spectra of PAL probe 114:
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Appendix VIII

NMRs for PAL probe 130:
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Appendix VIII

HMBC Spectra of PAL probe 130:
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Appendix IX

CDClIs
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Appendix IX: Characterisation of side product 99. '"H NMR spectra of side product 99 in CDCls,
before (above) and after (below) a D,O shake. The overlayed spectra clearly display the
disappearance of a broad singlet at 8.9 ppm in the presence of D,0. This observation indicates the

presence of an exchangeable proton, supporting the interpretation that 99 is an amide.
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Appendix X

Appendix X — Detailed preparation of LEC microvessel-on-a-chip

Gel preparation

1. Add 50 puL PBS in all the used observation wells.
2. Prepare the collagen gel mixture (3 mg/ml) in a 2 ml Eppendorf tube.
Name Amount (total 200 pL) | Notes
1M HEPES 20 uL Mix them very well w/o introducing
37 mg/ml NaHCOs | 20 uL bubbles
pH:9.5
Sterile H20 40 pL Add to mixture and mix them well
5 mg/ml collagen | 120 uL Finally, add collagen gel and mix them
gel w/o introducing bubbles.
3. Prepare Matrigel-collagen gel mixture in a 2 ml Eppendorf tube
Name Amount (total 100 uL) | Notes
GELTREX LDEV | 65 uL Mix them very well w/o introducing
FREE HESC bubbles
Sterile H20 10 uL Add to mixture and mix them well
3 mg/ml collagen | 25 uL Finally, add collagen gel and mix them
gel mixture w/o introducing bubbles.
4. Inject 1.68 ul/ chip Matrigel-collagen gel mixture into the gel inlet.
5. Check two lines in the observation well for each well under the microscope.
6. Place the plate in the incubator (37°C and 5% CO2) for 15 min to allow the gel to
solidify.
7. Add 40 pL of 10 pg/ml fibronectin into the left and right outlets of lymphatic
vessel channel and incubate the plate at 37°C overnight.
8. Aspirate 40 pL fibronectin suspension from the gel inlet in the plate and wash
twice with 50 uL PBS and 1 time with 50 uL EGM2 MV.
9. Aspirate the media

LEC tubule formation

10.
11.
12.
13.
14.

15.
16.

Harvest 1 T75 flask LEC and resuspend the cells in 100 uL.

Inject 3 uL cell mixture in one inlet of the endothelial cell channel.

Add 50 uL EGM2 MV media in outlet channels of opposite LEC channels.
Check the cells under the microscope.

Place the plate on its side on the Mimetas plate stand for 2-3hours in the
incubator to allow the cells in the perfusion channel to settle onto the ECM gel
and attach

Add 50 uL EGM2 MV media into the inlet and outlet of LEC channels.

Place the plate on the OrganoFlow in a humidifier incubator and adjust it to 14°
Inclination and 8 min intervals.
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Appendix X
17. Refresh the medium every 2 days by replacing the medium from perfusion inlets
and outlets (50 pL in each).
18. Incubate for 4-5 days at 37°C %5 humidifier chamber on the OrganoFlow to have
a complete endothelial tubule (14° Inclination and 8 min intervals).

Lymphatic endothelial cell activation

19. After the formation of the complete endothelial tube, remove the EGM2 MV from
the inlet and outlet of endothelial perfusion channels.

20. Add the 50 pL EGM2 MV media containing 1 ng/ml TNFa inlet and outlet of
endothelial perfusion channels.

21. Incubate the plate on the OrganFlow (14° Inclination and 8 min intervals) in the
incubator overnight.

Jurkat cell activation

22. Coat two wells in a 12-well plate with ahCD3 (1 uL in 1 ml PBS for each well) for
2 h at 37°C and 5% CO..

23. Remove PBS

24. Add 1x10° Jurkat cells in 1 mL RPMI media containing 5 uL. ahCD28.

25. Incubate the cells for 48 h at 37°C and 5% CO:s.

Jurkat cell seeding

26. Collect the cells by pipetting up and down

27. Centrifuge the cells for 5 min at 200 xg and resuspend in 30 uL EGM2 MV media.

28. Mix the cells with 15 mg ml*! matrigel (1:1) (GELTREX LDEV FREE HESC) to
achieve a final concentration of 90000 activated Jurkat cells per chip.

29. Remove all media from the perfusion channels.

30. Inject 4 puL. Matrigel with cell into the inlet channel of the opposite side of the
endothelial channel. Then inject 4 uL into the outlet channel.

31. Add the 50 uL EGM2 MV inlet and outlet of endothelial perfusion channels.

32. Incubate 15 min at 37°C and 5% COs.

33. Add the 50 uL EGM2 MV media inlet and outlet of the opposite side of
endothelial perfusion channels.

34. Incubate the plate on the OrganoFlow (14° Inclination and 8 min intervals) in the
incubator for 3 days.
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Appendix XI

Jurkat cell gating strategy for flow cytometry:
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