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Abstract

Leishmaniasis is a neglected parasitic disease that places a substantial burden on endemic
communities. There is an urgent need for new anti-leishmanial compounds due to the toxic side
effects of current therapies and emerging drug-resistance undermining their effectiveness. Central to
this is understanding a compound’s mode of action (MoA) — how it interacts with the parasite at the
molecular level and which target(s) it binds. The MoA is unknown for many anti-leishmanial
compounds, despite well-established phenotypic, biochemical, and omics methods with proven
success in this application. This thesis contributes to the ongoing search by investigating the MoA
of three compound families with potent activity. Here we show that the dehydrodieugenol B (DDB)
compound family (primarily using analogue DDB-1) localises to the mitochondrion indicating a
mitochondrial MoA, Ascididemin carries out reactive oxygen species (ROS) generation and metal
ion chelation, while the benzyltetrahydroisoquinoline (BI) alkaloids disrupt the cell cycle. DDB-1
was unable to select for in vitro drug resistance, contrary to expectation for a drug-like compound in
this often-successful method to elucidate compound MoA. Ascididemin, as expected, selected for
specific genes in a specialist genome-wide knockdown library enabling MoA identification. Our
results demonstrate that different MoA elucidation techniques are best suited to different compound
families. Based on the MoA proposed here, Ascididemin and the Bl compounds are rendered
unsuitable hit compounds, while DDB-1 has an unusual yet promising MoA, with the potential to
become a valuable lead compound following further target identification and medicinal chemistry

efforts.
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1| Introduction

1 Introduction

Leishmania is a unicellular eukaryotic parasite that causes disease. To be a parasite is to live in or
on a host organism and to benefit at the host’s expense. Leishmania exemplifies this: as early as
1903, Leishmania donovani amastigotes were identified in patients suffering from kala-azar, also
known as black fever, a disease prevalent in India and Africa.l® Since then, a substantial
understanding of both the parasite and the disease has been developed: Throughout the early to mid-
20™ century, significant progress was made in classifying Leishmania species and understanding its
complex life cycle, driven by its public health and economic impact on communities living in
endemic regions. In the 1970s and 1980s, the development of new treatments marked significant
progress in the fight against leishmaniasis.*® More recently, the arrival of modern molecular biology
and genetic sequencing in the 2000s has revolutionised the understanding of Leishmania

biochemistry and how this relates to disease.

Despite over a century of research, leishmaniasis remains a huge burden on public health, particularly
in developing countries. Drugs suffer from emerging resistance, and many cellular therapeutic
targets remain unexplored. This thesis aims to address the need for new therapeutics by delving into

mode of action and target identification for anti-leishmanial compounds.

1.1 Leishmania phylogeny

The Leishmania genus belongs to the order Trypanosomatida (trypanosomatids), which includes
other parasitic protozoa such as Trypanosoma brucei and Trypanosoma cruzi, the causative agents
of human African trypanosomiasis (sleeping sickness) and American trypanosomiasis (Chagas
disease) respectively. Trypanosomatids fall into the class Kinetoplastea (kinetoplastids), owing to

the presence of a kinetoplast — an organelle containing mitochondrial DNA.

Leishmania is believed to have evolved from the other trypanosomatids around 200 million years

ago, diverging into over 20 recognised species pathogenic to humans.” Many of these are grouped
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into species complexes based on genetic and pathogenic similarities,® which can be further classified
into two branches — Old world or New world — according to geographical location and disease

presentation (Table 1).

Table 1. Examples of Old and New world Leishmania species and their geographic location

Complex Common example species Distribution

. . . L South Asia, East Africa, the
S Leishmania donovani L. donovani, L. infantum .
5 Mediterranean
=
g Leishmania tropica L. tropica, L. major North Africa, the Middle East,

P - tropica, £. maj Central Asia, the Mediterranean
ke . . . L. braziliensis, L. peruviana, Brazil, Peru, other regions of
— Leishmania braziliensis . .
§ L. guyanensis Central and South America
q;_, . . , L. mexicana, Mexico, Central America, parts of
= Leishmania mexicana . .
L. amazonensis South America

1.2 Leishmania biology

1.2.1 Life cycle

Leishmaniasis is spread by over 90 different species of sandflies of the genus Phlebotomus (Old
world) or Lutzomyia (New world).® Leishmania therefore exist in two major life cycle stages with
distinct morphologies: flagellated promastigotes within the sandfly, and smaller, rounder,
non-flagellated amastigotes within the mammalian host. Within the sandfly, extracellular procyclic
promastigotes proliferate in the sandfly midgut. A mature infection of predominantly metacyclic
promastigotes is then established. These secrete chitinase, a multifunctional virulence factor that
promotes sandfly stomodeal valve colonisation, thereby enhancing transmission.'® Promastigotes
affect sandfly feeding habits through a promastigote secretory gel (PSG) plug composed of
filamentous proteophosphoglycan;! this “blocks” the sandfly gut and holds open the stomodeal
valve,? 12 leading to more frequent biting and longer feeding.'* Thousands of promastigotes are
transmitted during a sandfly blood meal within the PSG plug, which additionally promotes
pathogenicity in the mammalian host.?® In the mammalian host, Leishmania are phagocytosed by

macrophages or other phagocytic cells such as neutrophils and monocytes.® This is a passive uptake;
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more efficient for metacyclic promastigotes than procyclic promastigotes.” The changed conditions
within the mammalian host of 37 °C compared to the 26-28 °C of a sandfly triggers differentiation
to the immotile amastigote form, taking approximately 24 h.!8 1 Amastigotes resist degradation by
the host immune system by residing in a parasitophorous vacuole — an acidic phagolysosome-like
structure developed over 2-5 days.?’ The much smaller size of intracellular amastigotes means a
reduced surface-to-volume ratio, which limits exposure to the harsh parasitophorous vacuole.?* 2
Leishmania modulate the host response system by impairing the ability to induce 1L-12,%2% which
inhibits the production of IFN-y, decreasing nitric oxide production (which is crucial to Leishmania
toxicity).?® Additionally, they induce the production of immuno-regulatory cytokines such as I1L-10
and TGF-B that deactivate macrophage functions,?”?® and inhibit the JAK2/STS signalling pathway
which causes IFN-y unresponsiveness.? % Proliferation of amastigotes eventually causes the
infected macrophage to burst open, releasing them to perpetuate the infection in neighbouring
phagocytic cells. Infected macrophages are ingested during a sandfly bloodmeal, releasing
amastigotes into the sandfly midgut which differentiate into procyclic promastigotes, continuing the

cycle.®

Promastigotes migrate Sandfly injects Promastigotes
to stomodeal valve . promastigotes phagocytosed by

/ into skin /‘ macrophage
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Figure 1. Leishmania exists in two distinct life cycle stages. A simplified overview of the Leishmania life
cycle; In the sandfly stages the parasite proliferates as a promastigote, and in the mammalian stages as an
amastigote.
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1.2.2 In vitro culture

Leishmania have long been grown in vitro, first demonstrated in 1905.%2 Most species are well
adapted to culture, such that the entire life cycle from promastigotes to amastigotes and back again
can be completed in vitro without the need for a host.*® Promastigotes can be grown in commercially
available liquid cell culture medium by incubation at 24-28 °C and pH 7-7.2 as a model of sandfly
conditions.3 3% These can be simply considered as procyclic promastigotes in exponentially growing
cultures and metacyclic promastigotes at high densities in stationary phase cultures.® Although
different from within sandflies, the axenic promastigotes are a reasonably good representative of the

in vivo picture.®’

Some Leishmania species such as L. mexicana and L. donovani can differentiate into in vitro axenic
amastigotes in acidic culture media (pH 5.5) and high temperatures (34-37 °C).®® % This is a
simulation of conditions within a parasitophorous vacuole that triggers differentiation in the
mammalian host. However, amastigotes of many species cannot be grown axenically and require in
vitro infection of macrophages — a closer representation of the in vivo picture. Axenic and
macrophage-derived amastigotes are remarkably similar: they are of comparable infectivity,> 4
share the same amastigote-specific markers,** and are morphologically indistinguishable. The
metabolic profile of axenic amastigotes appears as an intermediate between intracellular amastigotes

and promastigotes;*2 this is an important consideration if axenic models are used for drug discovery.

1.2.3 Cell ultrastructure

Trypanosomatids have a rigid morphology defined by a cross-linked sub-pellicular array of
microtubules that is conserved throughout the life cycle stages.*® Leishmania contain single copies
of organelles such as the nucleus, mitochondrion and a Golgi apparatus, alongside multi-copy
organelles such as lipid bodies, glycosomes and acidocalcisomes, whose localisations have been well
defined by light microscopy** and electron microscopy.**” The kinetoplast is anterior to the nucleus
in Leishmania, and posterior in T. brucei. The kinetoplast directly connects to the basal body,*® 4°

from which the flagellum extends out of a cell membrane invagination called the flagellar pocket.
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The internal architecture of Leishmania promastigotes and amastigotes is largely conserved. A major
morphological difference is the elongated flagellum in promastigotes with multifunctional roles in
motility and physical attachment, while the immotile amastigote flagellum is dramatically shortened
and does not protrude the flagellar pocket.*® The promastigote is also longer than the amastigote
form, being between 6-12 um.>! The flagellar pocket is the only site of endocytosis and exocytosis,>?
therefore it plays a key role in the cells interaction with its environment. Vesicles containing material
are trafficked to the early endosomes which are located close to the flagellar pocket.>* 5 Material
can then undergo either exocytosis or progress to the terminal endocytic compartment i.e., the
lysosome. The Leishmania lysosome differs in structure from most other eukaryotes; it is a
vesicle-filled tubule that stretches from close to the flagellar pocket towards the posterior end of the
cell, referred to as a multivesicular tubule lysosome.>>*’ In T. brucei, the lysosome is a more rounded

structure than the elongated form in Leishmania, and is located closer to the flagellar pocket.* %
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Figure 2. The morphology and ultrastructure of trypanosomatids, exemplified by L. mexicana and T. brucei.
A. Promastigote; elongated cell body and flagellum, B. Amastigote; no elongated flagellum, C. Bloodstream
form (trypomastigote); kinetoplast posterior to the nucleus. Figure adapted from Richard Wheeler.




1| Introduction

1.2.3.1 Basic structure and function of the mitochondrion

The single mitochondrion of the trypanosomatids was first confirmed in the 1970s by electron
microscopy, in remarkable resolution that remains relevant to modern mitochondrial studies.**** In
Leishmania, it is a large reticulated structure throughout the cell, composed of an inner and outer
membrane forming the compact matrix and internal cristae.%? T. brucei display mitochondrial
plasticity: procyclic insect forms have an enlarged mitochondrion that contains cristae, while
bloodstream forms in the mammalian host have a simplified mitochondrion lacking cristae.®® This
appears as a line along the cell body without branching or reticulation, unless it is undergoing
division.** 565 Within the mitochondrial matrix is the kinetoplast — a concatenated network of

circular DNA, ° representing around 30% of the total cellular DNA.5" 8

Most mitochondrial proteins are synthesised in cytoplasmic ribosomes and then imported in using
short mitochondrial targeting sequences.®® The mitochondrion has roles in energy generation through
the tricarboxylic acid cycle and respiratory chain, signalling, response to stress via reactive oxygen
species (ROS) generation, and lipid metabolism. The Leishmania mitochondrion carries out ATP
metabolism via oxidative phosphorylation; making use of an electron transport chain (ETC)
containing Complex | to IV and an ATP synthase Complex V, canonical of eukaryotes.”® ™* The
presence of Complex I, however, is species and strain dependent. T. brucei procyclic forms have a
similar ETC additionally incorporating the trypanosoma alternative oxidase (TAQO) which presents
a competing pathway for electron carrier ubiquinone.’® 7 Conversely, the simplified mitochondrion
of T. brucei bloodstream forms has dispensed completely with oxidative phosphorylation as an
energy source. This life cycle stage relies on glycolysis to generate ATP, while the mitochondrion is

an ATP consumer unless under specific environmental or genetic conditions.” ™

1.2.4 Leishmania cell cycle

Trypanosomatids follow the canonical eukaryotic cell cycle phases: Gi, S, G2, mitosis and
cytokinesis. The size, shape, and positioning of the DNA organelles during L. mexicana

promastigote cell division is well defined.®* During Gi, cells grow from approximately 6 pm to
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12 um with a fixed quantity of DNA. Cell size is maintained during S phase while DNA synthesis
occurs, followed by a brief G, phase involving cell shortening back to 6 um and a new flagellum
emerging. The cells duplicate their nucleus before their kinetoplast, leading to the existence of cells
with two nuclei and one kinetoplast. Throughout, the kinetoplast is located at a fixed distance from
the anterior end of the cell body while the nucleus positioning is variable depending on cell length.
Mitosis is asymmetric: the old nucleus is positioned on the same side as the old flagellum, the new
nucleus is positioned on the side of the new flagellum, and the new kinetoplast moves to join the
new nucleus. Cytokinesis is longitudinally symmetric, hence the requirement for precise positioning
of the duplicated organelles. The cell cycle of T. brucei is more widely studied and understood, and
follows a similar pattern to Leishmania.” The timing of kinetoplast segregation is earlier than in
L. mexicana, occurring before the completion of mitosis which leads to cells with two kinetoplasts

and one nucleus, differing from Leishmania.”®

1.2.5 Genomic organisation

The first trypanosomatid reference genomes were sequenced and published in 2005 for L. major,™
T. brucei,” and T. cruzi.®’ This was soon followed by whole genome sequencing for many others
including L. infantum, L. braziliensis,®* and L. mexicana.?? These have allowed detailed analyses of

gene expression, comparative genomics, functional genomics, and host or drug interactions.® 84

1.2.5.1 Gene expression in trypanosomatids

The Leishmania genome is diploid, arranged into a species-dependent number of chromosomes (34
in L. mexicana, 36 in L. donovani)®  of approximately 32 megabases coding for around 8000
proteins.8! The genome has a high level of plasticity and is prone to gene and chromosome copy
number variations, and mosaic aneuploidy.® 8% | eishmania genome regulation is quite distinct
from other eukaryotes. Genes are made up of protein-coding regions arranged into long polycistronic
transcription units (PTUs).% °* These PTUs are made up of multiple genes that are transcribed
together to form a polycistronic pre-mRNA. Leishmania do not have traditional RNA polymerase Il

promoters, instead transcription occurs in both directions from regions between the PTUs.% %
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Pre-mRNAs undergo trans-splicing to form individual translatable mRNAs with a 5° spliced leader
sequence which is important for mRNA stability.°> ® Due to the polycistronic transcription
mechanism, gene expression regulation happens at the post-transcriptional level involving mRNA
degradation and translation control; it is not controlled by promotors on individual genes as is the
case for most eukaryotes.®*°” The T. brucei genome is made up of 11 pairs of chromosomes and is

controlled in a very similar manner to Leishmania.’ %%

1.2.5.2 RNA interference in trypanosomatids

African trypanosomes additionally make use of RNA interference (RNAI), the machinery for which
is lacking in Leishmania (apart from L. braziliensis).2%-1%2 RNAi involves exogenous double
stranded RNA (dsRNA) which can create sequence-specific small interfering RNA (siRNA). This
siRNA can bind to complementary target mRNA bringing about silencing by triggering

nuclease-mediated cleavage and degradation, acting as a defence mechanism.%

1.3 Leishmaniasis

Trypanosomatids account for the top two most deadly neglected tropical diseases: human African
trypanosomiasis and leishmaniasis. Leishmania infections can be both zoonotic and anthroponotic
in animal or human reservoirs. L. infantum in particular uses dogs as a reservoir, playing a crucial
role in the spread of disease.'® 1% An estimated 12 million people suffer from leishmaniasis at any
given time, with a further 350 million people at risk of infection and a million new cases reported
each year.1% 197 | eishmaniasis has three major clinical manifestations: visceral leishmaniasis (VL,

also known as kala-azar), cutaneous leishmaniasis (CL) and mucocutaneous leishmaniasis (MCL).

1.3.1 Epidemiology and clinical features

VL is the most severe form of the disease, and is generally fatal unless treated.!® It is caused
exclusively by L. donovani and L. infantum, with over 90% of cases occurring in only seven
countries in 2015: Brazil, Ethiopia, India, Kenya, South Sudan, Sudan and Somalia.'®® VL occurs

when parasites migrate to internal organs such as the liver, spleen, and bone marrow. Characteristic
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symptoms are non-specific, including sporadic fever, weight loss, splenomegaly, hepatomegaly, and
anaemia. Disease severity can be exacerbated by co-infection with HIV/AIDS due to synergistic
action on the immune system increasing disease progression.’® 110 Post-kala-azar dermal
leishmaniasis (PKDL) is a complication that arises in up to 60% of patients after recovery from VL,
particularly with L. donovani infections.!'! PKDL is a maculopapular and nodular rash, often
spontaneously healing and with good cure rates. It has a significant epidemiological role acting as a

parasite reservoir within the lesions.2

CL is the most common form of the disease, causing skin lesions, nodules, papules, and ulcers,
generally at the site of the sandfly bite.1% 13 While not life-threatening, the painful lesions often
leave permanent scars and disfigurement which leads to social stigmatism. It has multiple causative
species, a dispersed geographical distribution, and varied clinical manifestations. This leads to
difficulties in diagnosis and treatment, while the low mortality rate means a low financial incentive
to cure or control CL. It therefore remains a major neglected tropical disease affecting millions of

people worldwide.

MCL is a potentially life-threatening complication of CL in which lesions develop in the mucosal
surfaces of the upper airways. MCL can lead to severe, permanent facial disfigurement with complete
destruction of the nose and mouth. It is particularly associated with infection by the L. braziliensis
complex and is therefore observed predominantly in Bolivia, Brazil and Peru.!** 1!°> The destruction
caused by leishmaniasis and MCL in particular accounts for the loss of an estimated 1 million
disability-adjusted life years (DALYs)® — calculated to factor-in years lived with disability 7 —

and highlights the scale of impact on affected communities.

1.3.2 Diagnosis

The diagnostic gold standard for leishmaniasis is the microscopic observation of amastigotes in
tissue samples. This has a sensitivity of over 90% from splenic aspirates but is a technically
challenging procedure.’® Serological antibody detection assays account for most of the rapid

diagnostic tests (RDTs) for VL, often commercially available as dipsticks. The rK39-RDT is
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particularly effective in South Asia with a high sensitivity of 97% (and is therefore the recommended
diagnostic tool in the Indian subcontinent), but suffers an unexplained drop in sensitivity to only
85% in East Africa.® Alternatively, a semi-quantitative direct agglutination test can be used, which
has a sensitivity of 95%.*° Dilutions of patient blood/serum are mixed with fixed and stained

promastigotes, causing a visible agglutination if parasite antibodies are present.?°

ELISA, immunoblotting, and immunofluorescence antibody tests are too expensive and time
consuming to use routinely in the field. Diagnostic tests in development include PCR-based LAMP
targeting a region of the rRNA gene,*?! or minimally invasive ELISA detection of urinary antigens;*??
it remains to be seen if these will perform with the required sensitivity and specificity in the field.
CL and MCL cannot be detected with serological assays and rely solely on microscopy and/or LAMP

detection.

1.3.3 Therapeutics

Treatment of leishmaniasis is entirely reliant on chemotherapy; there is no vaccine although there
are multiple in development.’?® ¢ A limited arsenal of five drugs are routinely used for treatment
(Figure 3), all of which suffer major drawbacks. These include but are not limited to: severely toxic

side effects, lengthy treatment, invasive administration, storage difficulties and high production cost.
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Figure 3. Structure of drugs currently in clinical use for leishmaniasis.
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Table 2. The clinical drugs for leishmaniasis, their geographic areas for recommended use, and indications
of negative side effects or undesirable considerations.

Drug

Clinical form and geographic location of
use (% efficacy where known)

Side effects and other
considerations

Pentavalent
antimonials

VL- East Africa (94%), South America
PKDL- East Africa
CL- Central and South America

Cardiotoxicity, arrhythmias,
pancreatitis, hepatotoxicity.
Painful administration.

Amphotericin B

VL- East Africa (> 90%), South Asia (96%)
PKDL- East Africa, South Asia

CL- South America

MCL- South America

Shivering, back pain,
nephrotoxicity, hypokalaemia.
Expensive, cold storage
required, complex
preparation.

Miltefosine

VL- East Africa (90%), South Asia (90%),
Central and South America

PKDL- South Asia

CL- South Asia, Central and South America
MCL- South Asia, Central and South
America

Gastric irritation,
nephrotoxicity, hepatotoxicity,
teratogenic.

Expensive, long treatment.

Pentamidine

CL- Central and South America

Gastric irritation, cytopenias,
irreversible diabetes,
pancreatitis, nephrotoxicity.
Painful administration.

Paromomycin

VL- East Africa (85%), South Asia (93—95%)
CL- Middle East, Mediterranean, East Africa

Gastric irritation,
nephrotoxicity (rare).
Mildly painful administration.

Information combined from various references.106 125-127

Several clinical trials have indicated that drug efficacy is dependent on both the parasite species and
patient population features: genetic characteristics, immune status, and social context, although this
is poorly understood.*?® Drugs are generally administered intramuscularly or intravenously for VL,
and as a topical therapy for CL, although as CL lesions can be self-healing, treatment is mainly

recommended where there is an increased risk of MCL development.?®

Combination therapy is becoming a powerful strategy in the treatment of leishmaniasis, i.e., the
prescribing of two or more drugs concomitantly to improve treatment duration, and reduce overall
doses, toxic side effects, and cost. Experience with other diseases such as leprosy, tuberculosis, and
malaria has demonstrated that combination therapy can prevent resistance from developing.!?® A
good approach uses one very active drug with a short half-life such as amphotericin B (half-life 24 h)

or paromomycin (half-life 2-3 h), and another slow-acting drug with longer half-life such as

11
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miltefosine (half-life 7-8 days) to clear remaining parasites from the body. Recent clinical trials have
shown the benefits of an amphotericin B/oral miltefosine combination, achieving a cure rate of up
to 88% in HIV-VL coinfection.®** A paromomycin/miltefosine combination also achieved 91%
efficacy, comparable to a paromomycin/pentavalent antimonial combination, with improved

treatment times and no cardiotoxicity risk.t%

1.3.3.1 Emerging drug resistance

In common with other eukaryotic pathogens, Leishmania drug resistance is becoming a big challenge
for disease management. This has evolved in the field in part due to parasites being exposed to low
levels of drug from misuse, which leads to the selection of resistant strains.®*? Levels of clinical
resistance vary for each drug depending on multiple factors, including Leishmania species.
Pentavalent antimonials have suffered strikingly high levels of clinical resistance: a study in the
1990s demonstrated that over 60% of VL patients in Bihar, India, did not respond to pentavalent
antimonial treatment, leading to its discontinuation in the region.’®* 1 Similarly, antimonial
resistance has been observed in parasite isolates from VL patients in eastern Sudan.!* This has led
to an increased reliance on alternatives, in particular Amphotericin B and miltefosine, which are not
without their own resistance concerns. Miltefosine is vulnerable to resistance due to poor compliance
with the required long treatment time (typically 28 days),’? and reports indicate that efficacy is
already declining in South Asia,*** while some L. infantum isolates in South America display a
natural resistance.’” Increasing numbers of Leishmania isolates from relapsed patients have
resistance to Amphotericin B, with different species being implicated.'*®1*° Paromomycin — which
is often used to treat CL — has only one report of declining sensitivity: a 3 — 5 fold in vitro decrease
in activity was observed for Leishmania isolates following relapse compared to pre-treatment;'#
resistance in VL has yet to be reported.’*> While resistance to pentamidine, paromomycin and
amphotericin B is still relatively rare, it is expected to increase as these have now become first-line

drugs 132, 142
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There is clearly an urgent need to develop new therapies to combat rising resistance, as well as
improve safety profiles. Temperature manipulation at the site of CL lesions via thermotherapy
(preventing Leishmania proliferation at high temperatures) or cryotherapy (causing Leishmania cell
death in ice crystals) have been trialled as safer alternatives.*** Immunotherapy with IFN-y has led
to higher cure rates of VL in combination with pentavalent antimonials, this is an approach in which

the immune system is modulated to fight Leishmania infection.**

1.4 Drug discovery for leishmaniasis

1.4.1 Target-based discovery

Most modern drug discovery programs favour a target-based approach to discover new
pharmaceuticals by screening compounds against a validated target. Availability of genomic data for
the trypanosomatids has allowed the identification of parasite-specific essential targets that are
potentially druggable, including trypanothione reductase (maintains redox equilibrium),*® distinct
cysteine proteases (amastigote virulence factor),*® and DNA topoisomerases (DNA replication).#’
However, compounds that show activity against a purified recombinant target in cell-free assays
often have poor translation to mammalian systems. This is due to the requirement of any active
compounds in vivo passing through the membranes of the macrophage, parasitophorous vacuole, and
amastigote, to reach its intended target. There are also metabolising enzymes of both the parasite and
the host to contend with, the acidic conditions of the parasitophorous vacuole and/or potential
compartmental sequestration. In vitro activity against a recombinant target is a poor model for the
complex in vivo Leishmania infection, and this approach has yet to successfully lead to a new drug.
In contrast, target-based discovery has a high success rate (70% of drugs from 1999 to 2013) in
mammalian disease despite similar oversimplification challenges,'*® 14° perhaps in part due to the
validated target being more readily accessible such that an in vitro assay is not so far removed from

the in vivo picture as with leishmaniasis.
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1.4.2 Phenotypic-based discovery

Successful drugs discovered for trypanosomatids are almost entirely based on phenotypic screening
approaches, which has been the most promising method for discovering novel active compounds as
hits.*®® These are screens against the whole parasite to discover compounds that impact parasite
viability, therefore already accounting for intracellular conditions. The digenetic Leishmania life
cycle raises debate as to the appropriate assay for activity screening: promastigotes grow quickest
but represent the insect stage, while intracellular amastigotes provide the most accurate in vivo
picture but are least amenable to high-throughput. A compromise has been developed in which
axenic amastigotes are used for initial activity results, which are then validated in an intracellular
amastigote assay.'*! Once a phenotypically active compound is identified, there often follows mode
of action (MoA) deconvolution and/or target identification to pin down the action of the compound.
A significant effort by GlaxoSmithKline phenotypically screened 1.8 million compounds against
L. donovani, T. cruzi and T. brucei, resulting in around 200 original compounds per species as an

open resource to the parasitology community, many of which are now the subject of MoA studies.!*?

1.4.3 Drug repurposing

Drug repurposing or repositioning is a relatively “easy” strategy to find new anti-parasitic drugs by
trialling those already developed for other diseases. This is due to the reduced time associated with
drug development, particularly with establishing drug safety, as the drug can go straight to preclinical
efficacy testing. Nearly all anti-leishmanial drugs were repurposed from other diseases:
Amphotericin B (anti-fungal), miltefosine (anti-cancer), pentamidine (anti-trypanosomal), and
paromomycin (anti-bacterial). There could be the potential to repurpose other anti-trypanosomatid
drugs given similarities in their genomes and therefore the likelihood of possessing similar targets.
However, differences in pharmacology, particularly drug uptake, have proved to be a limitation. For
example, the anti-trypanosomal drug suramin is not suitable for treating leishmaniasis, which is
thought to be due to its endocytic uptake mechanism that is particularly fast in bloodstream form

trypanosomes.’>® Pentamidine is also 1000-fold less active against Leishmania than in the
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Trypanosoma for which it was originally developed, due to differences in uptake.’® The only
anti-trypanosomatid drug to be licensed in the last few decades is fexinidazole (for human African
trypanosomiasis), which showed excellent efficacy in mouse models against L.donovani,*®
although failed in clinical trials against VL.'® It is clear that repurposing between the

trypanosomatids may not be as trivial as one might expect.

1.4.4 Use of ADMET screening

An important aspect of potential hit candidates is their pharmacokinetic properties, which factor into
their in vivo ADMET behaviour (absorption, distribution, metabolism, excretion and toxicity). There
are numerous in vitro ADMET screens, however these can be time consuming, are not generally
suitable for high throughput, and require access to large amounts of compound. Computational
models have been developed to accelerate this process, allowing ADMET read-outs to be generated
early in the drug discovery pipeline, thus decreasing the rate of late-stage attrition.'s” 1% These
ADMET models often rely on experimental data to improve the reliability of predictions — this is a
limitation as such data may not be readily available for each of the predictable parameters. Relevant
physicochemical properties such as lipophilicity and solubility can be predicted with a fairly high
confidence, whereas properties like clearance, volume of distribution, aspects of metabolism and
toxicity are generally harder to predict from molecular structure alone.’” **° This is because of the
reliance on many of these processes on multiple biological interactions which are difficult to
satisfactorily model, for example how both P-glycoprotein (P-gp) and cytochrome P450 3A4 in the
gut play a combined role in drug absorption,’®® and the interactions of a drug with transporter
proteins. While in silico predictors can form a good starting point, these should be followed up with

in vitro experiments to confirm the predictions.

1.4.5 Novel compounds in the drug discovery pipeline

In recent years, there has been a substantial investment in trypanosomatid drug discovery through
organisations such as the Wellcome Trust, Drugs for Neglected Diseases initiative (DNDi), and key

partnerships with pharmaceutical companies including Novartis, GlaxoSmithKline (GSK) and
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Takeda Pharmaceuticals. Coupled with the advances in understanding parasite biology, there is now
a promising pipeline for novel leishmaniasis drugs: six new entities are in early clinical development
(Figure 4). Of these, LXE408 developed by Novartis is the frontrunner in Phase Ila clinical trials,*
162 while the remaining five compounds are in Phase | studies (as of June 2024).1% Synthetic small
molecules dominate, although one oligonucleotide DNDI-2319/CpG-D35 is being trialled for CL
and PKDL as a modulator of the host immune response.%* 1% However, there are already potential
issues within this pool: toxicity concerns for DNDI-0690 which caused unexplained biological
abnormalities following 10-day treatment,'®® and DNDI-6148 which has pre-clinical reproductive
toxicity signals,'®” mean that neither is currently scheduled to progress to Phase Ila studies. Although
the analogue of DNDI-6148 — acoziborole — successfully completed Phase 1Ib/I11 clinical trials for
human African trypanosomiasis,’®® toxicity remains a concern here. Two further compounds,
DNDI-6174 (GSK and University of Dundee collaboration) and DNDI-8526 (S07 series, DNDi and
Takeda Pharmaceuticals collaboration) are in pre-clinical development with hopes to progress to

Phase | trials soon.16?
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Figure 4. New chemical entities in clinical development for leishmaniasis. LXE408 is in Phase Il clinical
trials, all other compounds are in Phase | clinical trials (June 2024). DNDI-2319/CpG-D35 is an
oligonucleotide; Pu = purine base, Py = pyrimidine base, CpG = cytosine followed by guanine, connected with
a phosphate backbone.
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1.5 Anti-trypanosomatid drug modes of action

Despite anti-leishmanial drugs being used for decades, it is only with the advent of modern molecular
biology and genomics that the MoA of these compounds is being fully understood. There are
numerous different compound MoAs proven against Leishmania, exemplified in Figure 5. However,
target deconvolution for some clinical drugs such as paromomycin, still has not been completely
elucidated. Knowledge of anti-trypanosomatid MoAs can support the development of novel drug
compounds, which should have a distinct MoA from drugs already in use. This is important for two
reasons: firstly, they can be used in combination therapy, and secondly, they are unlikely to display

cross-resistance in the case of drug target mutation or target pathway circumvention.
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synthesis via ribosome complex acidocalcisome alkalinisation
- Proteosome inhibitors cause
cell cycle arrest

Plasma membrane disruption
- AmB causes pore formation

Mitochondrial effects

- Destruction of membrane when
ergosterol biosynthesis inhibited

- Pentamidine accumulation
causes loss of kDNA

- ETC complex inhibition

Acidocalcisome

Cell cycle disruption
- Melarsoprol inhibits

Cytoplasm effects
- Metal chelation causes

depletion of Zn2*, Fe2* mitosis
- Nitroaromatics cause - Suramin inhibits
ROS generation cytokinesis

Figure 5. Numerous modes of action are known for anti-trypanosomatid compounds. A simplified overview
of example modes of action of anti-trypanosomatid compounds. Figure adapted from Richard Wheeler.

1.5.1 Membrane disruption

Parasite membrane disruption presents an opportunity for drug action, either by direct interaction
with the membrane or by interfering with membrane proteins. Miltefosine is an alkylphosphocholine
with a varied MoA, one of which involves inhibition of phosphatidylcholine biosynthesis while

stimulating membrane cholesterol uptake.’®® Amphotericin B exploits the higher ergosterol
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composition in Leishmania membranes compared to mammalian cells by high-affinity binding to
ergosterol in the plasma membrane, forming transmembrane pores that lead to ion influx and
ultimately cell death.'™® Anti-microbial peptides are being considered for their activity against
Leishmania, as these also exert their activity by insertion into the cell plasma membrane causing
disruption, although non-specificity is a concern as this could cause host cytotoxicity.*’* Inhibiting
squalene synthase,*’2 or sterol 24-methyltransferase'”® 1 — key enzymes of ergosterol biosynthesis —
results in complete destruction of the mitochondrial membrane, mitochondrial swelling and loss of

matrix content.

1.5.2 Mitochondrial disruption

The mitochondrion plays an important and diverse cellular role (discussed in Section 1.2.3.1) that
unsurprisingly has been implicated in the mode of action for various drugs. Pentamidine accumulates
directly in the mitochondrion where it inhibits mitochondrial topoisomerase 11, leading to a loss of
kinetoplast DNA (kDNA).5 176 |t also causes an imbalance in intracellular Ca?* which causes the

mitochondrial membrane potential to collapse.!’’

The mitochondrial electron transport chain (ETC) is a promising target for anti-leishmanials due to
significant differences to mammalian ETC. Ubiquinone analogues act as competitive inhibitors of
complex I (cytochrome bc,), causing a potent inhibition of the ETC and loss of ATP production in
Leishmania amastigotes.*’ This also generates toxic reactive oxygen species (ROS), presumably by
blocking complex Il activity which releases electrons to molecular oxygen. The same biochemical
results were seen for tafenoquine, an anti-malarial drug approved in 2018 that also inhibits complex
11 in L.donovani promastigotes.'”® Pre-clinical candidate DNDI-6174 is another complex Il
targeting molecule that is showing promising results against VL. Complex Il is the target of
bisphosphonium benzophenone analogues in Leishmania,'®! although interestingly in bloodstream

form T. brucei, ATP synthase is the main target.182
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1.5.3 Reactive oxygen species generation

The release of ROS interplays closely with mitochondrial activity, although this is not the only source
of ROS in a drug context. Many anti-trypanosomatid compounds are nitro-aromatics, usually
heterocycles. These act as pro-drugs, interacting with intracellular nitroreductases (NTRs) which
bio-activate the compounds: this is the confirmed MoA of anti-trypanosomal drugs benznidazole,
nifurtimox and fexinidazole, and is the proposed MoA of Phase I clinical candidate DNDI-0690
(Figure 4).18 There are two classes of NTRs based on oxygen sensitivity and cofactor.!® Type |
NTRs are oxygen-insensitive and contain an FMN cofactor. They carry out a series of NAD(P)-H
dependent two-electron reductions of nitro groups often to the corresponding amine, with
by-products that cause DNA damage.'® 8 They are a common feature in bacteria but have also
been discovered in some lower-level eukaryotes including trypanosomatids.®6-1% Type Il NTRs are
oxygen-sensitive, with a FAD cofactor. They catalyse a one-electron reduction of nitro groups to
produce a nitro radical anion. This then reacts with oxygen to produce superoxide and regenerate the
nitro compound. % 1% |n trypanosomes, modulation of both type I and type Il NTRs directly affects
the activity of nitro aromatic drugs.’® 1% Type | NTR in T. brucei activates nifurtimox and
benznidazole which generates an open chain nitrile with enhanced toxicity.'8 1% For nifurtimox, this
is accompanied by a redox cycling mechanism, while benznidazole is distinct from this. Fexinidazole
bioactivation is catalysed by NTRs in Leishmania, but the exact metabolites are unknown.* In an
alternative manner of affecting ROS, pentavalent antimonials are thought to be reduced to the
trivalent species in situ, which can disrupt the ROS modulator trypanothione, compromising the thiol

redox potential 1%

1.5.4 Calcium ion homeostasis

Calcium ions (Ca?*) have an important role in cellular homeostasis by regulating flagellar movement,
exocytosis, and enzymatic activity. In trypanosomatids, Ca?* is stored in the endoplasmic reticulum
(ER), mitochondrion, and in contrast to mammalian cells, the largest reservoir is a dedicated

acidocalcisome. Miltefosine disrupts Ca?* homeostasis in Leishmania via two mechanisms: i)
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activation of a plasma membrane Ca?* channel inducing cell influx, and ii) direct alkalinisation of
the acidocalcisome, releasing Ca?" into the cytosol. The resulting large Ca?* increase has a knock-on

effect on the mitochondrion, and could be the basis of apoptosis observed upon treatment.%

1.5.5 Protein synthesis, degradation and the cell cycle

The paromomycin MoA is a Leishmania-selective inhibition of protein synthesis, presumably via
ribosomal subunit binding as has been shown in bacteria, and which is much stronger in Leishmania
than in mammalian cells.’® The proteasome is a protein complex in the cytoplasm and nucleus that
controls the degradation of misfolded proteins. Both VL clinical candidates GSK245/DDD01305143
and LXE408 are potent and selective proteasome inhibitors, preventing its chymotrypsin-like
activity.?% 19 These are related scaffolds so perhaps unsurprisingly are limited to a common MoA.
Proteasome inhibition is linked to cell cycle arrest due to an inability to degrade G,/M-phase control
cyclins; GSK245/DDD01305143 displayed the expected accumulation of Gy/M-phase cells.
Pre-clinical candidate DNDI-8526 is another compound with a proven proteasome MoA. 2%
Additional factors control the cell cycle, in particular cyclin-dependent kinases (CDKS). Extensive
investigation for inhibitors revealed CRK12 as a novel target for clinical candidate
GSK899/DDD853651, which displays phenotypic cell cycle arrest.2®? Anti-trypanosomal drugs

melarsoprol and suramin also inhibit mitosis and cytokinesis respectively.?%?

1.5.6 Metal chelation

Metals are vital to Leishmania homeostasis as they play key structural, catalytic, and signalling roles
in cellular processes required for growth and survival. Iron is an essential redox-active metal with
an important role in cell signalling such as driving promastigote differentiation to amastigotes, and
cell proliferation, often through ROS generation.?% 24 Zinc on the other hand is redox-inactive, and
plays crucial antioxidant roles to modulate oxidative stress.?®® Zinc does not directly interact with
ROS, and the mechanisms by which it decreases ROS are not fully understood.?® Metal chelation is

conclusively the MoA against L.donovani for 8-hydroxy-naphthyridines (8-HNTs) and an
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aminothiazole-pyridine containing compound, proposed to be through Zn?* and Fe?* depletion, and

not an interplay with ROS (Figure 6).%7 28
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Figure 6. Metal ion binding is a known MoA for anti-leishmanial compounds. Structures of some metal
chelation compounds and their proposed sites of metal binding.

1.5.7 Modes of resistance

Complementary to understanding MoA is understanding the modes of resistance. Leishmania
acquired resistance is associated with: i) mutation or changed expression levels of the drug target, ii)
upregulation of other enzymes on the target pathway to circumvent drug action, iii) decreased drug
uptake, or iv) increased drug efflux or degradation mechanisms. These modes of resistance are often
identified by generating Leishmania resistance in vitro, which is readily achieved for the five main
drugs.140-209-212 Most of the compounds described above have these modes of resistance, including
downregulation of activating NTRs (nifurtimox, benznidazole),*®? decreased expression of drug
transporter AQP1 (pentavalent antimonials) or LiIMT (miltefosine),?*® lower mitochondrial drug
loading leading to increased efflux (pentamidine),?'* overexpression of ABC transporter for drug
efflux (miltefosine),?*® downregulation of enzyme sterol 24-methyltransferase (amphotericin B),6
and mutation in targets CRK12 (GSK899/DDD853651)%°* or complex Il (DNDI-6174).2% The
resistance profile for a new drug should be considered where possible: if resistance can be generated
by affecting drug uptake, efflux or inactivation, this should not occur via routes in common with

established drugs — otherwise it could suffer immediate failure.
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1.6 Mode of action and target deconvolution strategies

Drug discovery for leishmaniasis has relied heavily on phenotypic and drug repurposing methods,
particularly preceding recent advances in understanding Leishmania biology. This has produced
promising leads, but comes with an unmet need for MoA elucidation and target identification. While
this is not strictly necessary for drug development, knowledge of compound MoA/target(s) is useful
for: 1) rational hit optimisation using structure-based drug design, ii) improving selectivity, iii)
prioritising targets unlikely to have mammalian toxicity, iv) increasing the breadth of targets being
explored, v) monitoring potential for resistance generation, vi) guiding combination therapy, vii)
revealing novel druggable targets for target-based discovery, and viii) avoiding cross-resistance.
There is no roadmap to establishing the MoA of bioactive small molecules, often several

complementary methods are used.

1.6.1 Utility of click chemistry for target identification

Where MoA is unknown, knowledge of the subcellular localisation of the compound could afford
useful insights into the site of action. This makes use of click chemistry by attaching a reporter tag
— components that can be detected such as fluorophores or biotin — to the compound. Often the
compound requires modification into a small molecule probe that has a high affinity for its binding

target and is compatible with click chemistry.

1.6.1.1 Click chemistry for bioorthogonal attachment

The concept of click chemistry was first introduced by Barry Sharpless in the early 2000s, referring
to chemical reactions that conform to a set of guidelines: starting from simple reagents, in ambient
conditions, with a wide reaction scope and high yield.?!” Since then, the use of click reactions has
exploded, finding broad utility in a range of fields, with perhaps the most revolutionary being their
use in biological systems. Chemical click reactions can now be carried out within cellular
environments without perturbation — this is termed bioorthogonal labelling.?t® 21° The extent to which

click chemistry has impacted the field is reflected with the Nobel Prize in Chemistry 2022 jointly
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awarded to Carolyn Bertozzi, Morten Meldal and K. Barry Sharpless.??® Three click reactions in

particular have stood out as the most versatile, discussed below (Figure 7).

Perhaps the most famous click reaction is the copper-catalysed azide—alkyne cycloaddition
(CuAAC). The azide—alkyne cycloaddition to form a 1,2,3-triazole was first proposed by Huisgen in
the 1960s, although slow reaction rate at ambient temperatures coupled with mixed products at
elevated temperatures hampered immediate interest in its use.??! This was drastically changed by the
introduction of a copper(l) catalyst, bringing the reaction time down to minutes in physiological
conditions, which was independently developed by Sharpless and Meldal in the early 2000s.2%% 223
The main drawback of bioorthogonal CUAAC is the toxic copper catalyst which prevents its use in

live cells, generally limiting applications to cell lysates.??4 225

In response to the toxicity issues of CUAAC, the copper-free strain-promoted azide—alkyne
cycloaddition (SPAAC) was reported by Bertozzi in 2004.2% This cycloaddition between an
intrinsically reactive strained cyclooctyne and an azide proceeds rapidly under physiological

conditions, enabling selective labelling in live cells without adverse toxicity effects.??’

Copper-catalyzed azide-alkyne cycloaddition (CuAAC)
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Figure 7. Click reactions commonly applied to biological systems.
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Prior to the development of CUAAC, the Bertozzi group had already achieved live cell bioorthogonal
labelling with the use of the Staudinger ligation.??® Inspired by the Staudinger reaction between a
phosphine and an azide via an aza-ylid intermediate,?”® modifications to the phosphine allowed the
ylid to be trapped yielding an amide linkage. Initial Staudinger ligations incorporated a phosphine
oxide within the amide backbone however this was swiftly followed by modifications which allowed
the phosphine to be removed as a by-product in the traceless Staudinger ligation.?®%2 The
disadvantage to the Staudinger ligation however is relatively slow reaction kinetics in comparison to
the AAC methods, unwanted phosphine oxidation, and synthetic challenges with phosphine

preparation.?®

1.6.1.2 Photoaffinity labelling for small molecule attachment to proteins in situ

If a small molecule has a high affinity for its target and forms a direct covalent attachment then it
can be directly modified for use as a probe in click chemistry. However, if the inherent target affinity
of the compound is not strong enough, there is need to develop a probe with an alternative method
of covalent linking to the target. Such activity probes therefore require three key features: a reactive
group or warhead that covalently attaches to the protein target, a carbon chain linking region, and a

handle to attach a reporter tag for detection or isolation via click chemistry in situ.?* 2%

Cravatt and co-workers showed the first proof of principle in which a small molecule with
phenotypic activity led to target identification using a photo cross-linking covalent attachment.?%®
Termed photoaffinity labelling (PAL), an inert photoactivatable reactive group is incorporated into
the probe that generates a highly reactive intermediate upon exposure to UV light, which allows for
covalent cross-linking to nearby molecules.?®” Therefore, a probe can interrogate cells in their native
state, photo cross-link upon exposure to UV forming a covalent bond to the supposed target, and
then be further functionalised with click chemistry. Probes are designed with the compound of
interest attached to a “linker”. The chemical identity of the photoactivatable group plays a key role
in the success of PAL, three of which have emerged as favourites in the field and merit further

discussion (Figure 8).%%
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First, aryl azides generate a reactive nitrene that captures the target under UV light activation, and
were originally popular as PAL components due to their relatively easy synthesis. However a major
drawback is the requirement of cell-damaging short UV wavelengths to generate the active nitrene,
which itself is prone to rearrangement instead of intermolecular capture.?®® Fluorination of the aryl
ring has greatly improved the stability of the intermediate and boosted yields of labelled product
over rearrangement, although this remains highly influenced by both environment and concentration

and is therefore difficult to control in cellular environments.?*°

Second, benzophenones cross-link via a ketyl diradical when activated, and this happens at a longer
wavelength than the aryl azides which is advantageous as these wavelengths are less
cell-damaging.?*! Eirich et al. published a highly selective example in which a benzophenone-alkyne
linker attached to a compound of interest was used for whole-cell fluorescent microscopy to reveal
tubulin as the target in live human cells.?*> However, the authors note that the bulky nature of the
benzophenone leads to a drop in activity of the probe compared to the parent compound.

Benzophenones also require long activation times leading to non-specific reactivity.*3

Reactive warhead
for covalent crosslinking to target

Active molecule for R = Handle for
target-specific engagement 4 reporter tag attachment

Carbon chain linker

Reactive warhead examples

O 0L w2

Aryl azide Benzophenone Diazirine

Popular diazirine linkers

N=N N=N
R/\)k/\\ RF
X
HO NN
R = I, NH,, COOH NAVEE HO =

Minimalist linkers, Li et al. MI-PAL, Chang et al. PALBOX, West et al.

Figure 8. Probe design for a photoaffinity labelling strategy. Popular reactive warheads are aryl azide which
forms a nitrene, benzophenone which forms a ketyl diradical and diazirine which forms a carbene upon UV
activation to cross-link to the protein target. Popular diazirine linkers include minimalist linkers,?4 MI-PAL?%
and PALBOX .24
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Third, diazirines have become favourites — being the most cited in the last twenty years, both in
aromatic and aliphatic form, which generate a reactive carbene upon activation that carries out the
cross-linking. This carbene has higher reactivity than intermediates generated by benzophenone or
aryl azides which leads to higher specificity, although this comes with the associated disadvantage
of fast quenching by solvent giving lower overall yields.?*” 248 In a convincing comparative study,
Sakurai and colleagues investigated the effect of these three photoactivatable groups in weakly
binding probes of known targets, and found that diazirines emerged as the superior choice for highest

specificity in protein mixtures.?*3

Within the diazirines there are many examples of successful PAL which have been the subject of
numerous reviews.?” 249252 The first example of a cell-permeable probe was kinase inhibitor
saurosporine attached to an alkyne—diazirine handle, which underwent CUAAC with a fluorophore—
azide and showed fluorescence localisation to the expected cytosolic localisation in whole cells.?3
The authors noted that the small size of the alkyl diazirine is crucial for maintaining cell permeability
and probe activity. In particular, “minimalist” diazirine linkers designed by Li et al. show good
preservation of biological activity and high labelling specificity.?** These 7-C containing linkers are
comprised of an alkyl diazirine, terminal alkyne, and either a carboxylic acid, primary amine, or
iodide for conjugation to drug molecules via acid coupling, amine coupling or alkylation
respectively. These linkers have been used for fluorescent imaging to determine cellular localisation
in live cells,?* 2% as well as profiling protein interaction partners of small molecules in a cell-wide
environment.?% 257 Small alternatives by Chang and co-workers are the minimally interfering
photoaffinity label (MI-PAL),*> and more recently, cyclobutene diazirine PALBOX,?*® both of

which showed successful PAL in whole proteomes.

1.6.1.3 Click chemistry with transmission electron microscopy

In order to visualise compound targets at a high resolution, it could be possible to employ
transmission electron microscopy (TEM). There are very few examples in the literature combining

click chemistry with TEM, with challenges in creating sufficient contrast to be detectable in the TEM

26



1| Introduction

images. One approach uses click attachment of a fluorophore to an incorporated alkyne, which
photo-generates a precipitate of added diaminobenzidine reagent that is then stained with osmium
tetroxide for visualisation.®® A more direct method would be to use electron-dense gold
nanoparticles, as these are TEM visible. This approach is traditionally combined with antibody
recognition (termed immunogold labelling), to enable gold attachment to specific cell features. Only
one report exists in the literature of combining click chemistry with gold nanoparticles for TEM.
This example utilised propargylcholine as the probe, and demonstrated gold labelling in cell

membranes as expected for propargylcholine phospholipids.?*°

1.6.2 Omics approaches for compound MoA

Full sequencing of the Leishmania genome has allowed an explosion of omics techniques: genomics,
transcriptomics, proteomics and metabolomics to be exploited for drug discovery and MoA
studies.?6%-268 Additionally, the wealth of genome manipulation tools such as facile CRISPR-Cas9
genome editing in Leishmania means that targets discovered by these methods can be readily

validated.?6%-273

1.6.2.1 Generation of resistant lines and whole genome sequencing

A powerful tool for target identification is the generation of cell lines resistant to a compound of
interest, and then whole genome sequencing (WGS) of the resultant resistant line. This allows
identification of genes that, when altered, contribute to compound resistance, which is informative
to compound MoA. Resistance generation and WGS has been successful in Leishmania with known
drugs, 209211, 274, 275 a5 well as compounds in development, 18 201, 216, 276-278 Ragjstance selection has
been combined with chemical mutagenesis — termed MutSeq, which enhances the diversity of single
nucleotide polymorphisms (SNPs) in the starting population, thus increasing the likelihood of a
resistant line emerging.?®® 2’° This was developed for Leishmania by Bhattacharya et al. to identify
genes involved in miltefosine and paromomycin drug resistance.?® The method is somewhat
complicated by the fact that both homozygous and/or heterozygous SNPs can confer resistance, and

the trypanosomatids also use aneuploidy to generate compound resistance.?!
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1.6.2.2 Genome-wide overexpression libraries

If a compound inhibits a particular target, then overexpression of the target can confer resistance.
This gain-of-fitness method has been exploited in trypanosomatids using genome-wide
overexpression libraries which undergo compound selection, next generation sequencing (NGS), and
alignment to a reference genome to identify genes conferring a selective advantage.?? 28 Compound
selection from an overexpression library is a much quicker process than the slow incremental drug

concentration normally required for resistance generation.

In L. donovani, an overexpression library has been created by transfection of cosmids containing
genomic DNA fragments, resulting in > 15-fold coverage with 99% of genes represented.?®* After
the overexpression library is enriched by a compound, the cosmids are extracted and sequenced — a
method termed Cos-Seq.®*> 24 In T. brucei, tetracycline-inducible genomic DNA has been
transfected to create an overexpression library with 8-fold coverage and > 95% genes represented.?®
The library can then be induced, put under compound selection, overexpression inserts extracted and

PCR amplified, before a final sequencing and analysis.

1.6.2.3 Genome-wide knockdown library

Knockdown is an orthogonal technique to overexpression: it is a loss-of-function screen in which
knockdown of a given protein could provide a selection advantage against an active compound. This
can identify genes involved in drug action such as up-take mechanisms or compound activators if
the compound behaves as a pro-drug, but is unlikely to directly identify a compound target.?® RNAI
can be exploited to facilitate knockdown in T. brucei by using tetracycline-inducible synthesis of
dsRNA in vivo, allowing genome-wide knockdown libraries to be created.?”28° The University of
Dundee has created a T. brucei bloodstream form RNA. library with a 10-fold coverage and > 99%
of non-redundant genes represented.? 2°* This is combined with NGS in a technique called

RIT-Seq.2%0 2%
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1.6.2.4 Transcriptomics for MoA

The transcriptome has valuable information about mMRNA expression levels, often correlated to
protein levels. It should be noted however that gene expression in trypanosomatids relies on
post-transcriptional regulation, and therefore there can be a discrepancy between mRNA expression
level and protein abundance. Evaluation of trypanosomatid mRNA abundance has been widely
applied to compare life cycle stages or host—pathogen interactions.® 292 2% High-throughput mRNA
profiling — RNA-Seq, has also contributed to the unravelling of compound MoA in Leishmania,
T.cruzi and T. brucei by comparing transcriptome changes between compound sensitive and

resistant cell lines.10 294299

1.6.2.5 Chemo-proteomics

Chemical proteomics presents a powerful tool for target identification, and can provide information
on the direct interaction of a compound with its target. This approach goes beyond other omics
techniques that identify genes and not target proteins directly, and has been the subject of numerous
reviews.®9-2% The basic premise involves compound attachment to its interacting proteins (either
directly through a covalent interaction or assisted with photoaffinity labelling), and then the proteins
can be enriched from a complex mixture. Compound can either be pre-immobilised to beads and
then cell lysate used for compound-target binding, or a compound-target complex can be formed
(often using PAL) in situ in live cells, and then pulled out by a secondary attachment to beads.
Following enrichment, there is often an enzymatic digest after which interacting proteins are
identified with mass spectrometry. The pre-immobilisation method has been employed in
kinetoplastid MoA determination to pull-down protein from a lysate,?°% 3% while the use of PAL to
probe live cells has yet to be applied successfully to target identification in trypanosomatids — this is
more powerful as it can probe cells in their native state. The main drawback of this technique is that
it requires a compound to be synthetically modifiable and its structure—activity relationship (SAR)

to be known, such that the pull-down probes can be generated.
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An alternative, unbiased chemical proteomics approach is thermal proteome profiling (TPP). This is
based on the biophysical principle that a compound bound to its target protein causes thermal
stabilisation of the protein. Quantitative mass spectrometry can then allow identification of stabilised
targets, which has been successfully developed for Leishmania.?®* The main benefit of TPP is that it
does not require SAR understanding which may be limited for early phenotypic hits, although it is
limited to soluble proteins and performs badly for stable protein complexes. Although less complete
than in humans, the Leishmania proteome is moderately well annotated, with approximately 40% of
genes annotated as ‘“hypothetical proteins”.33%7 This can provide additional challenges in

identification of proteins and their function, but is not a limitation on the use of proteomics.

1.7 Dehydrodieugenol B as an anti-parasitic natural product

Natural products are proven sources of drugs, either in their natural form, as semi-synthetic
derivatives, or as analogues which retain the core framework of the natural molecule. It is
well-recognised that two-thirds of small molecule drugs originate from natural bioactive leads.3%®
Parasitic diseases are no exception: Amphotericin B and paromomycin were isolated from bacteria,
while anti-malarials artemisinin, chloroguine and mefloquine are either natural products, or natural
product-inspired.®®® Multiple different natural product families have shown activity against

Leishmania, including alkaloids, terpenoids, saponins and flavonoids.310-312

A neolignan biaryl ether family of natural products was first isolated in 2015 from the Brazilian plant
Nectandra leucantha, the parent compound of which was named dehydrodieugenol B (DDB) (Figure
9). DDB and methyl dehydrodieugenol B have promising micro-molar activity against L. donovani
and T. cruzi, with low mammalian cytotoxicity.3!*3!° In a collaboration between Prof. Ed Anderson
(our group) and Prof. André Tempone (Instituto Adolfo Lutz, Sdo Paolo, Brazil), a series of
semi-synthetic analogues were prepared from DDB and methyl dehydrodieugenol B.3!" This resulted
in compounds with improved activity against T. cruzi, and favourable safety profile predictions. Dr.

Claire Sear (Previous PhD student) developed a concise, robust and convergent synthesis to access
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these compounds via a copper-catalysed Ullmann cross-coupling.®®® A series of fully synthetic

analogues was evaluated, with the best having low micro-molar activity against T. cruzi amastigotes.

Biaryl ether neolignan natural products
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Figure 9. The dehydrodieugnol B family of natural products. Synthetic (DDB-1) and semi-synthetic (DDB-2,
DDB-3) analogues have been prepared. Synthetic analogues are made from the corresponding A and B rings;
for DDB these are synthesised in 4 steps (A ring) and commercially available (B ring). The key biaryl ether
bond is created via a copper-catalysed Ullmann cross-coupling.

1.7.1 Dehydrodieugenol B SAR in T. cruzi

The compound family has undergone in-depth structure—activity relationship (SAR) analysis for
their activity in T.cruzi. This analysis has included 23 semi-synthetic analogues and 21 fully
synthetic analogues.®'® The analyses revealed that both allyl side chains of the compound core are
important for activity although they may be saturated, while either methoxy substituent could be
removed. Additionally, there is scope for further functionalisation at the phenol position as benzylic
ethers were highly potent and selective.®® It has also been established that the biaryl ether A and B

ring system is necessary for activity; the monomer variant eugenol does not display any anti-parasitic
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activity.®® The SAR of the dehydrodieugenol B family of natural products in Leishmania is not yet

known.

— Phenol substituent not crucial
— Benzylic ethers most potent and selective

_R
(0) OMe
— Removal of OMe is  MeO (0]

tolerated in either ring

S

— Both side chains are important for activity
— One or both side chains may be saturated

Figure 10. Structure—activity relationship trends for the dehydrodieugenol B scaffold in T. cruzi amastigotes.

1.7.2 Initial MoA investigations for dehydrodieugenol B analogues

Initial biochemical investigations by the Tempone group have been carried out for L. infantum
promastigotes and T. cruzi trypomastigotes. Dehydrodieugenol B, methyl dehydrodieugenol B and
semi-synthetic analogue DDB-2 all caused mitochondrial membrane depolarisation and plasma
membrane depolarisation in T. cruzi.®'* %5 317 Similarly, semi-synthetic analogue DDB-3 caused
depolarisation of the plasma and mitochondrial membranes in L. infantum, with no change to the
plasma membrane integrity, decreased ATP production, and dramatically increased calcium ion
levels.®*® Ultrastructural TEM studies indicated mitochondrial swelling with loss of cristae after only
6 h. Fully synthetic analogue DDB-1 caused the same effects, as well as a slight decrease in ROS
and an increase in sub Go population in the cell cycle.*?® The compound family demonstrated
activation of host cells by decreasing levels of cytokine IL-10 and IFN-y in L. infantum-infected
macrophages, although they do not alter NO levels. As the compounds are comparably active on
both promastigote and amastigote stages, the primary MoA is likely to be through direct parasite

action and not host cell modulation or action of metabolites only generated in macrophages.
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1.7.3 Other natural product families with anti-parasitic activity

The natural product Ascididemin (Asci) is a member of the pyridoacridine alkaloids that are well
established as anti-cancer compounds.®? %22 QOriginally extracted from a marine ascidian,®? Asci
displays anti-bacterial and anti-parasitic activity against both Plasmodium and Trypanosoma,
however its mechanism of action in these species is unknown.??432¢ Benzyltetrahydroisoquinoline
(BI) natural products are alkaloids found in plants from tropical and subtropical regions. The family
often features two of these units joined together via an ether linkage to form a bis-BI.*?” These
compounds possess anti-microbial and anti-cancer properties,? %2° as well as anti-trypanosomatid
activity.330-3% Both families have been synthesised by our group, and their anti-leishmanial MoA

remains to be investigated.

Ascididemin General Bl structure

Figure 11. Ascididemin and Bls have promising anti-parasitic activity

1.8 Project aims

The merits of determining MoA early in the drug discovery process are clear with respect to safety
and avoiding the likelihood of drug cross-resistance, an ever-present threat. There is also the potential
monetary value of MoA projects — the GlaxoSmithKline Scientific Termination of Projects (STOP)
Award in 2017 was awarded for an anti-trypanosomatid compound whose MoA predicted an

unfavourable clinical outcome thus ending the project, potentially saving millions of pounds.>*

This thesis focusses on MoA and target determination for the dehydrodieugenol B compound family.
While previous investigations point towards mitochondrial disruption, an in-depth investigation of
the MoA and interacting target(s) in Leishmania is still lacking. Identification of a target could

inform further analogue development and/or contribute to target-based drug discovery efforts. There
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is no “best way” to determine compound MoA and/or target(s); this project aims to use five principal

approaches, each of which will be evaluated for its success in this application:

1. Changed morphology and biochemistry, addressed in Chapter 2 — This will inform on visual
organelle changes that could correlate with MoA, modes of cell death, and should confirm and
further elucidate the biochemical changes shown in L. infantum. This chapter will also evaluate

the SAR for the DDB compounds as an initial step before in-depth MoA determination.

2. Compound localisation, addressed in Chapter 3 — This will establish where the compound

accumulates within cells, aiding target identification.

3. Genomics, addressed in Chapter 4 — Using resistance generation, overexpression libraries, and
knockdown libraries has a proven track record in establishing MoA. This is expected to be the

most successful MoA identification technique used for this project.

4. Transcriptomics, addressed in Chapter 4 — This should reinforce results from the genomics

experiments by looking at the whole transcriptome.

5. Chemo-proteomics, addressed in Chapter 4 — This will aim to use photoaffinity labelling
pull-down techniques for successful target identification for the first time in trypanosomatids,

and show compound-target engagement.

This thesis will describe the MoA deconvolution approaches applied to DDB analogues, as well as
initial MoA experiments on two other natural product families; ascididemin and Bls. The compound
families will additionally be assessed for their suitability as drug candidates. On paper, we expect
the DDB compound family to be “good” hits, having a chemical structure amenable to modification,
without obvious structural concerns. The promising anti-parasitic activity, lack of mammalian
cytotoxicity and ease of synthesis makes this a particularly attractive compound family to
investigate. Both the ascididemin and Bl compound families are comprised of planar, aromatic

structures that are common in anti-cancer applications. As they have high anti-parasitic activity, it
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will be interesting to see what MoA these compounds possess in Leishmania, and whether these are

suited to applications in parasitic diseases.
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2 Structure—activity
relationship studies and
Leishmania basic cell biology

This chapter details studies of cell biology assays with Leishmania to investigate different aspects of
exposure to anti-parasitic compounds. Compound structure—activity relationship (SAR) discussed in
Section 2.2 was published in 2023: Amaral and Asiki, “Biological activity and structure—activity
relationship of dehydrodieugenol B analogues against visceral leishmaniasis”. RSC Medicinal
Chemistry 2023, 14 (7), 1344-1350.3% Biological activity data against L. infantum and mammalian
NCTC cells was provided by our collaborator Prof. André Tempone at the Instituto Adolfo Lutz,
Séo Paolo, Brazil. Compounds 1-23, 3639 were synthesised by Dr. Claire Sear,3'® and compounds
25, 26, 33-35 were synthesised by Dr. Snigdha Singh; the SAR analysis was entirely my own.
Sections of this chapter relating to compounds Bl-1 and BI-2 were published in 2024: Sozanschi,
“Synthesis and Evaluation of (Bis)benzyltetrahydroisoquinoline Alkaloids as Antiparasitic Agents”.
JACS Au 2024, 4 (2), 847-854.%% BI-1 and BI-2 were synthesised by Dr. Ana Sozanschi, Asci was
synthesised by DPhil student Yasmine Biddick. All other experimental and analysis work in this

chapter is my own.

2.1 Introduction

A structure—activity relationship (SAR) analysis of the dehydrodieugenol B (DDB) family has been
carried out in T. cruzi, but a similar analysis has not yet been undertaken for Leishmania. Preliminary
experiments by our collaborators in Brazil have indicated that the DDB family of compounds are
likely to act via disruption to the Leishmania mitochondrion.3?° Using a combination of cell biology
assays in Leishmania infantum, they have shown an increase in mitochondrial reactive oxygen

species (ROS), decrease in ATP production, and depolarisation of the mitochondrial membrane.
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Additionally, the compounds do not change the integrity of the plasma membrane, but cause an

increase in cytosolic calcium ions which could be linked to mitochondrial activity.

In order to further establish the MoA of the DDB family of natural products, this chapter will
investigate three aspects: First, the SAR of all synthesised analogues of this family will be established
in Leishmania, to gain an understanding of how compound activity relates to the DDB scaffold and
determine positions tolerant to modification. Second, the compound-induced cell morphology
changes will be visualised, which will provide insights into the MoA and identify defects during cell
death. And third, biochemical changes induced by the compound will be evaluated which should
corroborate the findings in L. infantum, and further clarify the role of the mitochondrion.
Experimental work presented in this chapter is carried out with Leishmania mexicana — the causative
agent of cutaneous leishmaniasis. Some experiments are carried out in Trypanosoma brucei brucei,
a related and highly conserved species — this will allow comparison to validate Leishmania results,
as well as provide information on T. brucei. We will also investigate morphology and biochemical
changes caused by the ascididemin and BI compound families as initial MoA determination, and for

DDB comparison.

2.2 Dehydrodieugenol B analogues: SAR and in silico
pharmacokinetic analysis

We first set out to evaluate the structure—activity relationship (SAR) for the dehydrodieugenol B
family of natural products in Leishmania. Once the best analogues have been identified, an in silico
pharmacokinetic analysis will be undertaken to ensure that the compounds are drug-like and

therefore merit full MoA investigation.

2.2.1 Synthesis of dehydrodieugenol B analogues

SAR evaluation will take place at five key positions on the A-B biaryl ether scaffold: phenol position
S1, allyl side chains S2-A and S2-B, and methoxy substituents S3-A and S3-B (Figure 12). The

synthetic route to this family of natural products is well established: the biaryl ether core can be
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accessed in just five relatively simple synthetic steps in a convergent manner via an Ullmann

cross-coupling, enabling efficient analogue synthesis.!

s1 S3-B
S3-A OH OMe
MeO O
X
| S2-B
S2-A

Figure 12. The dehydrodieugenol B biaryl ether scaffold. Positions to be modified for structure—activity
relationship investigation are highlighted.

| proceeded with the synthesis of four novel analogues (27-30) and a re-synthesis of analogue 24 as
shown in Scheme 1, these complement the 34 analogues previously synthesised by Dr. Claire Sear
and Dr. Snigdha Singh.38 %" Analogues were designed to explore, in combination, different aspects
of the biaryl ether core structure. We intended to evaluate the addition of various polar and non-polar
ethers at the S1 position —and in particular investigate whether the electronic properties of a benzylic
ether at this position affects compound activity. Additionally, we sought to saturate or delete the S2
allyl sidechains on the A or B ring, or replace these S2 allyl side chains with polar functionality such
as a morpholine. Addition of morpholine groups often increases compound activity, including for
anti-leishmanial 1,2,4-triazole derivatives and aliphatic miltefosine mimics,3® 33 which could be
due to morpholine improving the aqueous solubility of lipophilic drugs.®* Finally, we intend to
determine the essentiality of the methoxy groups at position S3 — their removal would benefit the
Ullmann cross-coupling step (which is difficult for electron-rich aryls), giving an overall easier

synthesis.
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A —— Synthesis of A ring for 24
BuLi, TMEDA 1.1 M HCI (aq.) QPMe
s-BulLi, aq.
MeO MOMCI DIPEA THF, 78 °C; MeOH r.t MeO :
CHzClz r.t then |2 -78°Ctort 2. PMBCI, cho3
87% 60% DMF, 80 °C
93% (over 2 steps)
B ——— Synthesis of A ring for 27, 28
OPMB
MeO | PMBCI, K,CO3 morpholine,
DMF 80 °C NaBH(OAc)3
e THF rt
70%
C ———— Ullmann cross-coupling

OoPMB OMe OPMB  OMe —

ey
MeO I HO CuCl, Cs2C0;, MeO o) 24;R" = Allyl R?= \—
: y N O
. \©\ TMHD Y
R2 1,4-dioxane:NMP B anY

R2 27:R' = \—N o) R2 = \—N 0
/ —/

R! (2:1),80 °C R
24, 56% gt
27, 1% 28:R'= N 0 RIzppr
28, 77% /
D ——— — Varying benzyl electronics

_R?
MeO OPMEEJ " HCI MeO 1 o e wew =/_©_CF3
¢ _(aa) KoCOs, R¥C © “d, e
S0 DMF, 80 °c
43% 29, 46% 30:R% = OMe
30, 61% N/\ ad,
K/O 28 (o OMe

Scheme 1. Synthesis of dehydrodieugenol B analogues 24 and 27-30. A. Synthesis of the A ring coupling
partner for 24. B. Synthesis of the A ring coupling partner for 27 and 28 was carried out by Dr. Snigdha Singh
as shown. C. 24, 27 and 28 are the products of cross-couplings with a phenol partner; for each compound the
B ring is synthesised in 1 step, see appendix (Section 7.4) for full details. D. Synthesis of 29 and 30 from an
acidic deprotection of 28 and substitution with varied benzyl chlorides.

2.2.2 SAR of dehydrodieugenol B analogues

To establish the SAR, the anti-parasitic activity of all compounds had to be compared. All analogues
were tested in an intracellular amastigote assay against L. infantum to establish the ECso — the
concentration at which half of all amastigotes have been killed. In addition, the toxicity of the
compounds against mammalian NCTC cells was tested to determine the CCso — the concentration at
which half of all mammalian cells have been killed. The relative selectivity index is then calculated
as the ratio between ECsp (amastigotes) and CCso (NCTC cells); an important consideration to ensure

selectivity for the intracellular parasite over the mammalian host. In total, 39 synthetic compounds
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based around the core scaffold were tested by our collaborator Prof. Tempone, the results of which
are shown in Tables 3-6. | then proceeded to evaluate the anti-parasitic activity results, comparing
these analogues to the activity of the parent compound dehydrodieugenol B (DDB, ECsy 35.9 UM,

selectivity index 2.1), previously published by Tempone and co-workers.3°

The first consideration was the addition of an ether at position S1 (Table 3). Although the
para-methoxybenzyl ether 1 had shown high activity against T. cruzi amastigotes previously
(4.0 £ 1.4 uM), it proved inactive in this assay.®'® Analogues 5-8 indicate that a polar nitrogen
containing group is necessary for activity; all other modifications at the S1 position rendered the
compounds inactive. The more basic amines 5 and 6 had lower ECso values than the corresponding

amides 7 and 8, but this was accompanied by undesirable mammalian cytotoxicity.

Table 3. L. infantum amastigote activity and mammalian cytotoxicity of dehydrodieugenol B analogues with
functionalisation of phenol S1 to various ethers while keeping the rest of the core unchanged.

S1 OMe
MeO O
NS
I
Compound S1 ECso (UM) £ SD CCso (uM) £ SD SI

1 OPMB NA >200 ND
2 OMOM NA >200 ND
3 OAllyl NA >200 ND
4 H NA >200 ND
5 OI“G 41+1.1 249+2.6 6.0

L,

N/—\O

6 pf / 9.6+3.6 63.7+0.2 6.6

Mo,

(o]

7 OJL“G 20.3+5.9 52.9 +15.2 2.6

"H{\,

O

8 N NA 111.5+8.2 ND

v‘"{\.
Miltefosine - 6.5+3.0 119.7+4.2 18.4
DDB3% OH 35.9+6.6 75.0+13.8 2.1

NA = Not Active (>50 uM), ND = Not determined, SD = Standard Deviation, SI = Selectivity Index, n> 2.
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We evaluated the effect of deletion or saturation of the allyl chains at position S2 on either the A or
B ring (analogues 9-22, Table 4), often in combination with OPMB at S1 for synthetic ease. There
was no anti-leishmanial activity over 50 uM in any of these analogues with the exception of 9 and
11, which exhibited minimal improvement over the DDB selectivity index. In addition, 15, 17 and
18 had undesirable mammalian cytotoxicity, but this is likely due to the presence of a free phenol at
position S1 and not a direct result of the S2 saturation or deletion. Analogous mammalian
cytotoxicity is observed for phenol DDB, and in the T. cruzi data with phenol compounds.®* It has
been proposed that phenol cytotoxicity is due to a mitochondrial interaction — perhaps through
phenoxy radicals formed in vivo — enhancing caspase-mediated apopotosis, which could be at play

here.34

Table 4. L. infantum amastigote activity and mammalian cytotoxicity of dehydrodieugenol B analogues with
saturation or deletion at position S2 accompanying functionalisation of phenol S1.

MeO O\©\
S2-B
S2-A
Comp. S1 S2-A S2-B ECso (uM) £SD  CCso (M) £ SD Sl

9 OPMB Allyl H 24.2+18.2 >200 >8.3
10 OPMB H Allyl NA >200 ND
11 OAcyl Allyl H 32.7+5.0 >200 >6.1
12 OAcyl H Allyl NA >200 ND
13 OMe Allyl H NA >200 ND
14 OMe H Allyl NA >200 ND
15 OH Allyl H NA 31.6+11.3 ND
16 OH H Allyl NA >200 ND
17 OH Allyl n-Pr NA 42.0+3.8 ND
18 OH n-Pr Allyl NA 14.2+0.1 ND
19 OMe Allyl n-Pr NA >200 ND
20 OPMB Allyl n-Pr NA >200 ND
21 OPMB n-Pr Allyl NA >200 ND
22 OPMB n-Pr n-Pr NA >200 ND
Milt. - 6.5+3.0 119.7+4.2 18.4
DDB31° OH Ally! Allyl 35.9+6.6 75.0+13.8 2.1

NA = Not Active (>50 uM), ND = Not determined, SD = Standard Deviation, SI = Selectivity Index, n> 2.
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Position S2 was also substituted with polar morpholine, piperidine or pyrrolidine groups, paired with
benzyl ethers or free phenols at position S1 (Table 5). The nitrogen-containing, 6-membered ring
substitutions of morpholine or piperidine led to potent anti-leishmanial activity in almost all cases
(24-30) while substitutions with the 5-membered pyrrolidine (23 and 32) led to inactivity. This
preference for 6-membered rings could be due to a shape or size effect in a potential binding pocket.
Analogues 24-26 show that substitution at position S2-B results in higher anti-leishmanial activity

(ECso from 3.7 to 9.7 uM) than S2-A (28-30, ECso ranging from 13.2 to 26.3 uM).

Table 5. L. infantum amastigote activity and mammalian cytotoxicity of dehydrodieugenol B analogues with
substitution of polar functionality at position S2 accompanying functionalisation of phenol S1.

S1 OMe
MeO (OR i
S2-B
S2-A

Comp. s1 S2-A S2-B  ECso(uM)£SD CCso (M) £SD  SI
23 OPMB Allyl ”LNQ NA 6.2+1.2 ND
o
24 OPMB Allyl LNCO 9.7+2.0 >200 >20.6
25 OPMB n-Pr ‘”LNCO 7.7+0.8 744+4.4 9.7
o
26 OPMB n-Pr puY 3.7+05 14.5+0.2 3.9
S U
27 OPMB N b N D 27.8+7.4 74.4+5.8 2.7
N AN
&
28 OPMB ¥N©o n-Pr 16.4+4.3 >200 >12.2
~
29 g_of@% o n-Pr 13.2£2.1 >200 15.1
OMe
30 fQOMe Ty nePr 26.3+3.2 >200 >7.6
o]
;‘ OMe —
-

31 OH Allyl LNCQ NA 51.4+4.7 ND
32 OH Allyl ’”LNG NA 433+£5.3 ND
Milt. - 6.5+3.0 119.7+42 184

DDB3 OH Allyl Allyl 35.9+6.6 75.0+13.8 2.1

NA = Not Active (>50 uM), ND = Not determined, SD = Standard Deviation, SI = Selectivity Index, n> 2.
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Compound 27, bearing a substitution at both S2-A and S2-B, did not amplify the anti-parasitic
activity but instead had an ECso value of magnitude close to the less potent S2-A substitutions. Unlike
at position S1, there is no consistent ECso trend corresponding to the basicity of S2 substitutions for
morpholine (least basic), piperidine and pyrrolidine (most basic). However, these compounds
broadly fit the trend of higher basicity corresponding to higher mammalian cytotoxicity, similar to
the polar modifications at position S1. Once again, the free phenol compounds 31 and 32 exhibited

mammalian cytotoxicity despite inactivity in the L. infantum assay.

Deletion of either ortho-methoxy group at position S3 from the parent DDB (37, 39) or S1-OPMB
analogue (36, 38) led to no anti-leishmanial activity (Table 6). Analogues 33 and 34 have potent

anti-parasitic activity despite deletion of the methoxy group on the B ring. 34 and its direct methoxy-

Table 6. L. infantum amastigote activity and mammalian cytotoxicity of dehydrodieugenol B analogues with
deletion of ortho-methoxy groups at positions S3-A or S3-B in combination with modifications at S1 and S2.

Comp. S1 S2.A S2-B S3-A S3-B  ECso(uM):SD CCso(uM)£SD Sl

o
33 OPMB LND n-Pr OMe H 3.0+1.1 22.7+0.9 7.6
o
34 OPMB LNCO n-Pr OMe H 15.3+1.9 >200 >13.1
o
28 OPMB LNC\/O n-Pr OMe OMe 16.4+4.3 >200 >12.2
e
35 OPMB  n-Pr LNCO H OMe NA 33.8+4.9 ND
25  OPMB  n-Pr ”HLNCO OMe OMe 77408 744444 9.7
36 OPMB Allyl Allyl  OMe H NA >200 ND
37 OH Allyl Allyl  OMe H NA 123.4+9.4 ND
33 OPMB Allyl Allyl H OMe NA >200 ND
39 OH Allyl Allyl H OMe NA 128.6+5.2 ND
Milt. - 6.5+3.0 119.7 + 4.2 18.4
DDB3®  OH Allyl Allyl OMe OMe 35.9+6.6 75.0+13.8 2.1

NA = Not Active (>50 uM), ND = Not determined, SD = Standard Deviation, SI = Selectivity Index, n> 2.
Data for the molecular matched pairs 25 and 28 have been repeated here.
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containing variant 28 have the same anti-parasitic activity indicating that this methoxy group is
expendable. Analogue 35 tells a different story, being inactive against L. infantum compared to the
corresponding highly active methoxy-containing 25, therefore the methoxy group — or similar polar

and/or H-interaction functionality — at S3-A is crucial.

In general, it is clear that the presence of a polar functionality such as morpholine, pyrrolidine or
piperidine is required for anti-leishmanial activity: 12 of the 14 active analogues contain one of these
functional groups. The only exceptions are 9 and 11, which have relatively low activity of 24.2 and
32.7 uM respectively. Piperidine group S2 substitution is more potent than morpholine substitution:
26 and 33 have a lower ECs of approximately 3 uM compared with their corresponding morpholine
analogues 25 and 34 (7.7 and 15.3 puM). However, this trend is mirrored in the mammalian
cytotoxicity, which overall gives the morpholine analogues a better selectivity index. This preference
for polarity could be linked to compound solubility and cell membrane permeability. Due to the
nature of L. infantum amastigotes residing intracellularly, any compound must cross the macrophage,
parasitophorous vacuole, and amastigote membranes to access the target directly. All analogues with
a free phenol at position S1 are inactive against L. infantum, even when paired with a polar
functionality at position S2 (31 or 32). In contrast, benzylic ethers are much more active; this could
again be due to differences in cell membrane permeability compared to the free phenol. Compounds
28-30 showed the effect of decreasing electron density at the benzylic S1 position while keeping all
other substituents the same. Electron-withdrawing para-trifluoromethylbenzyl (29) had a slightly
lower ECsp value than strongly electron-donating trimethoxybenzyl (30), with para-methoxybenzyl
(28) falling between the two (statistical significance derived from a two-tailed t-test has P <0.05 for
comparison between 29 and 30 only). These changes are of a small magnitude, and mostly
non-significant, therefore we conclude that electronics at this position does not play a major role in

compound activity.

Compound 24 emerged as the best: it has the highest selectivity index coming from a potent ECs, of
9.7 uM coupled with no mammalian cytotoxicity (>200 uM), and showed improvement over DDB.

Compounds 28 and 34 were the next best performers (discounting 29 as it is identical to 28 with only
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small electronic changes to the benzylic ether). These compounds all have in common a morpholine
group at position S2-A or B and a para-methoxybenzyl ether at S1, which we conclude are optimal

structures for compound activity in the series tested.

2.2.3 In silico prediction of pharmacokinetic properties

An insilico prediction of pharmacokinetic properties for the three best compounds 24, 28 and 34
was conducted using ADMETIab 2.0, admetmesh.schdd.com (Table 7).2 This online tool has a
larger range of predictable parameters than its competitors and performs with the best accuracy and
precision.®* The output includes a pharmacokinetic radar; if the compound falls within the orange
region it has ideal “drug-likeness” — a term often used to describe compound properties that go
beyond bioactivity and take into account features such as bioavailability.*** For all three compound
predictions the pharmacokinetic radar was very similar, as shown for 24 in Table 7 (pharmacokinetic

radars for 28 and 34 can be found in the appendix, Section 7.1.1, Figure 65).

Compound 24 is predicted a close-to-optimum logD value of 3.82 and water solubility (logS) of
—5.27, which falls into the moderate solubility class. LogsS is an important characteristic that relates
to oral bioavailability, shown here to be high (> 30%). The predicted logP value of 5.18 is higher
than the recommended lipophilicity limit (ideal: 0 < logP < 3.0), although values up to 5.0 are still
considered reasonable by Lipinski's rules which are a useful guide.®** The polarity of 24 is predicted
to be favourable (ideal TPSA: 0 < TPSA < 140 A?); these characteristics are better for 24 than 28 or

34, further justifying 24 as the best compound from this series.

Compound 24 exceeds the suggested flexibility limit with 12 rotatable bonds (ideal: < 11), and lies
close to the recommended boundary for size (100 < MW < 600). Compounds 24 and 28 fail
Lipinski's rule due to the molecular weight limit (< 500 Da) which is lower than the ADMETIab 2.0
recommendation, although they are close to the boundary at 505 and 507 respectively. These
compounds are predicted to have moderate (28, 34) to optimum (24) Caco-2 permeability —a model
of intestinal absorption, suitably high human intestinal absorption (HIA) > 30%, and no permeability

to the blood-brain barrier which can lead to side effects in the nervous system.34
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Table 7. In silico predictions of physicochemical, structural and ADMET parameters. Compound structures
and bioavailability radar for 24.

OPMB OPMB  OMe

MwW .
LogP nRig MeO o
LogS fChar
N /\

LogD nHet K/O 28

24

OPMB
nHA MaxRing MeO o
NHD nRing \(?/ \©\k
TPSA nRot O 4
Upper Limit Lower Limit = Comp. Properties
Properties 24 28 34
Molecular weight 505.25 507.26 477.25
LogP 5.18 5.65 5.69
LogD 3.82 4.12 4.17
LogS -5.27 -6.03 -6.07
TPSA 58.62 58.62 49.39
Caco-2 permeability -5.03, Optimal -5.46, Moderate -5.30, Moderate
P-gp inhibitor Yes Yes Yes
P-gp substrate No No No
HIA (2 30%) Yes Yes Yes
Oral bioavailability 230% F >30% F >230% F
BBB penetration No No No
Distribution (Vp) (L/Kg) 0.72, Optimal 0.72, Optimal 0.95, Optimal
CYP1A2 inhibitor No No No
CYP2C19 inhibitor Yes Yes Yes
CYP2(9 inhibitor Yes No Yes
CYP2D6 inhibitor No No No
CYP3A4 inhibitor Yes Yes Yes
Clearance (mg/min/kg) 11.6, Moderate 11.6, Moderate 11.7, Moderate
hERG blockers Yes Yes Yes
Human hepatotoxicity No No No
AMES toxicity No No No
DiLI Moderate Moderate Moderate
Lipinski rules Fail Fail Pass
PAINs 0 alerts 0 alerts 0 alerts

TPSA = Topological Polar Surface Area, P-gp = P-glycoprotein, HIA = Human Intestinal Absorption, BBB
= Blood Brain Barrier, Vp = Volume of Distribution, CYP = Cytochrome P450, DILI = Drug-Induced Liver
Injury, PAINs = Pan-Assay Interference compounds, hERG = human ether-a-go-go related gene.
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Cytochrome P450 enzymes (CYPs) are generally responsible for drug metabolism; inhibition of
these enzymes can lead to accumulation of drug metabolites, and decreased metabolism of
endogenous biomolecules.**® Of the five main isoforms, only two or three of them are hits of the
compounds, with CYP2C9 only a weak positive result. The series has favourable predictions for
toxicity, with no indication of human hepatotoxicity or AMES mutagenicity, and only moderate
drug-induced liver injury measurements. Importantly, there were no structural similarities to pan-
assay interference compounds (PAINSs). All three compounds have a moderate probability of
inhibiting hERG channels which can cause heart arrhythmia. This is due to the compound structure:
hERG inhibitors often contain a tertiary nitrogen with hydrophobic groups such as aromatic rings a
given distance away.3*’ Fitting this overall structure does not necessitate hERG inhibition but it will
be a hit in the prediction tools.**® As discussed in the introduction (Section 1.4.4), not all ADMET
predictions are equal. In particular, the toxicity predictions for hERG blockers, hepatotoxicity and
AMES toxicity are the least reliable and should be followed up with in vitro experiments before

definitive conclusions about the compound behaviour can be drawn.

According to Drugs for Neglected Diseases initiative (DNDi), a new hit compound for visceral
leishmaniasis should: i) be synthesised in no more than 8 steps; ii) have an ECs below 10 uM in
amastigotes; iii) have a selectivity index higher than 10; iv) exhibit an appropriate in silico ADME
profile and, v) show no structural alerts.®** 3 Compound 24 emerged as the most potent compound
from the ECs studies against L. infantum amastigotes and fits all these criteria, making it a promising
hit. This compound was used as the basis for all MoA experimental work on this family of natural

product-inspired analogues, hereafter referred to as DDB-1.

2.3 Activity of Asci and Bl compounds

Two other compound families: ascididemin and benzyltetrahydroisoquinolines (Bls) were studied
alongside DDB-1 in some assays to provide insight into their MoA in trypanosomatids, and allow
comparison to DDB-1. The compounds were synthesised by colleagues in the Department of

Chemistry, University of Oxford, and all cell biology work was carried out by myself or under my
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supervision. Three compounds were tested in a cell counting assay to establish their effect on the
24 h growth of L. mexicana promastigotes (Figure 13). For ascididemin (Asci), ECs falls between
100 and 250 nM, which is improved over L. donovani.®?® A solvent-only control of 0.1% v/v DMSO
had no significant change in cell growth. With two Bl compounds, BI-1 and Bl-2, concentrations of
50 uM are sufficient to inhibit growth, which reflects the published findings in L. infantum.3*® These
compound families both display good anti-leishmanial activity against L. mexicana, which merits

their inclusion in the following MoA studies.
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Figure 13. Asci and the Bl compounds have potent activity against L. mexicana promastigotes. A—C. Chemical
structure and 24 h growth factor for Asci (A), BI-1 (B) and BI-2 (C). Mean + SD, n = 3, statistical significance
was derived from a two-tailed t-test versus DMSO (A) or untreated (-) (B—C). Only P < 0.05 are shown. BI-1
and BI-2 share the same substituted tetrahydroisoquinoline core and a benzyl group with differing substituents.

2.4 Assay development to measure ECsg against L. mexicana

and T. brucei

Using 24 h growth quantification of cell culture in flasks serves as a good indication for the ECsp of
compounds. Each flask of cells is treated with a different drug concentration, and then manually
counted with a haemocytometer at the start T=0h and end T =24 h of the experiment. This

time-intensive counting means that only a few concentrations are sampled and therefore some
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information about the compound behaviour is lost. It is more beneficial to measure the ECso 0n a
96-well plate to capture a large range of concentrations while simultaneously reducing the manual

intensity required.

| used AlamarBlue™, a resazurin based dye to optimise in-house ECso determination on 96-well
plates in Leishmania. Resazurin is reduced in the presence of viable cells to highly fluorescent
resorufin and is therefore an indirect measure of cytotoxicity.*! Optimisation began with identifying
an appropriate starting plating density that will be used for ECso determination. To do this, 200 puL
of L. mexicana promastigotes were serially diluted 2-fold across the plate, ranging from
1x107 cells/mL to 3.9x10* cells/mL, then incubated for 24 h in a 5% CO, atmosphere. AlamarBlue™
was added according to manufacturer’s instructions and the plate incubated for a further 6 h or 24 h
to determine optimum experiment length. Due to laboratory constraints, cells need to be killed before
fluorescence output is read: either 1% SDS detergent or 2% formaldehyde fixative was trialled. An
ideal plating density will remain within linearity of the assay during the duration of ECso

determination.

For the 6 h AlamarBlue™ incubation, plating cell densities above 6.25x10° cells/mL were out of
linearity range of the assay, while at 24 h this was even lower at 1.5x10° cells/mL (Figure 14A-B).
It was unnecessary to prolong the experiment to 24 h as this provided no increase in maximum
fluorescence intensity. A 6 h incubation with a starting cell density of 5.5x10° cells/mL was used to
ensure the assay did not extend beyond linearity while still having a good number of starting cells,
bearing in mind that addition of active compounds to the assay will almost certainly decrease the
cell number. Killing with either SDS or formaldehyde showed a consistent result: SDS was chosen
as it is safer to handle than formaldehyde. These established assay conditions were used to determine
ECso values for DDB-1 and Asci in L. mexicana promastigotes after a 24 h drug incubation, and
published conditions used for DDB-1 in T. brucei bloodstream forms after a 72 h drug incubation
with an SDS killing as the final step (Figure 14C-D).%? %3 The drugs amphotericin B (AmB) and
pentamidine were included to confirm that the assay is behaving as expected. The AmB ECs of

87.7 nM is in good agreement with the literature value of 62.4 nM in L. mexicana,?” while the value
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for pentamidine of 1.25 nM is comparable to 8.10 nM as reported.*® Through the AlamarBlue™
assay method development, we confirm potent ECs, values for DDB-1 in both L. mexicana

promastigotes and T. brucei bloodstream forms; neither species had previously been tested.
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Figure 14. AlamarBlue™ assay for ECso determination in L. mexicana is optimum with a starting density of
5.5x10° cells/mL, 6 h incubation and 1% SDS killing. A-B. Fluorescence output for promastigotes serially
diluted across a 96-well plate following 6 h (A) or 24 h (B) incubation with AlamarBlue. For each, the initial
linear section is shown inset with a dotted line of linear regression. n =3 wells, 1 replicate. C-D. Representative
dose-response curves for DDB-1 in L. mexicana and T. brucei bloodstream forms (C) and Asci in L. mexicana
(D), the mean is plotted with error bars representing standard deviation for 6 technical replicates. ECso values

for curves C-D and drugs amphotericin B (AmB) and pentamidine (Pent.), are shown in the table, n = 3
biological replicates.

2.5 Compound treatment causes morphology changes in

L. mexicana

All compounds tested performed well in the phenotypic potency assays; this could be accompanied
by morphological changes. We aim to use light, fluorescence and transmission electron microscopy
to identify changes in cell shape or organelle structure. Organelles with drastically changed

morphology could be a direct or downstream response to compound.
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2.5.1 Morphology changes caused by Asci, BlI’s and DDB-1 identified
by light microscopy

Examination by light microscopy is an easy starting point for identifying changes in phenotype upon
compound treatment; it enables visualisation of any irregular morphology within live cells on a
micrometre scale. Live L. mexicana promastigote cell cultures were imaged using light microscopy
following compound treatment. At 50 uM, BI-1 and BI-2 caused a phenotype with a spherical cell
body and shortened flagellum (F) in 25% (n = 286) or 66% (n = 79) of the population respectively
(Figure 15B-C). DNA staining was ambiguous with an abnormal number and positioning of the

nucleus (N) and kinetoplast (K).

Normal morphology

Phase DNA
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DNA
]
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Phase DNA

D
-

Asci 250nM BI-250 uM  BI-1,50 uM  Untreated

DDB-1 30 uM, 24h

Phase

Figure 15. An abnormal rounded cell morphology is induced by Bls and Asci, intracellular vacuoles are
induced by DDB-1. Representative fluorescence microscopy images showing untreated cells (A) in
comparison to treated cells (B-E). 24 h treatment with BI-1 (B), BI-2 (C) and 6 h treatment with Asci (D)
causes a rounded cell morphology in 25% (n = 286), 66% (n = 79) and 97% (n = 200) of the population
respectively. E. 24 h treatment with DDB-1 causes vacuoles (V) to appear in the cell body (n = 115). DNA
was labelled with Hoechst 33342 (cyan), nucleus (N), kinetoplast (K), and flagellum (F) are indicated in the
untreated example (A). Images are representative of n > 70 cells for each condition, from n > 2 biological
replicates.
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Asci treated cells had the same rounded phenotype in 97% of the population after only 6 h treatment
(n =200) (Figure 15D). Cells treated with DDB-1 appeared different to the other compounds: overall
cell shape and flagellum length was retained in all cells, but large vacuole-like structures (V)
appeared in the cell body in approximately 50% of cells, often positioned between the nucleus and

kinetoplast, while 15% of cells had two vacuoles (n = 115) (Figure 15E).

2.5.2 Transmission electron microscopy for morphology changes in
L. mexicana

Light microscopy gives a general overview of cell shape, but no detailed information about internal
cell features. Transmission electron microscopy (TEM) images of DDB-1 treated samples were
analysed to identify changes within internal organelles and the nature of the vacuole-like structure
identified by light microscopy. DDB-1 causes multivesicular bodies (MVBS) in 47% of cells (n = 64)
(Figure 16C-D), which appear in only 8% of the untreated control cells (n = 45). The shape and
fine-structure of the mitochondrion is affected by DDB-1: the mitochondrion is normally close to

the kinetoplast it surrounds (83% of n = 17 kinetoplasts in the untreated control, Figure 16A).

Untreated DDB-1, 30 uM, 24 h

Figure 16. DDB-1 causes multivesicular bodies and enlarged mitochondrial cristae apparent by transmission
electron microscopy. Representative TEM images showing untreated (A-B) and DDB-1 treated cells (C—H).
Nucleus (N), multivesicular body (MVB), kinetoplast (K), flagellar pocket (FP) and mitochondrion (M) are
labelled, cristae are indicated with arrows: enlarged in the DDB-1 treatment and normal shape in the untreated
control. n > 45 cells for each condition, 2 biological repeats.
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In treated cells this area is greatly expanded for 70% of kinetoplasts visualised (n = 20) (Figure 16E—
F). The mitochondrial cristae (black arrows) are oblong/tubular in shape in untreated samples (Figure
16B), although in 29% of untreated mitochondria (n = 50) the cristae were larger and more rounded.
This is increased to 68% of mitochondria (n = 50) in DDB-1 treatment (Figure 16E—G). There is also

an accumulation of extracellular material in the flagellar pocket (FP) upon treatment (Figure 16H).

Using TEM, the vacuole-like structures visible by light microscopy were identified as multivesicular
bodies contained within the promastigote cell. No cells were identified with more than one MVB by
TEM, although this is dependent on cell orientation within the sample. This is likely to be a stress

response, similar to the increased vesicular material in the flagellar pocket.354 3%

2.6 Cell cycle progression and differentiation

2.6.1 Alterations to L. mexicana cell cycle caused by Asci and BI-1

To investigate whether the morphological changes are a consequence of cell cycle interference, we
analysed the cell cycle over a 24 h period. L. mexicana promastigotes have a typical doubling time
of 7.1 h, during which the DNA-containing organelles replicate in the order nucleus (N) then
kinetoplast (K), followed by cytokinesis into two daughter cells.>% 3¢ This happens within the final
10% of the cell cycle, therefore at all times there is a heterogeneous population of cells with the
majority in the organelle configuration 1K1N, and a small percentage in 1K2N or 2K2N. If there is
an arrest during the promastigote cell cycle, we would expect to have an accumulation of cells stuck

in a specific cell cycle phase, a common feature of most drugs.

After 6 h and 24 h, promastigotes treated with DDB-1 remained in the same proportions as the
untreated control (Figure 17A). Asci and BI-1 deviated from the typical cell cycle, giving rise to
abnormal categories of cells with incorrectly replicated organelles, or unexpected positioning of
organelles within the cell (Figure 17A-B). BI-1 caused the presence of an eXtra DNA-stained region
(1K1IN1X) that could not be confidently assigned as K or N, generally toward the posterior end of

the cell body. After 6 h, 10% of cells had a OK1N configuration, while 3% were in each of the 1KON

53



2 | Structure—activity relationship studies and Leishmania basic cell biology

or 2K1N categories (n = 716). The two timepoints are similar, suggesting that the abnormalities do
not accumulate over time. Asci treatment led to a distinctive organelle arrangement in which the
kinetoplast was oriented adjacent to the nucleus (LK1N-side), or slightly to the posterior side of the
nucleus in 42% of cells (n = 540). Quantification of the kinetoplast to anterior cell tip distance was
the same for Asci treated and untreated samples (an average of 3.59 and 3.38 um respectively),
therefore kinetoplast positioning is as expected despite the round cell shape. The kinetoplast and
nucleus positioning is microtubule mediated. A follow-up experiment investigating the effect of
these compounds (Asci in particular) with a microtubule fluorescent stain — such as labelled tubulin,
could be informative to observe any time-dependent changes to microtubule formation and

positioning during the course of the cell cycle.
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Figure 17. DDB-1 does not affect progression through the L. mexicana promastigote cell cycle unlike BI-1
and Asci. A. Proportion of cells with different kinetoplast (K) and nucleus (N) numbers, n > 500 cells per
condition, representative example from n = 2 repeats. B—C. Representative fluorescence microscopy images
of abnormal DNA categories 1K1N1X, OK1N, and 1KON from cells treated with BI-1, 50 uM, 6 h (B) and
1K1N-side from cells treated with Asci, 250 nM, 6 h (C).

2.6.2 DDB-1does not change the rate of promastigote differentiation
to amastigotes

We wanted to investigate if DDB-1 has an effect on the differentiation process by triggering

promastigote to amastigote differentiation of treated cells using acidic media and temperature
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change. In these conditions, 98% of the promastigote population visually appear as amastigotes
within 24 h, and no elongated flagellated cells are seen after two days. 30 UM DDB-1 added to
promastigotes in these culture conditions did not change the rate of growth or differentiation for the
first 24 h compared to a 0.1% v/iv DMSO control (Figure 18, bold lines). After the initial 24 h
differentiation window, DDB-1 caused a slowing of growth and then growth arrest beyond two days.
This is in contrast to promastigotes that are under normal growth conditions without triggering
differentiation (Figure 18, dotted lines): the 24 h growth factor for treatment with DMSO is
approximately 10, but is only approximately 2 when treated with DDB-1. The differentiation process
itself led to a slowed 24 h growth factor in the DMSO treated cells, and the resulting amastigotes

maintained slower growth than promastigotes.
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Figure 18. DDB-1 does not change the rate of L. mexicana promastigote differentiation to amastigotes. Growth
of promastigotes from 10° cells/mL in M199 at 28 °C (dotted) or SM5.5 at 34 °C in 5% CO> (bold) to trigger
differentiation, n = 3.

2.7 Compounds do not interact with DNA in the tested assays

Chemicals can interact with cellular DNA, interfering with replication and causing general
toxicity.%’ This can be through direct interaction, for example DNA helix intercalation, or through
indirect processes such as generation of ROS which cause DNA damage. Asci and the Bl compounds
have flat, planar structures that are amenable to DNA intercalation. Additionally, both these families
have anti-cancer properties via inducing double-stranded DNA breaks (DSBs).2%8 359 DSBs can cause

cytotoxicity, which could explain the observed compound activity in Leishmania.360-362
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2.7.1 Intercalation of double-stranded DNA

I ran a DNA intercalation assay in collaboration with the Wyllie lab at the University of Dundee.
The assay uses double-stranded DNA pre-incubated with fluorescent reporter acridine orange (AO)
which intercalates between DNA bases.*® The compound of interest is then added and fluorescence
polarisation is read to quantify the displacement of AO by competing intercalators. The output can
be considered as an ECs value for 100% AO competition and compared to the known DNA
intercalator daunorubicin.®®* Asci reaches 50% intercalation at the highest concentrations tested
(50 uM), while DDB-1 does not intercalate — unsurprising given the compound structure (Figure
19). Asci intercalation occurs at 700x the L. mexicana ECso, so if this is the cause of compound
toxicity there must be a local accumulation taking place. DNA intercalation could drive compound

accumulation in the nucleus such that sufficiently high concentrations are reached to cause toxicity.
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Figure 19. Acridine orange displacement from DNA by competing intercalators. Representative dose—response
curves for the displacement of acridine orange, n = 3. The mean is plotted with error bars representing standard
deviation.

2.7.2 Compounds do not induce double-stranded nuclear DNA
breaks in L. mexicana

In order to monitor double-stranded DNA breaks (DSBs) in the nucleus of L. mexicana
promastigotes, we generated a cell line with N-terminally tagged mNeonGreen (mMNG) RAD51
(Section 6.2).% Leishmania employ the RAD51 DNA recombinase protein as part of their DNA

repair machinery to fix naturally occurring nuclear DSBs via homologous recombination.®¢%-3% The
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mNeonGreen cell line will allow observation of RAD51 recruitment to foci in the nucleus in response
to DSBs, as has been shown in T. brucei.®®® 3° Phleomycin induces nuclear DSBs and was used to
validate the mNG::RADS51 cell line, causing an accumulation of fluorescent foci in the nucleus in
> 80% of cells from 2 hours of treatment (Figure 20).*"* In contrast, none of the other compound
treatments led to analogous foci for up to 24 h, and therefore did not cause DSBs. However, this
methodology is only sensitive to DSBs in nuclear DNA, and any effects on kinetoplast DNA (kDNA)
remain to be investigated. Compound accumulation can be mediated either by active transport
systems or passive diffusion driven by concentration gradients. Since kDNA resides within the
mitochondrion, compounds would need to first penetrate the mitochondrial membrane and then
access the kinetoplast within — a dual barrier to entry. On the other hand, nuclear pores provide
relatively straightforward access for small molecules to the nucleus, making nuclear accumulation

more feasible, and therefore KDNA DSBs are a less likely MoA.

mNG::Rad51, Phleomycin, 25 pg/mL, 2 h

Phase mNG

BI-1, 50 uM

DDB-1, 30 uM Asci, 250 nM  BI-2, 50 pM

Figure 20. Compounds do not induce double stranded nuclear DNA breaks in L. mexicana promastigotes.
DNA was stained with Hoechst 33342 (magenta), foci are labelled in the phleomycin control treatment, all
mNeonGreen images are shown with equivalent contrast. n > 100 cells for each condition.
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2.8 Mitochondrial fitness assays

Initial investigations by our collaborators suggest that DDB-1 causes mitochondrial dysfunction and
Ca? release in L. infantum promastigotes.®?° A selection of assays that measure biochemical changes
in mitochondrial function were used to confirm these results in L. mexicana, and expand on the

nature of mitochondrial disruption.

2.8.1 DDB-1 decreases ATP production

Measurement of cellular ATP production can test for the correct functioning of the mitochondrial
oxidative phosphorylation pathway (reliant on mitochondrial membrane potential), as this is the main
ATP source in Leishmania.”® %2 A luminescence assay was used to measure the total ATP in treated
cells, as well as the ADP to ATP ratio which gives information on cell viability. The two-step assay
works by lysing cells to immediately detect ATP by the production of light from an ATP-dependent
reaction between recombinant firefly luciferase and its D-luciferin substrate. Any ADP is then
enzymatically converted to ATP and a second light measurement is taken. Total promastigote ATP
was significantly decreased by DDB-1 after 6 h of treatment compared to a 0.1% v/v DMSO negative
control (Figure 21A). The ADP/ATP ratio for the DMSO treatment was 0.6 at 6 h (i.e., more ATP
than ADP) and 1.1 at 24 h (i.e., a similar quantity of ATP and ADP) which indicates slowed
proliferation as cells enter stationary phase. In comparison, DDB-1 treatment had a ratio of 0.5 at
6 hand only 0.7 at 24 h. The ADP/ATP ratios are plotted for a 6 h or 24 h incubation with compound,
normalised to the DMSO sample which is assumed to be in proliferation (Figure 21B). The quantity
of ATP and ADP in the Asci treated sample was the same as DMSO treatment for both time points.
The observed decrease in total ATP with DDB-1 agrees with the previous L. infantum result;*?° we
can conclude that oxidative phosphorylation could be similarly impaired in L. mexicana. After 24 h,
the total cell number differs between the DDB-1 and DMSO treated samples so a comparison of total
ATP values is no longer valid, instead the ADP/ATP ratios should be considered. The lower ratio

for DDB-1 treatment versus DMSO treatment indicates that while the quantity of total ATP was
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decreased, the quantity of ADP had decreased even more, and after 24 h the DDB-1 treated cells did

not behave as if entering stationary phase.
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Figure 21. The quantity of ATP and ADP in L. mexicana is decreased by DDB-1. A. Representative
luminescence readout corresponding to the total promastigote ATP following 6 h compound incubation,
n = 3 replicates. B. ADP/ATP ratios are normalised to DMSO and the fold-change plotted. The dotted line at
fold-change = 1 corresponds to DMSO, other treatments show decreased ratios following 6 h or 24 h compound
incubation, n = 2 replicates. Statistical significance was derived from a two-tailed t-test versus DMSO, only
P < 0.05 are shown. The table contains calculated values for the ADP/ATP ratio before normalisation, n = 2.

2.8.2 DDB-1 increases mitochondrial calcium ions

A dramatic increase in total cellular Ca?* caused by DDB-1 was reported by our collaborators in
L. infantum.3?° In mammalian cells, cytosolic Ca?* increase leads to mitochondrial Ca?* loading,*"®
which has also been demonstrated by Leishmania mitochondrial isolates.®” | aimed to measure
mitochondrial Ca?* to investigate whether a similar loading is taking place in DDB-1 treated
L. mexicana. Rhod-2 is a fluorescent Ca?* indicator that is targeted to the mitochondrion, which upon
Ca?* binding increases fluorescence > 100-fold. H,O, induces Ca?" release from intracellular
compartments so was used as a positive control,3 %> and exogenous Ca?* was added as an assay
control. Following a 1 h incubation of compound with L. mexicana promastigotes, there is a small
increase in fluorescence for H.O, treatment, a significant increase for DDB-1 treated cells, while
Asci treated cells remain unchanged (Figure 22A). The experiment was repeated in T. brucei for
comparison: H,O, did not induce Ca?* release, and DDB-1 is the only treatment to increase Ca*

levels (Figure 22B).
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Increased intracellular Ca?* by DDB-1 in L.infantum had been previously shown by our
collaborators Amaral et al. using fluorescent probe Fluo-4 which is not mitochondrion specific.32°
This is somewhat corroborated in L. mexicana and T. brucei in which we demonstrate a
mitochondrial specific Ca?* increase. Although the comparison here is cross-species, this result still
implies that there is a mechanism at play causing cytosolic Ca?* influx with the knock-on effect of
low-level mitochondrial loading. This could plausibly be due to the release of Ca?* from the

acidocalcisomes, which has not been directly tested.
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Figure 22. Mitochondrial Ca?* levels in L. mexicana and T.brucei are increased by DDB-1. Rhod-2
fluorescence readout is normalised to DMSO and the fold-change plotted. The dotted line at fold-change = 1
corresponds to DMSO, other treatments show increased (above) or decreased (below) Ca?* levels following
1 hincubation in L. mexicana (A) or T. brucei (B). n = 3 replicates, statistical significance was derived from a
two-tailed t-test versus DMSO; only P < 0.06 are shown.

2.8.3 Glutathione has no impact on DDB-1 toxicity to L. mexicana

Glutathione (GSH) is a thiol with important cellular roles including damage protection by acting as
a promiscuous scavenger to quench reactive species like covalent inhibitors and ROS.*”® DDB-1
could be acting as a covalent inhibitor — which is thought unlikely given its chemical structure — or
could generate ROS. | aimed to test this by the addition of exogenous GSH to DDB-1 treated cells:
if either MoA is involved in compound action, there should be a shift in ECse. This has been
demonstrated by Susan Wyllie (unpublished) whereby glutathione sensitivity was a feature of a

Michael acceptor covalent inhibitor compound. Levels of GSH in Leishmania range from 0.04 to
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0.12 nmol/107 parasites,®”” and the M199 medium used here has a GSH concentration of 163 nM.3"
DDB-1 ECs was insensitive to exogenous glutathione added to the media at a comparatively high
concentration of 30 uM (Figure 23). Therefore as expected, DDB-1 does not act as a covalent
inhibitor, and furthermore is unlikely to induce ROS. However, it is important to note that a
glutathione-sensitive positive control was not included in this assay due to difficulties accessing the

necessary compound; this result should be validated by a repeat inclusive of the appropriate control.
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Figure 23. Dose-response curve for DDB-1 is unchanged in the presence of exogenous glutathione.
Representative ECso curves for DDB-1 treated promastigotes grown in M199 with or without the addition of
30 uM glutathione. The mean is plotted with error bars representing standard deviation for n = 6 technical
replicates.

2.9 Discussion

We set out to establish the SAR of dehydrodieugenol B (DDB) analogues in Leishmania, and identify
accompanying cellular changes with compound treatment both visually and biochemically. I carried
out extensive SAR analysis on 39 compound analogues which revealed sites on the biaryl ether
scaffold that are tolerant to modification, summarised in Figure 24. Interestingly, the SAR
conclusions differed somewhat from the T. cruzi results, although as none of the polar-containing
analogues were tested in T. cruzi, it is possible that differences arise from membrane permeability
or lack thereof. Membrane transport can occur via an active, transporter-mediated process or a
passive diffusion process; both scenarios could be affected by subtle differences between the
constituent membrane transporters and/or channels in the two species even though the membrane

composition is relatively well conserved, and they possess similar vacuolar structures.
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Figure 24. Structure of the best dehydrodieugenol B analogue DDB-1. Sites tolerant to modification are
indicated.

Compound DDB-1 was identified as the best hit against L. infantum amastigotes according to the
DNDi criteria, and activity against related trypanosomatids L. mexicana and T. brucei has been
established. Using this compound alongside Asci, BI-1 and BI-2 as representatives of their
respective compound families, we have investigated morphological, biochemical and cell cycle
changes. These were designed to answer questions about the changes to organelles, the compound
effect on cell cycle, and confirm the hypothesis that DDB-1 is a mitochondrial poison. We confirm
mitochondrial interruption with DDB-1, and present the first steps towards elucidating the mode of

action for all three families in Leishmania.

2.9.1 DDB-1 does not behave as an expected drug compound

We anticipated that DDB-1 would behave as a standard anti-leishmanial compound and induce the
classic stress responses of drug treatment. Contrary to this, we observed no effect on the cell cycle
progression, and the overall cell shape and size was conserved throughout the duration of drug
treatment until cultures were dead. The inclusion of Asci and BI-1 in these experiments highlights
how unusual the lack of disrupted cell morphology and cell cycle is for an anti-leishmanial
compound: these both display typical changes to morphology leading to “unhappy” looking cells.
This lack of phenotypic changes with DDB-1 could in itself be informative, particularly around the

modes of cell death.
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2.9.1.1 DDB-1 causes a phenotype characteristic of necrosis

Both fluorescence microscopy and transmission electron microscopy investigations of DDB-1
treatment showed large vacuole-like multivesicular bodies (MVBs), with no other major
morphological defects apart from enlarged mitochondrial cristae in the TEM imaging (Figure 15,
Figure 16). In Leishmania, small MVBs are located between the lysosome and the flagellar pocket
that play a role in transportation of material.>* The MVBs in DDB-1 treated cells are much larger
than is expected for normal transportation MVBs or the cross-section through a lysosome. They
appear of comparable size to the nucleus, and are located indiscriminately throughout the cell body,

not confined to the anterior end.

Modes of cell death due to compound interference in trypanosomatids are generally restricted to
apoptosis or necrosis. In eukaryotes, apoptosis can be differentiated from necrosis by a set of defined
morphological changes. Key among these are cytoplasmic condensation, chromatin cleavage and
aggregation of condensed chromatin to the nuclear envelope in apoptosis, while necrosis is
characterised by the formation of cytoplasmic vacuoles and swollen or ruptured mitochondria.®”®
There is some debate as to the ability of trypanosomatids to undergo apoptosis, i.e., programmed cell
death in a similar manner to higher-level eukaryotes. Zangger et al. reported stress triggers in
Leishmania that could lead to an “apoptosis-like” cell death mechanism that differs from
“traditional” apoptosis.®®* They observed this response in nitric oxide treated Leishmania, which
demonstrated MVBs, swollen mitochondria, and nucleus fragmentation. Moreira et al. report the
result of heat shock in L.amazonesis promastigotes with TEM imaging showing chromatin
condensation at the nuclear periphery for an apoptosis-like death, and conversely a swollen
mitochondrion—kinetoplast complex for cell necrosis.** The morphological changes due to DDB-1
are reminiscent of necrosis as there is crucially no nuclear disruption accompanying the MVBs and
enlarged mitochondrial cristae. We can conclude from the morphology that DDB-1 does not trigger
an apoptosis-like cell death mechanism, although further work would be necessary to precisely

dissect the cell death pathway.
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Depending on the compound MoA, morphological changes can be highly informative, such as the
disappearance of kinetoplasts in pentamidine treatment directly speaking to its KDNA damage MoA.
For DDB-1, this only answered questions around the modes of cell death and therefore was not as
informative as hoped — although the swelling of the mitochondrion and its cristae could be a direct

compound effect and not only a feature accompanying necrosis.

2.9.1.2 Cell cycle perturbation is unusually not observed in DDB-1 treatment

In trypanosomatids, replication and division cycles of the kinetoplast, nucleus, and cytokinesis occur
independently of one other with minimal to no cross-talk between the sub-cycles, which can lead to
cells failing in one stage but continuing replication of the others.” %° Most drugs cause an arrest or
perturbation to promastigote cell cycle, so we expected the same for the compounds tested. It is very
interesting that DDB-1 does not present any cell cycle interference in L. mexicana promastigotes;
this has not been reported to date with any anti-leishmanial compounds to the best of our knowledge.
In comparison, both Bl-1 and Asci caused observable changed morphologies and disrupted cell
cycles. Despite DDB-1 having the most “drug-like” structure, it does not behave as a traditional
compound causing cell cycle disruption (often a stress response), while the proposed intercalators

Asci and Bl do.

Treatment with BI-1 led to > 10% of cells lacking a kinetoplast, suggesting a failure of kinetoplast
duplication. Although the abnormal category of highest proportion was 1K1IN1X (with extra DNA
staining along with the identified nucleus and kinetoplast), this could be an artefact of stain
accumulation not necessarily a third organelle. Asci has been reported to disrupt DNA and RNA
synthesis, and cause an increase in sub-G; and decrease in G; phase leukaemia cells, with chromatin
not well stained.3?2 38! |t is plausible that the incorrect axially adjacent positioning of the 1K1N
nucleus in Asci treated Leishmania — presumably microtubule mediated,” prevents correct DNA
segregation, eventually leading to cell death. These observations cannot be attributed to the main
MoA for either compound without evidence of direct interaction with cell cycle control proteins, and

we would not necessarily expect that to be the case.
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It is difficult for a compound to affect a cell without triggering observable effects on the cell cycle:
either cell cycle arrest and accumulation of cells in one of the cell cycle phases, or the appearance of
abnormal organelles. One explanation could be that the DDB-1 mechanism acts in a way that does
not interfere with the ability to replicate, divide or grow before being killed. The fact that complete
culture death is not immediate, and there is a (albeit dramatically decreased) growth factor of 2 in
the first 24 h following compound treatment, indicates that cell division is still occurring in the
presence of DDB-1. Cells that are able to progress through the cell cycle do so uninterrupted, with
additionally no observable effect on nuclear dsSDNA. This could be due to an all-or-nothing effect of
the compound: cells are either affected rapidly and dramatically such that they die before getting the
chance to attempt division, or remain unaffected and are able to proceed with division normally. This
would also account for the generally unchanged cell morphology apart from morphological changes
linked with necrosis. Scenarios where the cell cycle remains unaffected could be envisaged if the
mechanism triggers rapid necrosis, without time for the accompanying stress markers to affect the
cell cycle. This raises gquestions about the compound uptake: could there be a critical threshold of
intracellular compound required before triggering a response? Cells are always ultimately killed,
which would fit with a threshold requirement. An alternative and more likely explanation is that the
DDB-1 action is stochastic and time-dependent, acting uniformly across the different stages of the
cell cycle causing a general cell cycle arrest. This would also lead to the observed absence of
accumulation in a specific phase, and could be expected from a MoA that deprives the cells of ATP

as it is required by all cell cycle phases.

During promastigote to amastigote differentiation, DDB-1 has no effect on the culture growth rate
(Figure 18). The differentiation process to axenic amastigotes is not fully understood, it involves
slowed metabolism and protein synthesis, alongside various amino acids and fatty acids being
preferentially taken up or excreted.32 %8 Consideration of these growth rates indicates that the MoA
for DDB-1 is not active during the differentiation window. This could be due to decreased uptake of
DDB-1 — particularly if a threshold concentration is required for cell death, or a temporary shutdown

of the affected pathway while the cell is focussing its energy on differentiation. It is not generally
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desirable to have a drug that is inactive during the differentiation process; this is considered a
“vulnerable point” in the life cycle which could be targeted to prevent the transition to mammalian
infection. There could additionally be resistance concerns: drug-resistant amastigotes could emerge
from susceptible promastigotes if there is an opportunity to develop resistance during differentiation.
However, provided the activity against amastigotes is retained, there are still opportunities for

treating established amastigote infections, or combination therapy.

2.9.2 DDB-1 affects mitochondrial function but the exact impact is
unknown

| hypothesised that DDB-1 would cause mitochondrial disruption in L. mexicana, as reported in
L. infantum promastigotes.®? Treatment with DDB-1 led to a decrease in total cellular ATP (Figure
21), therefore oxidative phosphorylation is disrupted which could be through a variety of
mechanisms. Disruption to complexes | to V though mutations, improper protein folding or
inhibition would block ATP production. Flow of electrons through the electron transport chain
(ETC) could be impeded, or uncoupling could occur, leading to a loss of the proton gradient which
would reduce ATP production. The substrates that feed into oxidative phosphorylation from other
energy metabolism pathways could also be diminished. | attempted to measure mitochondrial
membrane potential to determine if the ETC is maintained on DDB-1 treatment, but the assay was
met with technical failure, therefore we cannot determine which of these is the likely cause of the

observed decrease in ATP.

The activity of DDB-1 against bloodstream form T. brucei is an important result: the compound
MoA cannot only be disrupting ETC/oxidative phosphorylation as bloodstream forms do not make
use of this pathway for ATP production. Bloodstream forms still possess ATP synthase which works
in reverse to “normal” to maintain the mitochondrial membrane potential in the absence of an
ETC.%8 385 All species tested have an ATP synthase so it is a plausible target of DDB-1. Its inhibition
during oxidative phosphorylation is predicted to i) decrease production of ATP and ii) increase

ROS.¢ In L. mexicana, DDB-1 indeed decreased ATP production, but ROS levels were not directly
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quantified: an assay measurement of mitochondrial superoxide failed, while the addition of
glutathione (a ROS scavenger), did not change the compound ECso. In L. infantum, overall ROS
levels decreased with DDB-1 treatment.?® These data combined indicate that ROS is not increased

by DDB-1 and therefore ATP synthase is not targeted despite decreased ATP levels.

Under non-phosphorylating conditions i.e., low concentrations of ADP, there is reduced activity of
ATP synthase and therefore H* leak across the partially permeable inner mitochondrial
membrane.®¥” 388 This is in conjunction with a feedback loop between ROS and H* leak: increased
levels of mitochondrial superoxide trigger H* leakage, which results in reduced overall levels of ROS
(in mitochondria without additional respiratory inhibition).38 3% The observed decreased ADP
concentration relative to the DMSO control and likely decrease in ROS point towards H* leakage
taking place due to DDB-1 treatment. It remains to be investigated how, if at all, this contributes to

compound MoA, or if it is just a biochemical consequence of an unidentified inhibition.

Mitochondrial membrane potential is closely linked to intracellular calcium ion levels: an increase
in Ca?* causes mitochondrial membrane depolarisation.3”> Ca?" uptake was somewhat inconclusive
in these experiments: the positive control of H,O; led to only 1.05-fold increase in mitochondrial
Ca* in L. mexicana (compared to the 1.3-fold increase reported for L. donovani),*” and no increase
in T. brucei bloodstream forms. DDB-1 increased levels of mitochondrial Ca?* in both species to a
greater magnitude than the H>O; control. Because the H,O> control was not working as expected, we
are hesitant to draw any concrete conclusions from this, although increased mitochondrial Ca?* is

likely to cause membrane depolarisation.

While we sought to clarify the exact nature of mitochondrial dysfunction caused by DDB-1, we were
unable to answer this question due to the technical failure of key assays to measure mitochondrial
membrane potential and mitochondrial superoxide, and an inconclusive positive control for Ca%*
quantification. When contrasted to the result that Asci did not change ATP levels or induce
mitochondrial Ca*, it becomes more likely that the mitochondrion is involved in the action of

DDB-1, and not Asci. We propose that DDB-1 disrupts oxidative phosphorylation in L. mexicana,
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but note that this cannot be the only MoA due to the key result of activity against T. brucei
bloodstream forms; these conclusions are not definitive at this stage due to the lack of enough direct,

positive evidence.

2.9.3 Asci could act via a ROS generation mechanism in Leishmania

We set out to elucidate Asci MoA in Leishmania which has not been investigated to date. Reported
MoA of Asci and related analogues in mammalian cell lines are somewhat conflicting, involving i)
DNA intercalation, ii) topoisomerase Il (topo I1) inhibition, and iii) ROS generation. Asci is a known
DNA intercalator, in common with structurally related planar polyaromatics.38 3% Matsumoto et al.
note that: “Although all these compounds have the ability to intercalate DNA, this capacity did not
correlate with DNA cleavage activity”.3*® Meanwhile, Bonnard et al. report that DNA intercalation
is the likely cause of Asci cytotoxicity.>* Intercalating ability is closely linked to topo Il activity:
topo Il transiently generates double-stranded DNA breaks (DSBs) which can be induced by
intercalators.>®-3% Asci weakly inhibits topo 11,322 although in many reports it does not generate
topo Il-dependent DSBs or form a DNA-topo Il cleavable complex, and predominantly causes
single-stranded DNA nicks.>%® %81 We demonstrate Asci intercalation of DNA at 50 uM (Figure 19)
in agreement with the literature, although this was not carried out intracellularly. In the follow-up
experiment, nuclear DSBs were not induced in live L. mexicana for up to 24 h post treatment. This
is a significant result confirming that nuclear DSBs are not the MoA for Asci in Leishmania. The
third MoA proposed for Asci in mammalian cells, namely ROS generation, has been widely
investigated. The consensus is that Asci undergoes a redox cycling mechanism, converting oxygen
to ROS in the process. This is not via a Fenton-type metal-mediated oxidation, but is proposed to be
thiol dependent.®% % In related natural product sampangine (possessing one less aromatic ring),

Mahdi et al. demonstrated an oxygen-dependent ROS MoA with no mitochondrial involvement.3%

We now propose a non-mitochondrial MoA in L. mexicana due to negative results in the
mitochondrial fitness assays, although these are by no means a conclusive representation. Although

we were unable to directly measure superoxide levels in Leishmania, a ROS mediated mechanism
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remains the most likely MoA of Asci. As discussed above (Section 2.6.1), the incorrect positioning
of the nucleus and kinetoplast during cell division could also play into the MoA via microtubule

disruption and/or incorrect DNA segregation, and remains to be further explored.

The combination of morphology and biochemical assays are informative as a first step towards MoA
determination. MoAs that involve clear defects in organelles are best suited for phenotypic analysis
to elucidate mechanisms; however, this can only be determined after the experiment is carried out —
for our compounds it was not particularly informative. We would still expect to see cell cycle defects

for all compounds as a more general stress response — DDB-1 is unusual in this regard.
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3 Whole-cell compound
localisation

3.1 Introduction

Small molecule drugs are vital to treat disease, and account for over 90% of marketed drugs.3%
Unlike larger biologic drugs that often target extracellular proteins, small molecule drugs can
penetrate cells and interact directly with intracellular targets. We sought to visualise compound
localisation and by extension, protein target localisation in whole cells as a method for target
identification, and for monitoring compound uptake for the dehydrodieugenol B (DDB) family. This
has been successfully applied and is well established in mammalian cells,*" but there are only a few
examples in trypanosomes. Orlistat-based probes are taken up quickly in bloodstream form T. brucei
and localise to the cytoplasm,3® and both an azadipeptide nitrile derivative and a cysteine protease
inhibitor probe localise to the lysosomal compartments of bloodstream form T. brucei, in agreement

with their expected targets. 3 4%

3.2 Click chemistry for bioorthogonal attachment

Fluorescence microscopy is a straightforward way to visualise compound subcellular localisation in
whole cells. This is due to the plethora of chemical fluorophores available to label the compound,
cells can be co-labelled with fluorescent proteins and/or organelle stains to aid in pinpointing
compound localisation, and imaging experiments are relatively easy to carry out. Using click
chemistry, we aim to synthetically attach a fluorophore to the DDB-1 scaffold. We can then use
fluorescence and phase contrast microscopy to simultaneously image the whole cell, key organelles,

and the fluorescently attached compound, giving an overall cellular localisation.

The three main click methods each have their merits and drawbacks as discussed in the introduction
(Section 1.6.1.1). Consideration had to be taken when deciding the best for our desired application

of fluorophore attachment to a synthetic small molecule. Copper-catalysed azide—alkyne
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cycloaddition (CUAAC) was chosen as this would allow us to benefit from the relatively small
perturbation expected to DDB-1 by adding only a terminal alkyne or azide handle. The compound
should therefore maintain its ability to cross cell membranes, unlike the cyclooctyne modification
required for the strain-promoted azide—alkyne cycloaddition. Additionally, the substrate for CUAAC

is more synthetically accessible than the phosphine substrates for Staudinger ligation.

Live cell cultures will be exposed to the handle-containing compound, thus ensuring that it maintains
its “real” localisation. Once the compound has permeated live cells, they will be fixed with aldehyde,
and the fluorophore clicked on — this negates the copper toxicity to cells as they are biologically
fixed before CUAAC. Fixation is necessary to ensure that the compound localisation is not perturbed
during CUAAC, and to allow subsequent cell permeabilisation to enable the click reagents to access
the intracellular compound. Previous research in similar CUAAC applications has recommended
using a fluorophore-azide and having the alkyne already installed in the cell; this minimises

background reactivity of a fluorophore—alkyne in the reverse set-up.*®

3.2.1 Click optimisation

The click chemistry protocol required optimisation for our desired application in Leishmania. To
achieve this, we selected alkyne EdU (5-ethynyl-2'-deoxyuridine) as the intracellular component.
EdU is a thymidine base mimic that efficiently incorporates into DNA during synthesis, providing a
highly abundant clickable handle localised specifically within the nucleus and kinetoplast with

proven utility in CUAAC. 42

The L. mexicana promastigote cell cycle is approximately seven hours long, therefore culture was
treated with 1 mM EdU for 24 h (> three cycles) to ensure that the entire culture had incorporated
EdU. Cells were paraformaldehyde-fixed, NP-40 permeabilised and stuck to glass microscope slides
to which were added the click reagents (described in detail in Section 6.7). The copper content of the
CUuAAC reaction will have an effect on the click efficiency, which can be modulated by varying the
ratio of copper(ll) sulfate reagent to a copper chelator (Invitrogen, “copper protectant”). Copper(ll)

sulfate is then reduced to the active copper(l) catalyst in situ by sodium ascorbate, another component
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of the click reagents. DNA was stained using Hoechst 33342 to identify the nucleus and kinetoplast.
Cells showed intense nuclear staining after CUAAC reaction with red fluorescent AlexaFluor555
(AF555) azide (Figure 25). As predicted, a copper concentration-dependent labelling of EJU was
observed, reaching high signal intensity with a 9:1 ratio of copper(ll) sulfate to protectant. A
moderate ratio of 3:2 was chosen for optimum signal intensity without using unnecessary excess

copper in the click reagents.

Phase AF555 Overlay

EdU 1 uM

DMSO 0.1%

5 um

Figure 25. Optimal fluorescence microscopy imaging of EdU-labelled DNA uses a 3:2 ratio of CuSO, to
copper protectant in the click reaction. Representative fluorescence microscopy images from > 3 fields of view,
n > 50 cells. Images show EdU localisation following CuAAC of fluorescent AF555 for different CuSO4 to
protectant ratios, all AF555 images are shown with equivalent contrast. There is increasing AF555 signal
observed as the copper(Il) sulfate content of the click catalyst increases. DMSO treatment at 0.1% represents
the negative control i.e., no alkyne present for the click reaction; no AF555 labelling is seen in this case.
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3.2.2 Synthesis and evaluation of a clickable analogue

| synthesised a DDB-1 analogue with a clickable handle at the phenol position, as this site is tolerant
to modification (Section 2.9). A terminal alkyne handle was introduced at the end of a 6-carbon

linker via an ether bond, giving compound DDB-yne (Scheme 2).

Handle for click

OPMB

1 M HCI (aq ) MeO KZCO3 TBAI
R DMF, 75 °C

DDB-1 DDB-yne
Scheme 2. Synthesis of alkyne analogue DDB-yne for click chemistry

DDB-yne had a similar effect to DDB-1 on the growth of L. mexicana promastigotes over 24 h
(Figure 26A). The relatively modest structural perturbation of DDB-yne compared to DDB-1,
coupled with the similar activity leads us to believe that both compounds still interact with the same
target, although this has not been definitively proven. We nevertheless proceeded with the optimised

click conditions using compound DDB-yne as an alkyne-containing equivalent of DDB-1.
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Figure 26. DDB-yne as a clickable derivative of DDB-1 does not label cells with high signal intensity. A. 24 h
growth factor for DDB-yne is unchanged from the parent DDB-1, and lower than an untreated control (-).
Mean + SD, n = 3. Statistical significance was derived from a two-tailed t-test. B. Representative fluorescence
microscopy images from > 3 fields of view, n > 50 cells. Images show lack of fluorescent signal for AF555
clicked to DDB-yne; localisation cannot be determined. C. AF555 labelled DDB-yne has a higher signal
intensity than the DMSO control, but a low overall magnitude, n = 2 biological replicates, n > 100 cells, n =2
fields of view. Statistical significance was derived from a Mann-Whitney U test vs 0.1% DMSO treatment.
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DDB-yne treated and clicked cells did not show a high intensity signal in all attempts (Figure 26B).
While signal quantification within DDB-yne treated cells is statistically significant over the DMSO
control (Figure 26C), the intensity was 200-fold lower than observed in the EdU experiment, making
localisation hard to define. This result could be due to three likely scenarios: 1. Compound binding
is weak such that during the multiple washes of the click protocol the compound is washed out, and
therefore no fluorescence is visualised once the slides are imaged, 2. Compound is internalised too
slowly or the compound target is of too low abundance, or 3. Compound MoA is not via direct
interaction with a target that can be localised, but instead works by altering the cell environment in
a more complex manner such as affecting cell signalling pathways. With this in mind, we turned to
photoaffinity labelling techniques that would allow fluorescent attachment and prevent compound

washout.

3.3 Photoaffinity labelling (PAL) for small molecule

attachment to proteins in situ

3.3.1 Design and synthesis of a PAL analogue

Probes for photoaffinity labelling (PAL) are made up of the active molecule — in our case the DDB
core, and a PAL linker. The linker will comprise a photoactivatable group and an alkyne for the click
chemistry previously optimised (Section 3.2.1). Given the merits of different examples of linkers in
the literature (introduced in Section 1.6.1.2) we chose to use the minimalist linker designed by Li et
al. This is due to the favourable characteristics of alkyl diazirines over other PAL moieties, such as
the small size of the functionality — which should cause minimal perturbation to DDB-1 activity and
cell permeability — and their proven utility in similar applications. Additionally, these linkers are
relatively synthetically accessible, and as we envisaged using an amide bond for attachment, we

required a carboxylic acid linker which made the minimalist tag best suited.

The linker was synthesised in four steps following the protocol by the Cravatt lab,?® then attached

to the active core of DDB-1 via an amide bond to give a photoactivatable analogue DDB-PAL
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(Scheme 3). This relatively cell-stable amide linker should allow steric accessibility of the alkyne

once in situ, increasing the likelihood that it will be exposed to fluorophore-azide during CUAAC.

Photoactivatable dlazmne N=N

HzN N=N J/ Handle for click
-, BocHN/\/OTS M

1. K,COs, EDC-HCI,
_DWE75°C HOBt
.
2 TFA, CH,CHy, rt
CHchZ r.t

Scheme 3. Synthesis of analogue DDB-PAL with PAL and click capabilities.

)

DDB-PAL

3.3.2 DDB-PAL fluorescence localisation

As hoped from the minimalist linker design, DDB-PAL had no significant shift in ECso compared
to the parent DDB-1 (Figure 27). We therefore proceeded with the fluorescence localisation
experiment. L. mexicana in culture was incubated with DDB-PAL and then exposed to 10 Watt
365 nm UV light for 10 min to trigger diazirine cross-linking. Cells were aldehyde-fixed, attached
to microscope slides and then treated with the optimised CUAAC conditions previously used for
DDB-yne. All cells showed a fluorescence signal of comparable intensity to the optimised EdU
experiment (Figure 28). The fluorescence appeared to label a specific reticulated structure, indicating
successful PAL and click. To aid the identification of labelled organelles within cells, the images
required deconvolution. Image deconvolution is a processing step that restores out-of-focus signal

to its focus position, thereby making images sharper.*%

100

*

£ Compound ECy, + SD (UM)

5 50 —e— DDB-1

> DDB-1 474 £0.24

Ko -»— DDB-PAL

2 0- DDB-PAL 5.33 + 1.07
0.1 1 10 100 Fold-change=1.1, P = 0.40

Concentration, uM

Figure 27. Activity of analogue DDB-PAL in L. mexicana is unchanged from the parent compound DDB-1.
Graph shows representative dose-response curves for compound treatment, n = 6 wells. The table shows ECso
values for n = 3 replicates; statistical significance was derived from a two-tailed t-test.
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Figure 28. DDB-PAL localises to a reticulated structure, likely to be the mitochondrion. A. Image
deconvolution results in sharpened fluorescence signal. B. Representative fluorescence microscopy images
from > 3 fields of view, n > 50 cells. Images show DDB-PAL localisation following CUAAC with AF555 for
different DDB-PAL incubation times. DNA was labelled with Hoechst 33342 (cyan), the AF555 channel has
undergone image deconvolution, 2.7x zoomed inset in the overlay shows overlap of kinetoplast and AF555
signal. C. AF555 signal intensity within the promastigote cell body for different incubation times, n = 20 cells.
Statistical significance was derived from an ordinary one-way ANOVA, P < 0.05 shown compared to all other
samples. D. AF555 signal intensity is low following a 5 h “chase”; two biological replicates (Rep-1, Rep-2), n
> 100 cells, n = 2 fields of view. Statistical significance derived from a Mann-Whitney U test vs 0.1% DMSO.
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We applied deconvolution to the DDB-PAL fluorescence localisation, which allowed a clearer
subcellular localisation to be identified (Figure 28A). The CUAAC experiment was conducted for
various incubation times with DDB-PAL (5 min to 6 h incubation) in L. mexicana promastigotes,
and a 30 min treatment of axenic amastigotes (Figure 28B). In all cases, we observed a distinctive
reticulated pattern which overlaps with kinetoplast signal (Figure 28B, kinetoplast overlap shown in
the overlay). By comparing the images with known organelles, we conclude that the localisation is
likely to be the mitochondrion.** 494 4% This is reinforced as the kinetoplast is included within the
AF555 fluorescence. Fluorescence signal intensity within the cell body was not time-dependent apart
from an anomalously high intensity at 1 h (Figure 28C). This peak in fluorescence at 1 h could
indicate an accumulation event followed by compound removal such as drug breaking down.
Maximal signal intensity could be reached while the rate of accumulation is faster than rate of break
down, after which the free drug concentration drops and accumulation rate decreases, with a

subsequent reduction in signal intensity.

We wanted to verify whether the compound is washed out during the click protocol, as was suspected
for the non-PAL analogue DDB-yne. To investigate this, a pulse-chase experiment with DDB-PAL
was carried out and compared to a 0.1% DMSO negative control. Promastigotes were incubated with
30 uM DDB-PAL for 30 min — a “pulse”, then washed twice with fresh media and incubated in
compound-free media for 5 h. Following this 5 h “chase”, the compound was cross-linked with UV
light and clicked to AF555 azide. Signal intensity within the promastigote from DDB-PAL treated
cells is significantly increased over DMSO treatment (Figure 28D); however, the fluorescence
intensity is low: approximately 10-fold less than expected for labelled cells. The signal is sufficiently
weak that its localisation cannot be determined, therefore localisation studies need to be conducted
without the 5 h chase. We can conclude that the compound is not strongly bound to a target, as PAL

is necessary to allow the visualisation of localisation and prevent compound wash out.
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3.3.3 mNeonGreen labelling to validate localisation

In order to validate the compound localisation, we sought to carry out co-localisation studies with a
fluorescent protein of known organelle localisation. Co-localisation is a measure of both
co-occurrence i.e., in the same place, and correlation i.e., of the same magnitude.*® mNeonGreen
(mNG) (Ex-Max 506 nm/Em-Max 517 nm) was the fluorescent protein of choice as its excitation
and emission wavelengths are different to both AF555 used in the click chemistry (Ex-Max
553 nm/Em-Max 568 nm) and Hoechst 33342 DNA stain (Ex-Max 350 nm/Em-Max 461 nm).*”
Distinct fluorescence wavelengths are essential to minimise bleed-through or bleaching, and avoid

cross-talk, which would affect co-localisation measurements.*®

We generated mNeonGreen tagged cell lines mNG::LmxM.09.1130 and mNG::LmxM.29.29080,
TIM17 mitochondrial and GAPDH glycosome proteins respectively (as described in Section 6.2).
These well-known proteins have previously been tagged and shown to localise to these organelles.*
The glycosome tag was included in this experiment as it has a localisation in granular dots within
the cell body, which could be similar to the reticulated pattern of DDB-PAL. The generated cell
lines were confirmed to have integrated the mNeonGreen tagging construct by microscopy: the
observed localisation in > 99% of cells in every imaging field of view (overall > 500 cells) was as

expected. Cell lines also maintain drug resistance to drug markers included in the tagging construct.

We applied the optimised DDB-PAL cross-linking and CUAAC conditions to these mNeonGreen
tagged cell lines. AF555 fluorescence localisation corresponding to DDB-PAL was as expected,
however there was no or poorly defined fluorescence of the mNeonGreen tag after click (Figure
29A). Copper ions from the click catalyst are known to quench mNeonGreen fluorescence which
requires restoration by washing with a complexing agent.*®® A 2 h incubation with 40 mM EDTA
post-CuAAC visually restored mNeonGreen signal fully for mNG::GAPDH, and to some extent for

mNG::TIM17, allowing an overlay with AF555 signal to be created (Figure 29B).
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Images were subjected to an automated co-localisation analysis. A cytofluorogram — where every
dot represents a pixel and its position along the axes shows the pixel intensity — displayed a positive
correlation between mNeonGreen and AF555 fluorescence for both cell lines, as shown for an
example cell of each cell line (Figure 30A-B). Pearson’s coefficient (R) measures the spread of the
data: averaged over 10 cells, R = 0.77 for the mitochondrial TIM17 tag and R = 0.42 for the
glycosomal GAPDH tag. This means there is better co-localisation with DDB-PAL and the
mitochondrion than the glycosome. In this analysis, co-occurrence is particularly interesting for
assessing signal co-localisation as there is no expectation that AF555 and mNeonGreen signal

intensity will correlate. It is therefore appropriate to also consider thresholded Manders’ coefficients
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Figure 29. mNeonGreen fluorescence is quenched by the CUAAC conditions unless an EDTA restoration wash
is included. Representative fluorescence microscopy images from > 3 fields of view, n > 50 cells. A. Images
show loss of mNeonGreen fluorescence after CUAAC. B. Images show AF555 and mNeonGreen fluorescence
after CUAAC and EDTA wash for mNeonGreen fluorescence restoration; all images are shown without
deconvolution.
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(tM1 and tM,) for each channel, which gives the fraction of signal from channel 1 that overlaps with
channel 2 and vice versa, with no dependency on signal intensities.**° For mNG::TIM17, tM; = 0.79
and tM, = 0.90 meaning overlap is high in both cases. For mNG::GAPDH, tM; = 0.68 which
indicates that more than half the glycosome signal is co-localised, while a lower tM» of 0.46 means

the majority of AF555 signal is not localised within the glycosomes (Figure 30C).
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Figure 30. DDB-PAL shows good co-localisation with mNeonGreen tagged mitochondria, and moderate
co-localisation with mNeonGreen tagged glycosomes. A-B. AF555 (corresponding to DDB-PAL) and
mNeonGreen image overlay and cytofluorogram for an example cell of each cell line. In the image, overlap
between the AF555 (red) and mNeonGreen (green) channels is yellow. The R value for each cytofluorogram
is shown, R ranges from —1 to 1, where 1 is full co-localisation, —1 is complete exclusion, and 0 is no correlation
C. Thresholded Manders’ coefficient for each cell line, n = 10 cells. tM1 represents overlap of mNeonGreen
signal with AF555, tM; represents overlap of AF555 signal with mNeonGreen.

3.3.4 HaloTag labelling to validate localisation

Due to the incomplete restoration of mNeonGreen fluorescence even with an EDTA wash, a HaloTag
alternative labelling strategy was used for co-localisation studies. HaloTag protein is genetically
encoded fused to the protein of interest (POI) using CRISPR-Cas9, which results in a construct that
can be chemically labelled using a haloalkane ligand (such as a small molecule fluorophore), with
high specificity (Figure 31A).2%° 411 The resultant fluorescent signal should survive the CUAAC
conditions as it is a chemical fluorophore, unlike the mNeonGreen fluorescent protein which is
guenched by copper ions. | generated a range of HaloTag cell lines for proteins of known localisation

(where localisation has been previously shown by mNeonGreen tagging), listed in Table 8.
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Figure 31. Fluorescence microscopy images of TAMRA label representing localisation of HaloTag protein.
A. Workflow for sample processing to generate TAMRA labelled cell lines for different cellular localisations.
L. mexicana promastigotes are genetically modified using CRISPR-Cas9 to add a HaloTag construct (dark
green) to a protein of interest (POI) with known localisation. A chloroalkane ligand containing TAMRA (red)
is fed to the cells to enable HaloTag labelling of the POI, which is imaged with fluorescence microscopy to
visualise the protein localisation in live cells. B. Representative images from > 3 fields of view, n > 50 cells;
cellular localisation is as expected for the different HaloTag generated cell lines. Contrast for TAMRA is
adjusted to optimise visualisation and does not represent relative fluorescence intensities for each cell line.
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Table 8. Identity of genes used in HaloTag validation experiments

Gene ID Shorthand Expected localisation Tagged terminus
LmxM.20.1650 S11 cytoplasm* N
LmxM.19.1420 CPA lysosome** C
LmxM.18.1130 RAB5A endocytic system/lysosome* N
LmxM.33.3740 SPT endoplasmic reticulum#* C
LmxM.24.0940 ATOM14 mitochondrion*!? N
LmxM.36.1760 ALDH mitochondrion*!? C
LmxM.09.1130 TIM17 mitochondrion* N

Tagged cell lines were labelled with a red 5-carboxytetramethylrhodamine (TAMRA) ligand.
TAMRA is a relatively small, cell permeable, pH insensitive dye (between pH 3 to 13), so is suitable
for this application. The majority of cell lines displayed the expected localisation in > 95% of cells
in every field of view (Figure 31B). CPA::Halo had only approximately 50% of cells labelled, and
could represent a failure of the genetic modification since the TAMRA labelling worked well for the
other cell lines. Halo::TIM17 showed > 95% of cells with the expected mitochondrial localisation,
but less than half the signal intensity of the other mitochondrion-localised HaloTag proteins,

indicating low expression levels and/or poor localisation behaviour which could be due to the tag.

Ligands with red fluorescence such as TAMRA are thought to perform better as HaloTag labels than
green ligands (Richard Wheeler, unpublished). However, TAMRA (Ex-Max 557 nm/Em-Max
576 nm) and the AF555 previously optimised to label DDB-PAL in the CuAAC reaction have
overlapping excitation and emission wavelengths; an unsuitable combination for simultaneous
orthogonal labelling of both the HaloTag localisation and DDB-PAL. The azide partner for the click
reaction was therefore switched to a green AF488 fluorophore (Ex-Max 494 nm/Em-Max 517 nm)
(Figure 32A). This proved to work with the same efficiency as AF555 to visualise DDB-PAL

following the standard CUAAC conditions.
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Figure 32. DDB-PAL shows varying co-localisation with HaloTag TAMRA labelled cell lines. A. Workflow
for sample processing to carry out click reaction on TAMRA labelled cell lines. Live L. mexicana
promastigotes with TAMRA labelling already in place are treated with DDB-PAL represented as a cartoon
chemical structure. This is UV cross-linked to the interacting protein (green) before the CUAAC reaction to
attach a fluorophore (AF488, green circle). Fluorescence microscopy imaging enables the overlay to be
assessed between TAMRA (known localisation given in Table 8) and AF488 (unknown localisation
corresponding to protein target). B. Representative fluorescence microscopy images of 1 slice from a z-stack,
from > 3 fields of view, n >50 cells, all images shown with deconvolution of both TAMRA and AF488
channels. Contrast for TAMRA and AF488 is adjusted to optimise visualisation and does not represent relative
fluorescence intensities.
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Some cell lines suffered a decrease in TAMRA HaloTag labelling efficiency following CUAAC
processing (Figure 32B). CPA::Halo lost the expected lysosome localisation giving instead a weak
cytoplasmic signal, and similarly Halo::RABS5A retained only dots at the endocytic system with no
characteristic lysosome fluorescence. Loss of TAMRA signal corresponding to HaloTag in the
lysosome was not unexpected; the CUAAC conditions contain a detergent permeabilisation step
which could interfere with the lysosome lipid membrane. However, this means that if DDB-PAL

localises to the lysosome, no signal would be detected.

The HaloTag cell lines retaining strong TAMRA signal were used for quantification of
co-localisation analysis for 10 representative cells of each cell line (as described in Section 6.8.3,
results shown in Table 9). Mitochondrial tagged ATOM14 and ALDH, and endoplasmic reticulum
(ER) tagged SPT show moderate co-localisation R values, with high Manders’ coefficients > 0.75
for all. This indicates that while the signal intensities may not correlate well, there is high
co-occurrence, but the signal cannot be explained as only mitochondrial or only ER. Cytoplasmic
S11 has a high tM; of 0.84 therefore majority of the cytoplasm is labelled. This lack of specificity is
expected as the compound is likely to enter the cytoplasm, and even if it is not the final target, some
low-level, potentially non-specific labelling can occur. Finally, for RAB5A, the high tM; of 0.94 but
low tM; of 0.13 indicates that the majority of the endocytic system contains compound, but the

compound is mainly localised elsewhere.

Table 9. HaloTag TAMRA localisation, Pearson’s R and thresholded Manders’ coefficient for cell lines
versus AF488 signal

Cell line Localisation post-CUAAC  Pearson’s R tM, tM;
Halo::ATOM14 mitochondrion 0.57+0.14 0.77+£0.13 0.80+0.08
ALDH::Halo mitochondrion 0.46 £0.10 0.79£0.08 0.77 £0.07
SPT::Halo endoplasmic reticulum 0.61+£0.09 0.90 £ 0.06 0.76 £ 0.06
Halo::S11 cytoplasm 0.59+0.11 0.69+£0.09 0.84 £ 0.06
Halo::RAB5A endocytic system 0.64 £0.10 0.13+0.08 0.94+0.10

tM; represents overlap of AF488 signal with TAMRA, tM; represents overlap of TAMRA signal with AF488.

Four of the HaloTag promastigote cell lines were differentiated to axenic amastigotes for 96 h, after

which the retention of HaloTag was assessed with TAMRA ligand. In SPT::Halo, only 12% of cells

84



3 | Whole-cell compound localisation

were strongly labelled by the TAMRA ligand which suggests a loss of HaloTag following
differentiation, while Halo::S11 signal intensity was 3-fold weaker than in promastigotes. AF488
used for CuAAC attachment to these amastigote cell lines treated with DDB-PAL generated
successful overlay images, with the labelled structure most closely resembling the mitochondrion

and endoplasmic reticulum. i.e., ATOM14, ALDH and SPT (Figure 33).

Phase TAMRA AF488 Overlay

Figure 33. DDB-PAL shows good co-localisation with TAMRA labelled HaloTag mitochondria and
endoplasmic reticulum in amastigotes. Representative fluorescence microscopy images of 1 slice from a
z-stack, from > 3 fields of view, n > 50 cells; all images shown with deconvolution of both TAMRA and
AF488 channels. SPT::Halo has only 12% of cells with TAMRA labelling (corresponds to HaloTag retention).

Quantification with labelled cell lines enables assessment of the co-localisation which goes beyond
the visual co-occurrence that is readily seen in the deconvolved images. Based on the pattern of
fluorescence and the co-localisation quantification, there is compound in the mitochondrion and
endoplasmic reticulum for both life cycle stages (Figure 32, Figure 33, Table 9). It is likely that the
compound also localises to the endocytic system, as shown by the Manders’ coefficient for

Halo::RAB5A.
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3.3.5 T. brucei localisation of DDB-PAL

We sought to identify compound localisation in the related species T. brucei, which has comparable
DDB-1 activity. Both bloodstream forms and procyclics were used for this experiment as they have
similar organelle structures with a distinctive mitochondrion, which can confirm the localisation seen
in Leishmania. EAU was a positive control for fluorophore entry to cells and showed good labelling
in both life cycle stages (Figure 34). A higher EAU concentration of 100 uM is required, which agrees

with the literature.*?

Click with DDB-PAL and image deconvolution as described for Leishmania in Section 3.3.2 led to
the now familiar reticulated pattern being observed (Figure 35A-B). To save creation of new
HaloTag or mNeonGreen tagged cell lines for co-localisation studies, a comparison to published
mNeonGreen fluorescent images was made instead. This allows a visual comparison of the
localisation pattern, but will not allow for co-localisation quantification as the click reaction will not
be carried out on a labelled cell line. TrypTag.org is an extensive database containing the subcellular
localisation of mNeonGreen tagged proteins in procyclic T. brucei.*®® The DDB-PAL pattern in
procyclic forms can be attributed to the mitochondrion when compared with images of known
mitochondrial protein MCP13 from TrypTag.org (Figure 35C). The AF555 fluorescence labels a
linear structure down the anterior cell body but not into the flagellum (white arrow), as is also the

case in mNeonGreen tagged MCP13.

Phase AF555 Overlay

Procyclic

Bloodstream

Figure 34. Optimal fluorescence microscopy imaging of CUAAC labelled EdU in T. brucei shows localisation
to the nucleus with the same reaction conditions as L. mexicana. Representative fluorescence microscopy
images from > 3 fields of view, n > 50 cells. Images show EdU localisation following CUAAC of fluorescent
AF555 in procyclic and bloodstream forms, DNA is labelled with Hoechst 33342 (cyan).
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Figure 35. DDB-PAL localises to a reticulated structure in T. bruceli, likely to be the mitochondrion and the
endoplasmic reticulum. A-B. Representative fluorescence microscopy images of AF555 clicked DDB-PAL
labelled T. brucei from > 3 fields of view, n > 50 cells, with deconvolution of the AF555 channel. DNA was
labelled with Hoechst 33342 (cyan). C-D. Images taken from TrypTag.org.*®> Example of mNeonGreen
tagged mitochondrion MCP13 (C) and endoplasmic reticulum Sec61 (D) proteins. E-F. Images taken from the
literature.% Example of mNeonGreen tagged mitochondrial Th427.10.6400 (E) and endoplasmic reticulum
Th427tmp.01.7430 (F) proteins. Extension of mitochondrion towards the anterior cell tip is indicated with
white arrow in procyclic forms (A, C). 3x zoomed inset in the overlay shows overlap of AF555 signal and
kinetoplast (B), or overlap of mNeonGreen and kinetoplast (E).
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There is likely to also be ER labelling as was the case with L. mexicana. Various ER subdomains
exist in T. brucei, with appearances ranging from more nuclear envelope/cisternal, to more
reticulated.*® The AF555 signal lacks the characteristic peri-nuclear nuclear envelope labelling
illustrated by mNeonGreen tagged ER protein Sec6l from TrypTag.org (Figure 35D), but

contributions could be coming from a more reticulated-type ER compartment.

In bloodstream forms, a selection of mNeonGreen tagged proteins analogous to the TrypTag.org
database have been published.®* The simplified bloodstream form mitochondrion appears as a line
along the cell body with very few branches or reticulation when mNeonGreen tagged
(Th427.10.6400, Figure 35E). The AF555 labelling goes beyond this (Figure 35B), encompassing
the majority of the cell body with reticulation. There is still mitochondrial labelling based on the
overlap of kinetoplast and AF555 signal (inset in overlay, Figure 35B), and the extended reticulation
is likely to be the bloodstream form ER when visually compared to the published mNeonGreen

tagged ER protein Th427tmp.01.7430 (Figure 35F).

3.4 Transmission Electron Microscopy

To improve the resolution of compound localisation beyond the capabilities of fluorescence
microscopy, we turned to transmission electron microscopy (TEM). We chose to use the
immunogold route from the two approaches previously introduced (Section 1.6.1.3) as this was
expected to be more straightforward than the DAB method, whose optimisation would go beyond

the scope of this compound localisation project.

3.4.1 Resin embedding for CUAAC gold labelling

For TEM, samples must first undergo processing which typically involves cell fixation, embedding
into a resin, sectioning with an ultramicrotome, capturing on a grid and finally heavy metal staining
to add contrast. In traditional immunogold labelling, the embedding resin is acrylic-based which is
permeable to the antibody gold conjugates, whereas epoxy resins are preferred where permeability

is not a requirement as they are better at preserving cell ultrastructure.** 45 We have already
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established a reliable protocol for cross-linking and CuUAAC of DDB-PAL to a fluorescent azide
(Section 3.3.2). To combine this with TEM, we replaced the fluorescent azide with gold azide which
will allow TEM detection of electron-dense gold. The gold azide reagent is comprised of gold
nanoparticles covalently functionalised via sulfide or amide bonds to polyethylene glycol-based
linkers containing an azide. We carried out CUAAC of cells treated with DDB-PAL or positive
control EdU, with gold azide at two different points in the sample preparation: 1. Pre-embedding
CUAAC which then undergoes epoxy resin embedding with the gold already in place, or 2.
Post-embedding CUAAC, in which a relatively permeable acrylic resin is used, followed by CUAAC
once the sample is mounted to TEM grids. This follows the sample processing workflow shown for
DDB-PAL (Figure 36A), and the same for EdU without the UV cross-link step. We expect to see
the gold nanoparticles appearing as electron-dense circular spots in the nucleus and kinetoplast for
EdU, and in the mitochondrion and ER for DDB-PAL treated samples. There were varying levels of
gold in each of the embedding approaches, but none was successful even following some

optimisation (Figure 36B-1).

In the pre-embedding click experiment, we sought to optimise two parameters during the CUAAC
step: sample permeabilisation, and choice of gold azide. Permeabilisation of samples is vital to allow
access of the CUAAC reagents to the intracellular alkyne of DDB-PAL, particularly as the 10 nm
gold azide used is approximately 10 times larger than AF555 azide. However, harsh detergents can
damage the ultrastructure visible by TEM. To optimise the permeabilisation step, 1% NP-40 or 0.1%
saponin incubation was used (described in detail in Section 6.9.2). The 0.1% saponin treatment was
milder and cells retained intact outer membranes, while 1% NP-40 caused destruction of cell
membranes and some loss of cytoplasmic material (Figure 36J-K, position of outer membrane
indicated with an arrow). No gold was present in the TEM images for samples prepared with either
permeabilisation agent. Due to concerns about the poor permeability of the CUAAC reagents, 1%
NP-40 detergent was chosen despite the cost to sample quality. Three different gold azide suppliers
were used: two 10 nm nanoparticles and one 5 nm nanoparticles, to investigate the quality of gold

azide and the effect of nanoparticle size.
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Figure 36. Pre-embedding and post-embedding click with gold azide for TEM was unsuccessful at generating
specific gold labelling. A. Workflow for sample processing for pre-embedding and post-embedding click.
L. mexicana promastigotes are treated with DDB-PAL represented as a cartoon chemical structure. This is UV
cross-linked to the interacting protein (green) before the CUAAC reaction to attach gold nanoparticles (Au,
yellow). B-M. Representative TEM images of L. mexicana showing gold (yellow circles). Nucleus (N),
kinetoplast (K) and mitochondrion (M) are labelled. B—I. Samples prepared with optimised conditions 1% v/v
NP-40 permeabilisation, 1% BSA blocking buffer, 1:30 dilution of 10 nm gold azide (Cytodiagnostics). J-M
illustrate discoveries during optimisation. None of the images are labelled as expected.
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Gold azide was used at a 1:30 dilution, which is the approximate molar equivalent of the fluorophore
previously used in Section 3.3.2. TEM images showed a low level of non-specific gold labelling
independent of supplier; 10 nm azide from Cytodiagnostics was used going forward for consistency
with other ongoing experiments. A blocking buffer of 1% bovine serum albumin (BSA) was used in
all cases to prevent off-target binding of the gold azide. Use of these “optimised” conditions showed
no gold labelling in the expected organelles in any of these attempts for EdU or DDB-PAL. (Figure
36B-E). It is plausible that even if the click reaction does proceed, the gold nanoparticles could be
lost during downstream processing. This could be due to a breaking of the bonds that link the gold

to the azide, or a displacement of the gold during the multiple resin exchanges of sample embedding.

Having no success with the pre-embedding click, we attempted optimisation of the post-embedding
click on prepared copper grids (described in detail in Section 6.9.3). This is easier and quicker than
optimising the pre-embedding click as the more complex sample preparation is done on a uniform
DDB-PAL treated sample. Optimisation of the CUAAC step then only requires 1 grid per condition,
as opposed to pre-embedding in which each condition requires independent sample preparation.
Three key parameters: permeabilisation, blocking buffer, and concentration of gold azide were
varied combinatorially. To test permeabilisation, 1% NP-40 or 0.1% Triton-X were used. Both are
quite aggressive conditions due to concerns about the permeability of the gold nanoparticles into the
resin and then into the sample. There was no apparent difference between the two reagents: 1%
NP-40 was chosen as this is consistent with the already established CUAAC of fluorescent azide.
The blocking buffer was varied as this will play a key role in ensuring no off-target attachment of
gold nanoparticles to the sample or the resin. Three different blocking buffers: 1% BSA, 0.1% BSA,
and 0.5% fish gelatin, alongside no blocking buffer i.e., just phosphate buffered saline (PBS) were
used. A blocking buffer is necessary; with no blocking there was non-specific gold in the TEM
images indiscriminately across the cells and resin (Figure 36L). 1% BSA worked best as fewer gold
particles appeared in the resin background (outside the cell) than with the other blocking buffers.
The concentration of gold azide in the CUAAC mixture was used at 1:30 or 1:1000 dilution. TEM

images from the 1:1000 dilution had no gold, so this is too dilute (Figure 36M). 1:30 dilution with
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1% BSA blocking buffer and 1% NP-40 permeabilisation gave the best amount of gold in the TEM
images. However, in all cases there was no specific gold labelling of the expected organelles for
either alkyne substrate (Figure 36F-I). As an extra control, the various fixatives, blocking buffers
and permeabilisation reagents were confirmed not to interfere with the DDB-PAL alkyne by using
some samples for a parallel CUAAC with fluorescent azide. Subsequent fluorescence microscopy

confirmed the expected localisation for all optimisation conditions.

3.4.2 Tokuyasu for CUAAC gold labelling

The milder but more technically complex Tokuyasu sample preparation technique was used instead
of resin embedding as the resins could be a barrier to CUAAC reagent permeabilisation. Tokuyasu is
a cryopreservation-based technique that maintains cell structural integrity by freezing the sample in
a sucrose cryo-protectant, producing grids that are thawed and used for immunolabelling.**% 417 Three
different CUAAC approaches were attempted, which will maximise the chances of success by using
different types of gold reagent, each with a different stability and permeability (Figure 37). In the
first instance, we carried out CUAAC of 10 nm gold particles to only EdU-treated samples

immobilised on grids as this should have a known localisation to the nucleus and kinetoplast.

First, direct gold attachment via CUAAC of gold azide was attempted as was previously done with
resin-embedded samples. This resulted in a high level of gold labelling, particularly outside cells
which could be due to poor blocking or promiscuity of the gold azide (Figure 38A). Dilution of the
gold azide from 1:30 (as optimised for resin-embedded samples, Section 3.4.1) to 1:1000 did not

improve labelling sensitivity.

A. Direct gold B. Biotin—Streptavidin gold C. Biotin—Anti-biotin antibody—Protein A gold

Figure 37. Photoaffinity labelling and gold CUAAC approaches to detect intracellular alkyne. L. mexicana
promastigotes containing alkyne are linked to gold nanoparticles (Au, yellow) via direct CUAAC of gold azide
(A), CUAAC of biotin and detection with gold—streptavidin (B), or CUAAC of biotin, primary detection with
anti-biotin antibody and secondary detection with Protein A gold antibody (C).
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Figure 38. TEM observed gold is as expected for Tokuyasu sample preparation with antibody detection. A-
D. Representative TEM images from n = 2 independent replicates; kinetoplast (K), mitochondrion (M) and
nucleus (N) are labelled, white arrows indicate endoplasmic reticulum. Direct gold click (A) or biotin click
and streptavidin—gold detection (B) did not work; two-step antibody detection was successful (C-D). A-C.
Gold is indicated with a cross in cyan for expected localisation (nhucleus and kinetoplast), red for incorrect
localisation D. Gold labelling of DDB-PAL is indicated by a red cross or circled (8.5x zoom). E. Number of
gold per region for treated samples from n = 20 images; statistical significance derived from multiple
Mann-Whitney U tests, P < 0.05 shown. Comparisons are: EAU only, DDB-PAL only, and between the two.
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Second, CUAAC of biotin azide was detected with streptavidin—gold conjugates. The resultant TEM
images had less gold than the direct gold azide click, however there was no specificity: gold particles
were randomly distributed, equally prevalent within the cells as outside (Figure 38B). Third, CUAAC
of biotin azide but this time followed by a two-step detection using rabbit anti-biotin antibody
followed by Protein A gold antibody. Only in this method were gold particles detected specific to
the nucleus, as expected for EdU treated samples (Figure 38C). This result is likely due to the
amplification effect achieved by using antibodies, and the possibility that the detectable marker is

more accessible as it is now a further distance from the initial alkyne.

Having established the antibody system for EdU treated cells, CUAAC and detection of samples
treated with DDB-PAL was then carried out with the same conditions (Figure 38D). Biotin azide for
the CUAAC was used at 5 UM (the same as for the fluorescent azides), an increase to 2x or 4x did
not improve labelling. The primary anti-biotin antibody dilution was optimised to be 1:2500, and the
secondary Protein A gold diluted 1:20. Visually there is high labelling of the endoplasmic reticulum
which appears as a membrane structure often close to the nuclear envelope (white arrows in images)
as well as mitochondrial labelling with DDB-PAL. The gold was quantified in a semi-automated
manner and counted within the cellular compartments of interest (Figure 38E). As the endoplasmic
reticulum cannot be easily and consistently outlined, this organelle was not included and fell under
the “rest of cell” category. Any label in the kinetoplast was classed under mitochondrion as this was
difficult to unambiguously assign. In the EdU treated sample, there was significant labelling of the
nucleus compared to the rest of the cell and the surrounding grid. The DDB-PAL sample had
significant mitochondrial labelling when compared with the other compartments within the cell, and

also compared to the mitochondrial labelling of EdU which serves as a negative control.

3.5 Discussion

These data provide an investigation of DDB-1 localisation using microscopy in L. mexicana and
T. brucei. We hypothesised that the compound would localise to the mitochondrion due to the

biochemical assays in L. infantum3®?° and L. mexicana showing mitochondrial disruption (Section
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2.9.2) and the fact that small molecules with direct target binding will localise to the target. We show
here that the compound indeed localises to the mitochondrion, as well as the endoplasmic reticulum
and endocytic system. These results come from extensive fluorescence microscopy experiments
including co-localisation analyses with known organelles, and are further supported by TEM

imaging.

3.5.1 DDB-PAL mainly localises to the mitochondrion

DDB-PAL localises to the mitochondrion of L. mexicana promastigotes and axenic amastigotes,
evidenced by overlap with the kinetoplast signal and co-localisation imaging (Figure 28, Figure 30,
Figure 32, Figure 33). The labelling in T. brucei is almost identical to L. mexicana which is expected
as organelles in the two species are relatively well conserved.*'® Additionally, the DDB-PAL
fluorescence is structurally similar to the 3D mitochondrion of L. mexicana reconstructed from
volume electron microscopy imaging by Hair et al.**® Analogous labelling experiments with an
alkyne small molecule clicked intracellularly to a fluorophore in T. brucei have been carried out by
the Yao lab, their probes were efficiently taken up in both procyclics and bloodstream forms, and
show lysosomal and/or cytoplasmic localisation.3%-4% DDB-PAL represents the first mitochondrial

localisation of a PAL and click approach in these species.

The labelling is highly specific, reproducible and the corresponding organelles are validated with
co-localisation. The pattern can all be considered “real” signal and not due to off-target labelling
caused by the minimalist linkers; Li et al. describe negligible background labelling with these
systems.?** Fluorophores in close proximity can undergo Forster Resonance Energy Transfer (FRET)
if the emission wavelength of one overlaps with the excitation of the other,*? but this is not the case
for the co-localisation experiments here as care was taken not to have overlapping fluorophore
wavelengths. We can therefore consider the observed localisation as a reliable representation of the

intracellular location of DDB-1, and infer MoA accordingly.
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3.5.1.1 Implications of mitochondrial localisation

Numerous drugs are known to target the mitochondrion of eukaryotes, particularly in a mitochondrial
protective context. These are often intended to exert an anti-oxidant effect by neutralising ROS, such
as MitoQ** and SkQ1*? which prevent mitochondrial oxidative damage by scavenging ROS.
Szeto-Schiller (SS) small cell-permeable peptides such as SS-31 selectively target the inner
mitochondrial membrane and reduce ROS, prevent mitochondrial depolarisation, and improve
mitochondrial respiration.*?® Conversely, there are a limited number of examples where the drug is
designed to cause mitochondrial damage and lead to cell death, as would be the case for DDB-1.
Bisphosphonium salts are known to accumulate in the mitochondrion, and are proposed to inhibit
complex Il in Leishmania,'®! and ATP synthase in T. brucei.’® MitoTam, a mitochondrial targeted
derivative of tamoxifen has been applied to drug repurposing against L. mexicana and T. brucei,
demonstrating lowered ATP levels, disrupted inner mitochondrial membrane and cell death.*?* The
authors who investigated MitoTam MoA propose either an inhibition of ATP synthase or a disruption
of mitochondrial membrane integrity. DDB-1 could be acting in a comparable way to MitoTam, as
it similarly accumulates in the mitochondrion, is active against both Leishmania and T. brucei

bloodstream forms, and shares many of the biochemical changes reported in T. brucei.

Mitochondrion targeting compounds are often lipophilic and positively charged, which drives
accumulation in the negatively charged mitochondrial matrix by taking advantage of the
mitochondrial membrane potential. For example, MitoQ and SkQ1 are linked to a triphenyl
phosphonium cation, rhodamine 123 mitochondrial dye is positively charged, and F16 is a lipophilic
small molecule with delocalised positive charge.*?® The structure of DDB-1 does not contain any
delocalised positive charge. At physiological pH, the morpholine ring tertiary amine could be
protonated to some extent, however we would not expect this to be sufficient to drive the
mitochondrial localisation. Therefore, the observed localisation is not an artefact of positive charge
causing accumulation, but indicates that an uptake mechanism must be in place to allow transport
across the mitochondrial membrane, which could allow interaction with a mitochondrial target,

supporting the hypothesised mitochondrial MoA.
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3.5.1.2 Other cellular localisations

Aside from the mitochondrion, the compound also localises to the ER, given the high overlap
coefficient for known ER signal with labelled DDB-PAL (Table 9), and the T. brucei bloodstream
form reticulated labelling (Figure 35). The ER is a continuous structure comprised of different
domains including the nuclear envelope, from which it radiates out into the intracellular space, and
is also closely associated with the sub-pellicular microtubules at the cell surface.® 46 427 |t js a
heterogenous organelle with the smooth and rough ER having varied components, but being
particularly indistinguishable in Leishmania.® 4% It is unclear whether the DDB-PAL labelling
corresponds to the complete mitochondrion and ER, or just parts of both as is suggested by the
overlap coefficients, and what implications this has on MoA. Both these organelles are Ca?" stores,
therefore proteins involved in calcium signalling could be potential interaction partners, especially
as DDB-1 induces a release of Ca?* (Section 2.8.2) and a slight alkalinisation of the acidocalcisomes
in L. infantum.®2° This is an indirect effect however, as DDB-1 itself does not localise to the

acidocalcisomes.

3.5.1.3 DDB-1 uptake and accumulation

Fluorescence labelling can be used to monitor compound uptake as well as overall localisation.
DDB-PAL co-occurs with Halo::RAB5A which is localised to the early endocytic system, where
cargo from the cell surface is initially transported to for sorting.*?® 42° DDB-PAL is likely to enter
cells via the canonical eukaryote endocytic pathway, and then be transported to the early endocytic

system. It is unclear what fate the compound then faces.

Lysosome labelling of CPA::Halo, and the lysosomal region of Halo::RABS5A cell lines completely
disappeared after CUAAC (Figure 31), so there is a differential effect on the lysosomes and early
endosomes from the fixation, permeabilisation or CUAAC protocol. It is also plausible that
DDB-PAL itself causes the loss of lysosomal signal by a disrupting the lysosome. In order to test
this hypothesis, the fluorescence microscopy imaging could be carried out on the lysosome tagged

cell lines treated with DDB-PAL but without proceeding with the CUAAC reaction, to check if the
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TAMRA-labelled lysosome remains intact. However, due to the presence of intact lysosomes visible
in the DDB-PAL treated TEM images, it is more likely that the lack of fluorescence is due to sample
processing for fluorescence microscopy and not a direct result of compound action, therefore the
described follow-up experiment was not done. DDB-PAL could proceed to a lysosomal degradation
pathway after endocytosis, but due to the sample preparation for fluorescence microscopy, this
cannot be visualised. There did not appear to be a particular concentration of gold labelled
DDB-PAL in the lysosome by TEM which could indicate that the lysosome does not feature as an

organelle of compound concentration.

Inherently fluorescent pentamidine analogues accumulate via two distinct rises in drug concentration
up to approximately 12-fold the initial internalised concentration.*®® “Off-target” accumulation is
visualised in acidocalcisomes and other perinuclear organelles after 2 hours of treatment, and
comparable results are obtained with pentamidine analogues in L. donovani.t”® These examples are
superior for uptake monitoring: inherent fluorescence allows consistent imaging of live cultures
without the need to biologically fix at discrete time points as is required for DDB-PAL
click-mediated visualisation. Attempts to attach a fluorophore directly to the active scaffold of
DDB-1 for live cell imaging were synthetically challenging and caused a loss of compound activity,
therefore this route was abandoned. Information about DDB-1 uptake instead has to be extrapolated
from the imaged timepoints. DDB-PAL labelling is unchanged from 5 minutes up to 6 hours in both
fluorescence pattern and intensity. This quick uptake is consistent with published fluorescence
imaging of other compounds in Leishmania visualised 5 — 10 minutes after treatment,> 4% 432 and
suggests that DDB-1 quickly establishes an equilibrium between import and clearance from cells,
but does not give insight into the nature of this equilibrium. The imaging does not show accumulation
over time apart from the increase at 1 h discussed previously (Section 3.3.2), contrary to the
suggestion of a minimum compound threshold proposed in Section 2.9.1.2. The spread of the data is
consistent across the timepoints (Figure 28) with an approximately 3-fold range in fluorescence
intensity — if there is a threshold at play then it must be within this 3-fold range to allow some

minimal cell division while killing the majority of the culture.
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3.5.2 PAL is necessary for visualisation of the DDB compounds

Microscopy can provide a helpful tool to aid in drug discovery projects, as compound localisation
can inform on compound mode of action, an approach that is often underexplored. In special cases
where the active chemical compound is inherently fluorescent, it would be trivial to carry out
imaging experiments as there is valuable information to be gained. This is exemplified by fluorescent
analogues of the drug pentamidine that localise to the mitochondrion and kinetoplast in T. brucei

and L. donovani, in keeping with the pentamidine MoA blocking replication of KDNA,176 4%

However, for many compound families, inherent fluorescence is unlikely to be the case as it depends
on a particular chemical structure. The main drawback to visualising localisation is then the
requirement for comprehensive SAR knowledge of the compound family, to inform on locations
tolerant to handle attachment. This approach is therefore only suitable for compound families that
can be easily synthesised and/or modified to rapidly generate analogues for SAR studies. Once this
information is known, synthetically easiest is the addition of an alkyne handle to the small molecule
for click modifications without requiring PAL. Most examples of direct attachment of small
molecules to target proteins without PAL rely on the intrinsic chemical reactivity of the compound
acting as covalent modifiers. Compounds would therefore require an electrophilic trap such as a
Michael acceptor or B-lactam, or a way to generate an electrophile in vivo.*** DDB-1 has no obvious
electrophilic motifs, and it is hard to propose a sensible biotransformation to yield one, so it was
likely that PAL would be necessary for compound visualisation. Indeed DDB-yne showed no
significant labelling (Figure 26), and DDB-PAL is washed out if PAL is not carried out (Figure 28).
The requirement for an analogue containing a photoaffinity cross-linkable and clickable handle to
allow compound attachment and visualisation as with DDB-PAL is likely to be the case for most
compound families. This strategy requires the challenging synthesis of a linker containing a photo
cross-linkable warhead such as a diazirine to attach to the active compound. Whilst there is a benefit
to the localisation information, this does not necessarily outweigh the significant technical challenges

of preparing a PAL-compatible analogue. We recommend only undertaking this approach where
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there is a need for extra MoA information such as where other MoA determination methods have

failed, or if the analogue is to be used in conjunction with chemo-proteomics experiments.

The DDB-PAL TEM results are consistent with the labelling pattern observed by fluorescence
microscopy. This followed a thorough investigation of TEM sample preparation compatibility with
CUuAAC. Although successful, the technically complex Tokuyasu sample preparation technique must
be used in this application, rendering it unfit as a standard MoA determination method.
Disappointingly, we could not visualise with confidence a higher resolution localisation within the
mitochondrion as had been the intention of this experiment. Further optimisation would be required
to achieve higher-density labelling that could allow this resolution. It could be that the DDB-PAL
mitochondrial labelling is a limitation, and a different localisation could provide better answers.

Nevertheless, we achieved the first example of TEM applied to clickable small-molecule drugs.

The biological result that DDB-1 lacks covalent activity necessitated PAL for visualisation, but is
beneficial to its potential use as a drug candidate. Covalent binding drug hits are often considered
undesirable as they can exhibit poor specificity, leading to false positives.* Although there has been
a resurgence in interest in covalent modifiers in recent years, they are still treated somewhat with
caution.”®® The result agrees with the previously discussed glutathione experiment (Section 2.8.3)
that DDB-1 is not a covalent binder. We confirmed that DDB-1 localises to the mitochondrion and
could additionally be localising to the ER and the endocytic system. On this basis, DDB-1 is likely
to have a mitochondrial MoA, an ER target remains a possibility, while the endocytic system
localisation is probably associated with compound uptake, and does not represent the final site of
action. With the photoaffinity labelling compound DDB-PAL in hand, we turned to
chemo-proteomics pull-down experiments, and anticipate that mitochondrial proteins will be

identified.
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4 Advanced cell biology:
Omics approaches

This chapter details studies of genomics, transcriptomics and proteomics approaches that were
applied to DDB-1 and Asci in order to elucidate MoA. Experiments with genome-wide
trypanosomatid libraries (Section 4.2.2 and Section 4.2.3) and the L. donovani resistance library
(Section 4.2.4) were carried out by myself under the supervision of Dr Sandra Carvalho, while hosted
for a short research placement in the Wyllie (Mode of Action) group, University of Dundee.
Resulting DNA from these experiments was sequenced by Beijing Genomics Institute (BGI), Hong
Kong, and bioinformatics analysis carried out by Dr Sandra Carvalho and Dr Michele Tinti at the
University of Dundee. Subsequent evaluation of the results is my own work. Biological activity data
against mammalian HepG2 cells (Table 10), and metal chelation data against L. donovani (Section
4.3.3.2) was provided Dr Sandra Carvalho. The on-beads protein pull-down experiment described in
Section 4.4.1 was carried out by PhD student Ludwig Bauer in the Huber group, Target Discovery

Institute, University of Oxford. All other experimental and analysis work in this chapter is my own.

4.1 Introduction

Omics approaches have a strong track record of success in MoA deconvolution, therefore we
anticipated these to be successful for DDB-1 and Asci MoA investigations. Genomics experiments
make use of the readily available published genomes of L. mexicana and L. donovani, #% such that
comparisons can be made between the genomes of in vitro-generated resistant cell lines and the
susceptible wildtype cell line, to identify genetic mutations that are beneficial to survival. Similarly,
changes to the transcriptome in response to compound can identify key genes implicated in
compound activity. These two approaches should inform on genes involved in both MoA and
mechanisms of resistance. Chemo-proteomics experiments will make use of the PAL compound
DDB-PAL, which provides an opportunity to search for directly interacting proteins. By combining

evidence from each unbiased approach, we aim to build a comprehensive picture of MoA.
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4.2 Genomics approaches to MoA discovery

Traditionally, MoA genomics experiments involve generating resistance to a compound and then
whole genome sequencing (WGS) of the resulting cell line. We intend to use this alongside Mut-Seq
(introduced in Section 1.6.2.1) which will accelerate the resistance cell line generation. Results from
this experiment should identify genetic mutations that result in a fitness gain, which informs on
mechanisms of resistance — often informative to MoA. In addition, a collaboration with the Wyllie
(Mode of Action) group at the University of Dundee enabled me to access specialist overexpression,
knockdown, and resistance trypanosomatid libraries. These libraries are specifically designed for
MoA studies so should fast-track identification of genes implicated in the activity of the compounds.

Hits from the libraries presented here were not independently validated due to time constraints.

4.2.1 Generation of resistant lines and WGS

The aim is to apply compound selection pressure to L. mexicana cultures to generate DDB-1
resistance, so that genes involved in compound resistance can be identified. Cultures are considered
resistant to a compound if they can sustain growth at prolonged exposure to > 10x ECs,.2%! Mut-Seq
was run in parallel with traditional resistance generation from a wildtype cell line in order to
accelerate resistance generation. Two mutagens: ethyl methanesulfonate (EMS) and N-ethyl-N-
nitrosourea (ENU) were chosen for the Mut-Seq experiment as these have high reported levels of
mutagenicity and performed well in L. infantum experiments.?®® A L. mexicana promastigote clonal
cell line was grown under standard conditions (described in Section 6.1.1) with additional 40 mM
EMS or 4 mM ENU for 6 h. Following the mutagenesis period, cells were washed twice in fresh
media and then grown for a further 24 h under standard conditions which constitutes a recovery
period. This recovery period ensures cell cultures have reached stable growth following mutagenesis,
before a further pressure of compound selection is applied. | observed that ENU was a harsher
mutagen; cultures were consistently at a lower cell density after the 24 hrecovery than EMS
mutagenised cultures. | used three different methods of DDB-1 selection on each mutagenised

culture alongside the un-mutagenised wildtype cells.
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First, selection from a low, sub-lethal concentration of compound which is then increased step-wise
until resistance is achieved. This is a routinely applied method and has been the most successful in
trypanosomatids.*®” Cultures were grown under standard conditions for a minimum of two passages
in 3 uM (0.6x ECsp) DDB-1, before this was increased approximately 2-fold once cells displayed
exponential growth. At 20 uM (4x ECsp), cell growth slowed and then stopped after the first few
passages, therefore the concentration was decreased back to 10 uM (2x ECsp), and a slower
concentration increment attempted (Figure 39A). However, no cells survived in prolonged exposure

to 20 uM DDB-1 (4x ECso).

Second, a harsher “shock” selection at high DDB-1 concentration was attempted. This has proven
successful in T. brucei *® and L. donovani,** and is relatively quick so was deemed worth trying.
Cultures were maintained with DDB-1 at 20, 50, or 100 UM (i.e., 4%, 10x, or 20x ECso); in all cases
there was no cell growth. Cultures were incubated for up to one month to await cell emergence but
no cells survived the treatment. Alternatively, cells were replenished with fresh media every two to
three days maintaining a high DDB-1 concentration, with or without 10% extra foetal calf serum to

encourage growth, however no cells remained alive beyond three media replacements.

Third, inspired by Bhattacharya et al., cells were grown in 96-well plates at 30 UM DDB-1 (6x ECsy),

mimicking their successful 5x or 10x ECso growth on agar plates.?® After two to three weeks, wells

A B
) P =0.363
o 14 [ 0.053
%
= £
3 o
- (=
o S
o S
a 8
e
0.359
3 —
S)
o
0 T T T S 0 -
0 20 40 60 80 3uM 10 uM 30 uM
Days DDB-1
——EMS —A— ENU —0— No mutagen mWT mRes-1

Figure 39. It is not possible to achieve L. mexicana promastigote resistance to DDB-1. A. Culture over time
under the continuous pressure of DDB-1 starting with pre-mutagenised cultures (EMS, ENU) or
un-mutagenised wildtype cells (No mutagen). B. 24 h growth factor for DDB-1 is unchanged in the
“desensitised” cell line Res1. Mean + SD, n = 3. Statistical significance was derived from a two-tailed t-test.
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that emerged last were transferred to flask culture, with the rationale that these are most likely to be
resistant (in our experience cells resistant via transfection often emerge last). The 12 “desensitised”
cell lines — six each from EMS and ENU — emerged in individual wells so could plausibly be clonal.
Clonal cell lines are more desirable, as the downstream genomic data will be easier to interpret.
Activity for one of the ENU “desensitised” cell lines (Res-1) was compared with the wildtype,
showing only a non-significant desensitisation to DDB-1 at 10 uM and no change at 30 pM

(6x ECso) (Figure 39B).

WGS of the 12 “desensitised” mutant cell lines and the parental clone was carried out by BGI
genomics. From the resulting data, we identified mutations in the protein coding sequence which
correspond to synonymous SNPs, non-synonymous SNPs and new stop codons. Genes were
prioritised if they were mutated in at least 3 of the 12 mutants, with either no synonymous SNPs or
a ratio of > 2 non-synonymous:synonymous SNPs. This ratio is commonly used in evolutionary
biology, based on the principle that the accumulation of non-synonymous SNPs indicates a beneficial
change, while the accumulation of synonymous SNPs indicates a benefit for the protein sequence to
remain unchanged. The resulting genes were filtered using TriTrypDB for: 1. Orthologs in both
L. infantum and L. donovani since the compound family is active in these species, and 2. >5
transcripts per million in the sequencing data to only consider proteins expressed at an appreciable
level. We identified 27 protein coding genes from this screen, including two with orthologs linked
to parasite-drug interactions in the literature: LmxM.08.1040 peptidase has a T. brucei ortholog that
is linked to suramin susceptibility,?®* and LmxM.20.1185 cysteine peptidase orthologs are
downregulated in antimony resistant L. amazonesis.?®® The pattern and identity of SNPs was almost
entirely identical across the 12 different clones even though they arose from two different mutagens.
This information coupled with the lack of a significant activity shift in the Res-1 cell line implies a
weak compound selection, and therefore the WGS results are detecting non-lethal SNPs caused by
the mutagens, instead of those conferring a fitness advantage to DDB-1. Due to the lack of truly

resistant clones and the SNPs being non-specific, these genes were not analysed further.
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I was unable to generate resistance to DDB-1 despite employing both traditional resistance
generation and Mut-Seq with three different compound selection protocols. This could indicate
multiple targets i.e., polypharmacology, therefore it is hard to select resistance for all in combination.
Failed resistance generation is often observed in a metal chelation MoA,°" 2% presumably due to the
essential and varied function of metal cations in cells. Alternatively, this result implies an essential

target that cannot tolerate mutations or be mutated in a way to circumvent DDB-1 activity.

4.2.2 Genome-wide overexpression libraries

In collaboration with the Wyllie lab at the University of Dundee, | carried out screening of DDB-1
and Asci against their trypanosomatid overexpression libraries. This will identify any genes that,
when overexpressed, lead to a fitness gain: these are likely to encode proteins carrying out drug
efflux and degradation, or protein targets that the drug inhibits. This first required an in-house ECso
determination for these compounds against L. donovani promastigotes, amastigotes, T. brucei
bloodstream forms and toxicity against mammalian HepG2 cells using their standard resazurin-based
assay.?’® DDB-1 is active against both parasites as expected (Table 10) although against T. brucei it
is 6-fold more toxic than | had previously determined (Section 2.4). Asci was highly potent against

both parasites with activity in the low nanomolar range.

Table 10. ECs values for DDB-1 and Asci against L. donovani, T. brucei and HepG2 cells.

ECso (nM) +SD

Compound
L. donovani (Pro) L. donovani (Ama) T. brucei (BSF) HepG2
DDB-1 7352 + 833 40244 + 2096 340+ 24 22223 + 4572
Asci 201 11+0 1.6+0.1 643

SD = standard deviation, Pro = promastigotes, Ama = axenic amastigotes, BSF = Bloodstream forms. ECsg
represents weighted means from n > 2 replicates.

With the L. donovani overexpression library, DDB-1 selection commenced at 55 UM (ECogs2) but
showed no increase in cell number until day 18 at which point concentration was halved to encourage
growth (Figure 40). Asci selection at 65 nM (ECgs) grew comparably to the control and concentration
was therefore increased every two to three days until 120 nM (ECaq.2) by day 9 which was maintained

for two days; in a parallel attempt starting at 110 nM Asci all cells died.
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Figure 40. Cumulative growth of the L. donovani cosmid overexpression library selected with DDB-1 and

Asci. Asterisks represent points of DNA harvesting.

Cosmids in the “resistant” parasites were harvested at day 20 (DDB-1) or day 11 (Asci) and
submitted for next generation sequencing (NGS) alongside the untreated control harvested at day 10.
Sequencing results were analysed by collaborators Dr Michele Tinti and Dr Sandra Carvalho at the
University of Dundee. Briefly, sequences were mapped to the L. donovani BPK282A1 genome,
DNA fragments ranked according to RPKM (Reads per kilobase per million mapped reads), and
individual fragments inspected for flanking barcodes. DNA fragments are often composed of
multiple genes, therefore the flanking barcodes are used to identify which genes were detected. The
ideal outcome from this library screening is to have a specific genomic location being highly
enriched corresponding to > 50% of the total reads, which was not the case for either compound. For
both drug selections, reads mapped to a range of genes within the genome (Figure 41A-B). For
DDB-1, the highest confidence DNA fragment contributed to only 5.7% of total reads, which can be
attributed to five genes within the fragment (Table 11). For Asci, the highest confidence fragments

accounted for 12.3, 1.0 and 0.7% of total reads, the responsible genes of which are in Table 12.
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Figure 41. No specific genomic location has the majority of reads for DDB-1 or Asci selection. RPKM for
each gene and the corresponding chromosome location in L. donovani selected by DDB-1 (A) or Asci (B).
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Table 11. Identities of the genes responsible for the highest RPKM DNA fragments in L. donovani
overexpression library selected by DDB-1. These represent the most promising hits.

Gene ID Gene name RPKM Total reads
230670 galactose oxidase, central domain containing protein, putative 3223 54609
230680 tRNA binding domain containing protein, putative 4452 3565
230690 metallo-beta-lactamase family protein-like protein 4100 7916
230700 PAP2 superfamily, putative 4363 5240
230710 ubiquitin-activating enzyme E1, putative 2773 14686

LdBPK gene IDs from the top DNA fragment. Only genes where correct flanking barcodes were found are
shown. RPKM = Reads per kilobase per million mapped reads

Table 12. Identities of the genes responsible for the highest RPKM DNA fragments in L. donovani
overexpression library selected by Asci. These represent the most promising hits.

Gene ID Gene hame RPKM Total reads Fragment%
260790 asparagine synthetase a, putative 9492 18402 12.3
191550 hypothetical protein, conserved 779 3352 1.0
191560 peptidylprolyl isomerase-like protein 873 2070

221550 hypothetical protein, conserved 1834 713

191570 choline/carnitine o-acyltransferase-like protein 705 3344

302860 succinate dehydrogenase subunit 3 1296 745 0.7
302870 hypothetical protein, conserved 1311 833

LdBPK gene IDs from the top 3 DNA fragments. Only genes where correct flanking barcodes were found are
shown. RPKM = Reads per kilobase per million mapped reads. Fragment% is the percentage of total reads for
each DNA fragment.

Selection with DDB-1 of the T. brucei overexpression library was poor: compound was maintained
at 15 uM (ECgs1) for 8 days and then re-drugged at the same concentration, however cell growth
never reached comparable levels to the control suggesting no selection had taken place (Figure 42A).
Asci selection started at two different concentrations: Asci-1 at 2.3 nM (ECg76) and Asci-2 at 2.5 nM
(ECq9). Both grew at comparable rates to the control necessitating a sequential concentration increase
to 7.5 nM and 8 nM respectively (>ECqg). Growth was maintained at these concentrations until day
9 (Asci-1) or 10 (Asci-2) at which point DNA was harvested (Figure 42A). The cultures were
re-drugged at the same concentration to confirm resistance, but this caused cell death therefore

resistance is unlikely.
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Analysis was carried out by collaborators in Dundee in a similar manner to the L. donovani
overexpression library described above. As expected from the growth curves, both Asci
concentrations returned no meaningful reads indicating that compound selection had failed. DDB-1
selection showed 19.1% of reads mapped to a 9.6 Kb fragment of DNA on chromosome 3 (Figure
42B). Three genes in this fragment are responsible for the hit, and seven other fragments had high
RPKM with the genes responsible shown in Table 13. The T. brucei overexpression library makes
use of tetracycline to induce RNA polymerase | to drive the expression of transfected vectors
containing fragments of the genomic DNA (gDNA). Depending on the orientation of the gDNA
fragment in the construct, i.e., sense or anti-sense, the RNA pol | will produce sense-RNA or
anti-sense-RNA, which leads to either overexpression, as intended in the overexpression library, or
RNA knockdown. The top hits selected by DDB-1 were a combination of knockdown and
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Figure 42. The T. brucei overexpression library was poorly selected by DDB-1 and Asci. A. Cumulative
growth of the T. brucei overexpression library selected with DDB-1 and Asci at two different concentrations.
Asterisks represent points of DNA harvesting. B. RPKM for each gene and the corresponding chromosome
location in T. brucei selected by DDB-1. No specific genomic location has majority of reads.
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Table 13. Identities of the genes responsible for the highest RPKIM DNA fragments in T. brucei
overexpression library selected by DDB-1. These represent the most promising hits.

Gene ID Gene name RPKM Total reads Frag.%
3.3600 hypothetical protein 37984 111873 19.1
3.3610 peroxisomal targeting signal 2 receptor, putative 40748 90080
3.3620 hypothetical protein, conserved 37255 95049
= 11.8460 amastin-like protein 25701 75963 6.9
_§ 11.8470 zinc finger protein family member, putative 2781 29954
§ 6.4040 mitochondrial ribosomal protein L28 6934 9114 1.8
= 6.4050 zinc finger ccch domain-containing protein 14 6773 16080
6.4060 eukaryotic protein of unknown function (DUF872), put. 3171 5516
11.15050 cation efflux family, putative 1361 4335 2.1
11.15060 hypothetical protein, conserved 945 2103
e 2.3390 hypothetical protein, conserved 10546 65802 4.9
'g 2.3400 hypothetical protein, conserved 10251 18500
E— 9.4310 tricarboxylate carrier, putative 8919 60717 4.7
g 11.9370 hypothetical protein, conserved 8076 27522 2.8
© 11.15020 iron superoxide dismutase 5761 11615 2.1

Th927 gene IDs from the top 8 DNA fragments. Only genes where correct flanking barcodes were found are
shown. RPKM = Reads per kilobase per million mapped reads. Put. = putative. Frag.% is the percentage of
total reads for each DNA fragment. These are a mixture of knockdown (magenta) and overexpression (cyan).

There were no genes in common between the overexpression in T. brucei and the overexpression
L. donovani library for DDB-1 selection. This indicates that the selection may have been poor in
both libraries, as was seen with the growth curves, and none of these proteins is likely to constitute
a “real” result as there is no agreement between the libraries. As the T. brucei selection failed for

Asci, no comparison can be made with the L. donovani library.

4.2.3 Genome-wide knockdown library

In collaboration with the Wyllie group at the University of Dundee, | carried out screening against
an RNAI T. brucei knockdown library. Selection with DDB-1 at 15 uM (ECgs.1) caused cell growth
to crash such that no parasites were detectable until day 12 (Figure 43A). Following cell emergence,
the culture was split and maintained at the same concentration (DDB-1-1) or at a lower concentration
corresponding to 5x ECso (DDB-1-2). Asci selection at two different starting concentrations of

2.3nM (ECqg7¢) for Asci-1 or 25nM (ECg) for Asci-2 had no immediate growth defect so
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concentration was increased daily to 8.5 nM and 8 nM (>ECgg) on day 4 and day 3 respectively. This
caused a slower growth rate than the control while selection takes place, followed by an increase in

growth rate; a characteristic pattern indicating good selection (Figure 43A).

As previously, reads from the NGS were analysed by collaborators for each compound following
mapping to the T. brucei TREU927 reference genome. DDB-1 genes with the most promising reads
were identical for both DDB-1-1 and DDB-1-2 with the exception of two additional genes detected
at the lower concentration. However, all detected genes had very low total number of reads and
therefore were not considered further, this is likely due to the poor selection. Additionally, none of
the detected genes were in common with the knockdown results from the T. brucei overexpression
library. Asci strongly selected for two members of the nitroreductase family located on chromosome

7 at 11.5% and 9.4% of total barcoded reads for Asci-1 (Figure 43B), and 7.7% and 6.7% for Asci-2.
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Figure 43. The T. brucei RNAI library was poorly selected by DDB-1, and well selected with Asci. A.
Cumulative growth of the T. brucei knockdown library selected with DDB-1 which was split to two compound
concentrations at day 12, or Asci at two different starting concentrations. Asterisks represent points of DNA
harvesting. B. RPKM for each gene and the corresponding chromosome location in T. brucei selected by
Asci-1. A specific locus on chromosome 7 corresponds to majority of the reads. The plot for Asci-2 selection
is almost identical, not shown here.
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An additional RNA helicase with RPKM above the threshold was identified in only Asci-2 (Table
14). The total read number here was also low but due to the strong selection for the nitroreductase

genes and good selection growth curve, it is likely that this represents a real hit.

Table 14. Identities of the genes responsible for the highest RPKIM DNA fragment in the T. brucei RNAI
library selected by Asci. These represent the most promising hits.

Gene ID Gene name RPKM Total Reads
7.3020 nitroreductase family, putative 60253 8644
7.2980 nitroreductase family, putative 51824 7452
7.2970 ATP-dependent DEAD/H RNA helicase, putative 9726 4046

Th927 gene IDs from the top DNA fragment. Only genes where correct flanking barcodes were found are
shown. RPKM = Reads per kilobase per million mapped reads.

4.2.4 L. donovani resistance library

A resistance library has been recently developed in L. donovani which consists of cell lines with
resistance to compounds with defined modes of action and molecular targets.**® Screening against
this library (RES-Seq) will identify cross-resistance or shared MoA to ensure that diversity is
maintained across compounds in development. The library consists of 31 different barcoded cell
lines, with resistance derived either experimentally or genetically engineered (consequently there is

some redundancy), and an additional barcoded wildtype cell line.

Compound selection with DDB-1 and Asci was with 3x or 10x ECs as is the standard protocol for
this library. DDB-1 growth was much slower than the control at both concentrations (Figure 44A).
Selection with Asci at 10x ECs caused cell death which never recovered. At the lower concentration
of 3x ECso, following an initial slowed growth at days 1-2, Asci selected culture grew similarly to
the control. We extracted DNA from the three cultures with surviving cells and this was sequenced
by BGI genomics. Analysis by Dr. Sandra Carvalho involved quantifying relative fitness of each cell
line in the selected cultures versus the unselected control. If there was a cross-resistance MoA we
would expect to see a cell line with a relative fitness of > 50% and also enriched over the wildtype
(WT). For both compounds there was no significant fitness increase of any particular cell line relative

to the wildtype or the control, therefore no cross-resistance (Figure 44B-D).
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Figure 44. There is no cross-resistance of either DDB-1 or Asci with known MoA in the RES-Seq library. A.
Cumulative growth of the L. donovani RES-Seq library selected with DDB-1 or Asci. Asterisks represent
points of DNA harvesting. B-D. Fitness of selected cell lines relative to the uninhibited control cell line. There
was no enrichment of any resistance cell lines with either compound in comparison to the uninhibited control
or the wildtype barcoded cell line (black).
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4.3 Transcriptomics approaches to MoA discovery

4.3.1 Transcriptome changes due to compound treatment

High-throughput profiling of the transcriptome (RNA-Seq) can be used to detect changes in mRNA
expression levels due to compound treatment, which represent attempts by the parasite to overcome
effects of the compound. We aimed to use RNA-Seq to probe the transcriptome of DDB-1 treated
cells; this may yield successful results where genomics approaches failed as it doesn’t require
resistant cultures to emerge. L. mexicana promastigotes were grown under standard conditions
(described in Section 6.1.1) in the presence of 30 uM DDB-1, 30 uM DDB-PAL or a 0.1% DMSO
negative control for 24 h, after which mRNA was extracted. Quantification of the mRNA transcripts
after only 24 h will allow identification of changes following growth by a factor of approximately
two, while maintaining a high enough number of cells. Two different active compounds were used
in this experiment to identify any overlapping hits. Extracted mRNA was sent to BGI genomics for

sequencing.

Each transcript corresponds to a gene; we filtered the genes to have > 2-fold change in expression
compared to the control (ensures biological relevance), a P-value for three replicates > 0.05 (ensures
statistical significance), and transcripts per million (TPM) > 10 (ensures genes are expressed at an
appreciable level). In DDB-1, there were 44 genes above these thresholds: 17 upregulated and 27

downregulated (Figure 45A). In DDB-PAL, there were only three genes above the fold change and

DDB-1 DDB-PAL
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Figure 45. A number of genes were upregulated and downregulated above thresholds due to DDB-1 and
DDB-PAL. Volcano plot of genes with > 10 TPM. P-value derived from a two-tailed t-test from n = 3
replicates. Genes with P-value > 0.05 and fold change of drug/DMSO > 2 (A, DDB-1) or > 1.5 (B, DDB-PAL)
are highlighted in magenta (downregulated) and cyan (upregulated).
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P-value threshold, none of which met the TPM requirement, therefore the fold change cut-off was

lowered to > 1.5 which resulted in 48 genes of interest: 40 upregulated and 6 downregulated (Figure

45B). There were no highly (> 5-fold) upregulated or downregulated genes for either compound i.e.,

no obvious genes to investigate further. To narrow down potential hits, the 12 genes changed by both

compounds (Table 15) as well as the top five upregulated or downregulated for each compound

(excluding the overlapping genes) (Table 16) were considered further: a total of 20 genes of interest.

Table 15. Identities of genes above threshold upregulated (cyan) or downregulated (magenta) by both
DDB-1 and DDB-PAL.

DDB-1 DDB-PAL
gor

Gene ID Gene hame DDB-1 FC DDB-PALFC mRNA (TPM)
04.0130 hypothetical protein 3.19 1.89 80.57
19.1420 cysteine peptidase A (CPA) 2.28 1.63 191.24
33.0140 malate dehydrogenase 2.19 1.66 561.46
27.0090 cytochrome p450-like protein 2.13 1.97 125.86
18.0440  phosphatidic acid phosphatase, putative 2.10 1.56 73.37
17.0890 META domain containing protein, putative 2.06 1.71 419.74
30.0453 hypothetical protein 2.04 1.92 147.97
03.0600 arginine N-methyltransferase, putative 0.38 0.61 72.95
34.4380 hypothetical protein, conserved 0.41 0.65 152.61
27.1710  eukaryotic translation release factor, put. 0.45 0.64 74.54
24.1210 eukaryotic translation initiation factor 1, put. 0.47 0.63 140.48
30.1800 amino acid permease 0.50 0.59 132.66

LmxM gene IDs, FC = fold change (drug/DMSO), put. = putative, mMRNA in TPM is the average of 3 replicates.

Table 16. Identities of the top five upregulated (cyan) and downregulated (magenta) genes by DDB-1 or
DDB-PAL, not including those already listed in Table 15 above.

Gene ID Gene hame DDB-1 FC DDB-PALFC mRNA (TPM)
29.2090 alcohol dehydrogenase, putative 2.98 1.81 12.43
33.0070 ascorbate peroxidase, putative 2.75 1.48 143.23
18.0640 serine/threonine kinase-like protein, putative ~ 2.22 1.35 70.82
30.0450c hypothetical protein 1.95 1.90 460.98
23.1062 hydrophilic surface protein 2 1.88 1.84 149.89
30.3070 ferrous iron transport protein 0.41 0.80 153.26
30.3060 ferrous iron transport protein 0.42 0.79 100.88
15.1470 ribosomal protein S6, putative 0.43 0.67 489.43

LmxM gene IDs, FC = fold change (drug/DMSO), mRNA in TPM is the average of 3 replicates.
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Each of the 20 genes was individually assessed for the likelihood of it being a true hit. Priority was
given to genes with orthologs in the other trypanosomes that DDB-1 is active against (T. cruzi,
T. brucei, L. infantum and L. donovani). The protein coding sequence was manually checked for
abnormal amino acid composition, and protein identity (or ortholog identity for hypothetical proteins
if known) was used to prioritise any mitochondrial related proteins (based on discussions from

Section 2.9.2 and Section 3.5.1).

In parallel, an analysis of the whole transcriptome was conducted using the LeishCyc database,
which provides a comprehensive overview of all Leishmania biochemical processes based on data
from L. major.*** Proteins were mapped to their orthologs in the cellular metabolic overview to
identify effects on specific pathways, shown for DDB-1 (Figure 46). The results from DDB-PAL

created a near identical overview, shown in the appendix (Section 7.2.1, Figure 66).
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Figure 46. None of the top upregulated or downregulated proteins by DDB-1 are involved in any one specific
metabolic pathway. Overlay of the transcriptome changes in DDB-1 treated L. mexicana promastigotes onto
LeishCyc cellular overview. Upregulated proteins are shown in red, downregulated proteins are shown in
purple, the highest of which are labelled.
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The highest upregulated and downregulated metabolic proteins are discussed here in more detail —
this will by definition include any metabolic proteins from Table 16 and could include some from
Table 15. Upregulated LmxM.33.0140 mitochondrial malate dehydrogenase (mMDH) is the most
promising hit: it was detected with a TPM of > 500, and has a mitochondrial localisation for its
mNeonGreen tagged ortholog Thb927.10.2560 (TrypTag.org).*® There are two other malate
dehydrogenases in L. mexicana: cytosolic and glycosomal; neither are expressed to a high level in
promastigotes,*? and there was no change in expression level of these upon either treatment. There
is a slight downregulation of enzymes before mMDH in the tricarboxylic acid (TCA) cycle (Figure

46) which is itself upregulated, this could indicate that the compound is affecting the TCA cycle.

LmxM.33.0070 ascorbate peroxidase (APX) is among the top five genes upregulated by DDB-1
treatment, and there is only a single copy of APX in Leishmania, which makes it a more appealing
hit, although it has no ortholog in T. brucei. LmxM.18.0440 phosphatidic acid phosphatase is part of
the fatty acid and lipid biosynthesis pathway, and is upregulated above the threshold in both
compound treatments. Its paralogs LmxM.19.1350 and LmxM.19.1351 (predicted to act on the same
pathway) show no change in TPM upon compound treatment, indicating DDB-1 is unlikely to be
targeting this pathway. LmxM.29.2090 is a putative alcohol dehydrogenase upregulated by both
compounds although detected with very low reads (< 10 TPM for DDB-PAL). The related NADP-
dependent alcohol dehydrogenase LmxM.23.0360, predicted to play the same cellular role, did not

have altered expression levels which again indicates this pathway is not being targeted.

The highest downregulated metabolic proteins were metal transporters LmxM.30.3070 and
LmxM.30.3060 in DDB-1 treatment (also downregulated by DDB-PAL although not more than
1.5-fold). Downregulated putative fatty acid desaturase LmxM.14.1340 was close to the fold change
cut-off for DDB-1 and below the cut-off for DDB-PAL. It is involved in the biosynthesis of fatty
acids in Leishmania but is unlikely to be of further interest due to only moderate fold change.**
LmxM.30.2250 putative 3,2-trans-enoyl-CoA isomerase mitochondrial precursor was
downregulated barely beyond 2-fold by DDB-1 and not beyond 1.5-fold by DDB-PAL. It is not

detected in promastigotes,** and the other two genes in this pathway were unchanged, all of which
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points to it not being a key result. Finally, LmxM.23.0050 codes for a putative peptidyl-prolyl
cis-trans isomerase, a part of a wider group of 18 other enzymes/isoenzymes that carry out the same

role, none of which had changed expression by compound and are therefore uninteresting.

There were no pathways in common among the highest upregulated and downregulated metabolic
proteins for either compound. Based on the analyses from LeishCyc and inspections of the 20 genes
listed in Table 15 and Table 16, nine proteins were classified as the best hits. For a complete rationale

of the decision for each protein see appendix Section 7.2.2, Table 20.

4.3.2 Validation of selected genes

In order to further investigate the transcriptomics hits, | aimed to generate deletion cell lines for each
gene and compare the DDB-1 ECs. Gene downregulation upon treatment with DDB-1 implies that
this is advantageous to cell survival in the presence of compound. | therefore hypothesised that the
deletion of these downregulated genes would also be advantageous to survival, and expected that in
deletion cell lines the DDB-1 ECso should increase. Conversely, genes that were upregulated due to
the DDB-1 compound are likely to provide a protective benefit against DDB-1, and therefore their
deletion could lead to greater compound sensitivity, i.e, decreased ECso. Deletions of the detected
upregulated genes are more likely to be lethal to Leishmania as there is no indication that the cells
can survive without their expression, while the downregulated genes have shown a tolerance to low
expression levels — although this is still different to complete deletion. Attempted deletion cell lines
were generated for the nine best hits. Each of these was also tagged with mNeonGreen (mNG) to
confirm localisation (Table 17, Figure 47A). Successful deletion (A) cell lines were generated for
four of the eight cell lines (LmxM.30.3060 and LmxM.30.3070 LIT1 transporters were deleted in
tandem). Attempted deletion of Cyp450, eRF and elF1 resulted in no cells emerging despite multiple
attempts, indicating that the deletions are probably lethal. This is expected for eRF and elF1 as both
have key roles in translation. Attempted deletion of NMT could not be validated. However, none of

the successful deletions resulted in a statistically significant change to DDB-1 ECs, (Figure 47B).
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Table 17. Identity of the nine best hits from transcriptomics experiments and their localisation from
mNeonGreen tagging. Upregulated genes are shown in cyan and downregulated genes are shown in magenta.

Gene ID Shorthand Gene name Localisation
04.0130  Hyp0130 hypothetical protein endoplasmic reticulum
33.0140 mMDH mitochondrial malate dehydrogenase mitochondrion
27.0090 Cyp450 cytochrome p450-like protein cytoplasm — patchy
33.0070 APX ascorbate peroxidase mitochondrion
03.0600 NMT arginine N-methyltransferase, put. cytoplasm
27.1710 eRF eukaryotic translation release factor, put. endoplasmic reticulum
24.1210 elF1 eukaryotic translation initiation factor 1, put. endoplasmic reticulum
30.3060 LIT1 ferrous iron transport protein cytoplasm, flagellum, fp
30.3070 LIT1 ferrous iron transport protein cytoplasm, flagellum, fp

LmxM gene IDs, put. = putative, fp = flagellar pocket. Gene name is taken from TritrypDB, % localisation is
defined from mNeonGreen imaging in comparison to mNeonGreen tagged proteins with known localisation.*4
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Figure 47. None of the deletion cell lines led to a DDB-1 ECsy change. A. Representative fluorescence
microscopy images from > 3 fields of view, n > 50 cells. Images from one non-clonal cell line (apart from
MNG::LIT1) with >95% of the population having signal as shown. LIT1 mNG::LmxM.30.3070 and
MNG::LmxM.30.3060 had the same localisation, shown here is mNG::LmxM.30.3070. B. Representative
dose-response curves for DDB-1 treatment in deletion (A) cell lines, the mean is plotted with error bars
representing standard deviation for 6 technical replicates. The table shows ECso values of n = 3 biological
replicates. Statistical significance derived from a two-tailed t-test had P-value > 0.05 for all deletions (A) verses
wildtype (WT).
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4.3.3 Metal ion chelation assays

Based on the transcriptomics data, there could be an association between DDB-1 activity and metal
ions: Fe?* transporter LIT1 was downregulated, upregulated Hyp0130 and Cyp450 have predicted
“metal ion binding”, and upregulated APX requires heme and iron.** ¢ Additionally, the fact that
resistant cell lines could not be generated for DDB-1 is in line with a metal chelation MoA. 207 208
Compounds with a chemical structure amenable to metal ion chelation can act via this MoA, as is
the case for the anti-trypanosomal 8-hydroxy-naphthyridines (introduced in Section 1.5.6, Figure
6).2% Asci has a plausible metal binding site, and UV-Vis titration experiments by DPhil student
Yasmine Biddick have shown that it indeed binds Zn?* in a 1:2 ratio, and Fe?* in a more complex
manner (Figure 48). We hypothesised that if either compound exhibits its toxicity via sequestering
metal ions, then addition of exogenous metal ions to the cell growth medium would create a surplus
and thereby decrease toxicity. In order to test this, the ECso of Asci and DDB-1 was measured in the

presence of different metal cations.

Figure 48. Proposed 1:2 binding of Zn?* to Asci.

4.3.3.1 Maximal metal ion concentration tolerated in Leishmania

To quantify the effect of exogenous metal ions on the ECsy of active compounds, the maximal
tolerated concentration of various metal ions by L. mexicana first needed to be established. Inspired
by the work of Wall et al. on divalent metal chelators, ECso curves were plotted for the metal M?*
chlorides: Zn?, Fe?*, Ca?*, Mg?", Mn?* and Cu?* in promastigotes. Fe?*, Zn?" and Cu?" had clear
growth—concentration relationships, allowing a maximal dose to be calculated from the ECso curves

(Figure 49). The effect of Mn?* was less clear cut, although it was still detrimental at higher
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concentrations. Interestingly, Mg?* and Ca?" were actually beneficial to promastigote growth.
Maximal tolerated concentration was established as 800 uM for Zn?*, 1.5 uM for Fe?* and 30 uM

for Cu?*; toleration for the other metal ions could not be established from this experiment.
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Figure 49. Maximal tolerated exogenous M?* in L. mexicana promastigotes. Representative dose-response
curves for M?* treatment, n = 3 biological replicates, each with 6 technical replicates. The mean is plotted with
error bars representing standard deviation. Dotted lines represent the maximal tolerated concentration for Zn?*,
Fe?* and Cu?*.

4.3.3.2 Exogenous M?* effect on DDB-1 and Asci

In L. mexicana promastigotes, there was no significant effect on the ECs, of DDB-1 by the addition
of exogenous Zn?*, and with Fe?* only a small 1.3-fold shift (Figure 50A). Cu?* was able to modulate
DDB-1 toxicity significantly with cells maintaining 50% growth even at the highest concentration
of DDB-1 tested. Exogenous Zn?* decreases Asci toxicity, causing a 4.8-fold ECs shift from 68.6 +
16.8 nM to 330.8 + 60.9 nM (Figure 50B), while exogenous Fe?* does not affect Asci toxicity despite
its potential ability to chelate Fe?'. In collaboration with the MoA group in Dundee, the same
experiments were carried out on L. donovani promastigotes with exogenous Fe?* and Zn?*, again
there was no effect on DDB-1, and a moderate 1.8-fold shift for Asci in Zn?*. This result could be
explained as a chelation of free Asci with exogenous M?* leading to either an inactive complex, or a
complex that cannot be taken up into the cells: chelation with 800 UM Zn?" is sufficient to give a

pronounced effect, but is undetectable with 1.5 uM Fe?".
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Figure 50. ECso of DDB-1 is shifted in the presence of exogenous Cu?*, and ECso of Asci is shifted in the
presence of exogenous Zn?*. Representative dose-response curves for DDB-1 (A) or Asci (B) in the presence
of exogenous M?*, n = 3 biological replicates, each with 6 technical replicates. The mean is plotted with error
bars representing standard deviation. Statistical significance derived from a two-tailed t-test had P-value < 0.05
for Fe?* and Cu?* (A), and Zn?* (B), when each was compared with no additive.

Alternatively, Asci ECso shift in exogenous Zn?* along with its proven chelation in spectrometry
experiments fits the hypothesis of a MoA involving depletion of Zn?*. To determine whether Asci is
directly depleting intracellular Zn?*, the fluorescent reporter FluorZin™-3 was employed: it
increases fluorescence > 50-fold upon binding to Zn?*, is highly metal selective, and localises
intracellularly. Contradictory to expectation, Asci did not deplete L. mexicana intracellular Zn?* but
instead increased intracellular Zn?* relative to a 0.1% DMSO control (Figure 51A). The known
chelator TPEN acted as a positive control for Zn?* chelation. As Asci is active in T. brucei, the

experiment was also performed on bloodstream forms for comparison, but in this case there was no

Zn%* in L. mexicana Zn%*in T. brucei
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Figure 51. Intracellular Zn?* is increased by Asci in L. mexicana promastigotes but unchanged in T. brucei
bloodstream forms. FluorZin-3 fluorescence readout is normalised to 0.1% DMSO treatment and the fold
change plotted relative to 0.1% DMSO fold change of 1. Treatments show increased (above) or decreased
(below) Zn?* levels following 5 min compound incubation in L. mexicana promastigotes (A) or T. brucei
bloodstream forms (B). n = 3 replicates, the mean is plotted with error bars representing standard deviation,
statistical significance was derived from a two-tailed t-test versus DMSO; only P < 0.05 are shown.
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significant change by Asci on intracellular Zn?* (Figure 51B). The dissociation constant (Kd) for
these compounds with Zn?* was not taken into account: a fluorescence change requires competition
for Zn2* which may not be detected if Asci is a much weaker Zn?* binder than the fluorescent reporter

— this however does not account for the unexpected fluorescence increase.

Based on the increase in intracellular Zn?* by Asci, we anticipated that deletion of Zn?* importers
should decrease intracellular Zn?* counteracting the effect of Asci, and the converse for deletion of
Zn?* exporters. To test this, deletion (A) cell lines of Zn?* importer LmxM.28.1930 (ZIP3) and M?*
exporter cation efflux protein LmxM.31.1870 (CatEff) were created. CatEff::mNG localised to the
Golgi as expected (Figure 52A): its T. brucei ortholog is predicted to facilitate uptake of Zn?* into
the Golgi from the cytosol.?® ZIP3::mNG localised to the cell surface and a reticulated internal
structure, although only at low Zn?* conditions (growth in M199 medium with additional 1 mM
EDTA for 24 h) consistent with its L. infantum ortholog (Figure 52A).%” There was no significant
change in the ECso of Asci in the ACatEff cell line indicating that increased intracellular Zn?* does
not affect Asci toxicity (Figure 52B). Asci was significantly less cytotoxic to both importer deletion
cell lines tested: ALIT1 M?* (Fe?* preferential) importer introduced previously (Section 4.3.2) and
AZIP3, with ECs shifting 3.2 and 2.6-fold respectively. However, the magnitude of ECso shift in the
deletion cell lines is low, and therefore care should be taken not to overinterpret the results as any

shifts could be due to subtle changes in the cell line fitness and not a direct link to Asci activity.
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Figure 52. Deletion of M?* importer proteins decreases toxicity of Asci. A. Representative fluorescence
microscopy images from > 3 fields of view, n > 50 cells. Images from one non-clonal cell line with > 95% of
the population having signal as shown. B. Representative dose-response curves for Asci deletion cell lines,
n = 3 biological replicates, each with 6 technical replicates. The mean is plotted with error bars representing
standard deviation. Statistical significance was derived from a two-tailed t-test versus wildtype, P = 0.017 for
both ALIT1 and AZIP3, P > 0.05 for ACatEff.
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Despite hints from the transcriptomics analysis, DDB-1 does not have a MoA directly related to Zn?*
or Fe?* concentration in L. mexicana or L. donovani promastigotes, although excess Cu?* was able
to modulate DDB-1 toxicity. Asci causes an increase in intracellular Zn?* and its activity is modestly

diminished by exogenous Zn?* or deletion of Zn?" importers.

4.4 Chemo-proteomics for DDB-1 target identification

We wanted to use chemo-proteomics to identify any binding proteins of DDB-1 by mass
spectrometry. Knowledge of the binding target will provide direct information on the compound
MoA. Pull-down of proteins interacting with a compound can be applied via two main approaches:
1. Immobilisation of the compound to beads and enriching proteins from cell lysate, or 2. In situ
probing of cells with modified compound that includes an attachment handle used to pull out the
compound-target complex. Both of these approaches were employed here to maximise chances of

SUCCess.

4.4.1 Compound immobilisation on beads for protein pull-down

In order to immobilise compound to beads, we required a DDB-1 derivative that allows attachment
via an amide linkage as this is compatible with the beads used by our collaborators. Having
established that the DDB-1 scaffold tolerates modification at the phenol position (Section 2.9, Figure
24), | synthesised amine DDB-NH; in 47% vyield over two steps from the intermediate phenol

(Scheme 4). The amine handle will be used for amide attachment to carboxylic acid containing beads.

Amine handle

Me 1. BocHN"~O~"0r1s 0 OMe
K,COs, DMF, 75 °C MeO o
2. TFA, CH,CHy, rt
)
DDB-NH, ©

Scheme 4. Synthesis of amine analogue DDB-NH: for attachment to beads via an amide linkage.
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Following synthesis, DDB-NH: and L. mexicana promastigote lysate were given to collaborator
Ludwig Bauer (Target Discovery Institute, University of Oxford) who carried out the pull-down
experiment. Briefly, DDB-NH; was amide-linked to beads to create a compound—bead matrix. This
was used for protein pull-down from lysate in competition with DDB-1 as well as in comparison to
null beads to look for protein enrichment, and then any proteins eluted from the beads were detected
by mass spectrometry. The mass spectrometry data showed no highly enriched and competed
proteins pulled-down from the cell lysate i.e., this approach was unsuccessful. This is not a surprising
result given that PAL was necessary for compound visualisation in whole-cell labelling (Section

3.5.2), and we do not expect a strong target engagement from the DDB scaffold itself.

4.4.2 Photoaffinity labelling (PAL) for protein pull-down

The real advantage of using PAL for protein pull-down is the ability to bind proteins in situ which
we hoped would be successful where bead immobilisation failed. A recent review by Wyllie et al.
notes that “The use of photoactivatable linkers (PAL) to facilitate chemical pulldowns ... has yet to
be applied to drug target identification studies in kinetoplastids”.?6! PAL compatible DDB-PAL
showed excellent results for cellular compound localisation (Section 3.5.1) and should therefore be
transferrable to protein pull-down experiments. The diazirine for PAL will enable strong binding
between the compound and its target, after which the compound—target complex can be “fished out”
using CUAAC to biotin azide via the alkyne handle, and streptavidin affinity purification (Figure

53).
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Figure 53. Schematic for photoaffinity labelling and affinity purification to pull-down interacting proteins of
DDB-PAL. L. mexicana promastigotes are treated with DDB-PAL represented as a cartoon chemical structure.
This is UV cross-linked to the interacting protein (green) before cells are lysed. Cell lysate undergoes the
CUuAAC reaction to attach biotin (grey diamond) which is used to pull-down the cross-linked protein using
streptavidin beads (purple).
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4.4.2.1 In-gel visualisation of interacting proteins using TAMRA dye

Before proceeding with costly mass spectrometry experiments, we first validated that DDB-PAL
could label proteins by using CUAAC to a fluorophore—azide. L. mexicana promastigotes treated
with DDB-PAL (at 6x ECso to ensure a high level of labelling) under the standard PAL conditions
were lysed, and the protein pellet submitted to CUAAC with red fluorescent TAMRA azide as the
coupling partner. Controls with no DDB-PAL (0.1% DMSO), no UV and no click CuSO, catalyst
were included to validate the method. In collaboration with Ludwig Bauer, protein precipitates were
run on an SDS-PAGE gel to identify fluorescent bands corresponding to interacting proteins.
Fluorescent bands were present in the samples treated with DDB-PAL under the full PAL and
CUuAAC conditions (Figure 54). Lack of TAMRA fluorescence in lanes C-E proves that DDB-PAL,
UV light and CuSO. catalyst are all necessary, although the catalyst causes slight smearing of the
protein bands (Coomassie, lanes A-D verses E). There was no obvious competition of bands by

DDB-1 (TAMRA lane A verses B).

TAMRA Coomassie

A B C D E A B C D E

kDa kDa

250 250—

150 150 —

100 100— Sample ID
75 75— A: DDB-PAL (30 pM)
B: DDB-PAL (30 uM) + DDB-1 (30 uM)
50 50— e C: 0.1% DMSO
37 37 | D: DDB-PAL, no UV irradiation

E: DDB-PAL, no CuSO, catalyst
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Figure 54. DDB-PAL labelled protein is detectable as bands on a gel. No protein bands were competed by
DDB-1 in the TAMRA fluorescence, protein loading is shown with a Coomassie stain.
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4.4.2.2 Affinity purification of bound proteins for mass spectrometry

DDB-PAL was used for the pull-down experiment to generate proteins for mass spectrometry
identification, alongside a competition experiment with DDB-1. The same conditions were used as
for the in-gel visualisation with the CUAAC coupling partner changed to biotin azide. The sample
was then enriched by streptavidin magnetic beads in solution and any unbound protein (flow through)
removed (described in detail in Section 6.10.4). Proteins eluted from the beads were run on an
SDS-PAGE gel and biotin-containing proteins detected by western blot to ensure there is detectable

protein before mass spectrometry (schematic shown in Figure 55A).

Affinity purification step
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Figure 55. Pull-down with a DDB-PAL-biotin—streptavidin system did not identify any highly enriched
proteins. A. Schematic to show the identity of protein samples on the western blot, detection of biotin (grey
diamond). B. No extra protein bands appear in the western blot for samples cross-linked with 30 uM
DDB-PAL and biotin CUAAC (off beads) compared to the input total lysate or the 0.1% DMSO treated control.
Western blot detection with avidin HRP antibody. C. Volcano plot shows enriched proteins from DDB-PAL
pull-down versus 0.1% DMSO. Proteins above the threshold P-value > 0.05 and fold change > 2.5 are
highlighted in cyan, additional proteins with > 4-fold change are highlighted in magenta, n = 4.
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The total cell lysate before CUAAC displays a characteristic pattern due to endogenous biotin (Figure
55B, Total lysate). Streptavidin bead capture of biotin was not very efficient: there is a relatively
high detection of biotin in the flow through samples (Figure 55B, Flow through). Optimisation of
the bead pull-down step included changing the incubation time for bead enrichment from 2 hours to
24 hours, and changing the exact bead composition, however none of these improved the efficiency
based on the western blot. As the total protein eluted from beads was much lower than the protein
samples at the other experimental steps it was run on the gel at 6x cell equivalents to enable bands
to be seen (Figure 55B, OB 6x). There are no bands obviously appearing after biotin click in
comparison to the initial total lysate therefore no protein being highly labelled. Nevertheless, the
sensitivity of mass spectrometry could allow the detection of subtle changes. Samples were
submitted for on-bead digest and mass spectrometry analysis by the mass spectrometry facility
(Department of Chemistry, University of Oxford). With the resultant identified list of proteins we
generated a volcano plot of the fold change between proteins enriched by the DDB-PAL pull-down
verses control DMSO pull-down. Proteins were filtered to those detected with > 2.5-fold increase
compared to the control (ensures a biologically interesting change), and a P-value for four replicates
> 0.05 (ensures a statistically significant change). Only four proteins are above this threshold,

labelled in cyan in the top right-hand quadrant of the plot (Figure 55C) and listed in Table 18.

Table 18. Gene identities for proteins above the thresholds: P-value > 0.05 and fold change > 2.5 (cyan), or
fold change > 4 only (magenta).

LmxM Gene ID Gene hame FC vs DMSO
19.0220 polyprenyl synthase, putative 5.68
14.0220 PX domain containing protein, putative 4.44
24.0300 hypothetical protein, conserved 291
28.0140 pantothenate kinase subunit, putative 2.57
27.0840 hypothetical protein, conserved 78.05
24.1350 hypothetical protein, conserved 39.56
05.1100 methyltransferase domain containing protein, putative 6.40
03.0520 hypothetical protein, conserved 5.68
08.0200 Inositol phosphosphingolipids phospholipase C 4.85
33.2270 Dynamin family, putative 4.62
21.0470 vacuolar sorting-associated-like protein 4.07

FC = fold change
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Additionally, the seven proteins with > 4-fold change were included regardless of P-value (Table
18, magenta). A separate analysis of proteins that were undetected in the DMSO control sample but
were detected at high proportions in DDB-PAL pull-down yielded another 29 proteins. Of the total
list of 40 proteins, approximately 20 were competed by DDB-1 at an appreciable level. This can be
difficult to interpret as competition may not be a linear relationship. Each protein was evaluated for
the likelihood of being a target protein involved in the MoA, however there was not time within the
scope of this PhD for in-depth validation of these potential hits. Notably, none of the proteins
detected overlapped with the results from the transcriptomics experiment or the genomic sequencing.
In addition, due to time constraints the experiment was only performed once with four technical

replicates so should be repeated to build on this pilot experiment.

4.4.2.3 Pantothenate kinase as a protein hit from pull-down

One of the identified proteins — LmxM.28.0140, encodes a putative pantothenate kinase according
to TritrypDB, and there is only predicted to be one copy of pantothenate kinase in L. mexicana.’®
48 This enzyme catalyses the conversion of pantothenate into 4’-phosphopantothenate which
generates ADP from ATP in the process, as part of CoA biosynthesis.*?® Pantothenate is not
synthesised de novo in trypanosomes but relies on uptake through pantothenate transporters.*# |
hypothesised that if DDB-1 is disrupting the activity of pantothenate kinase via competitive
inhibition, then additional pantothenate in the media could decrease DDB-1 toxicity as more
substrate is available. Normal growth media for L. mexicana promastigotes contains 21 nM of
calcium pantothenate;®’® dosing of additional calcium pantothenate at 100 nM (5x) or 100 uM

(5000x%) did not shift the ECso for DDB-1 (Figure 56).
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Figure 56. ECsy of DDB-1 is unchanged in the presence of exogenous pantothenate. Representative
dose-response curves for DDB-1 in the presence of exogenous pantothenate, n = 2 biological replicates, each
with 4 technical replicates. The mean is plotted with error bars representing standard deviation.
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Therefore, despite being pulled down by the proteomics experiment, DDB-1 is unlikely to be

inhibiting pantothenate kinase.

4.5 Discussion

Three different parallel omics methods were applied to DDB-1 to identify genes involved in MoA,
mode of resistance, and direct interacting proteins. These experiments had mixed success, however
piecing together information from the results including biological failure still allows for conclusions
to be drawn. Asci was included in the genomics experiments that | ran in collaboration with the
Whyllie group, and fared better than DDB-1, leading to genes of interest being identified with more

certainty.

4.5.1 A wider perspective of the DDB treated transcriptomes

Cells have in-built feedback mechanisms to cope with normal cellular imbalances by upregulating
or downregulating pathways as necessary, dependent on cell signalling to trigger a response. The
action of drugs can lead to big regulatory changes in cells, either by causing cellular imbalance that
triggers the relevant signalling pathway, or affecting the signalling pathway directly. These
regulatory changes can be detected by transcriptomics, which was the intention with the DDB-1
RNA-Seq experiment. If a drug disrupts a pathway normally regulated by cells, we would expect a
characteristic transcriptome; for example, disrupted ER homeostasis triggers the unfolded protein
response (UPR), and metal ion imbalance would regulate expression of metal ion transporters.
However, if a drug inhibits/disrupts a part of the cell that has no feedback mechanism already in

place, it could be difficult to detect affected targets or pathways.

The transcriptomes of drug resistant Leishmania have been published for all the major drugs.?’
These give characteristic transcriptome fingerprints for each drug mode of resistance: Amphotericin
B causes 7-fold downregulation of 24-sterol methyltransferase (SMT) in keeping with a membrane
disruption MoA. Pentavalent antimonials cause huge alterations in the transcriptome owing to their

broad spectrum of resistance mechanisms including upregulation of metal transporters and multiple
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transcripts on the trypanothione biosynthesis pathway, supporting a general antioxidant resistance
response. Paromomycin causes 56-fold and 32-fold upregulation of D-lactate dehydrogenase-like
protein and branched-chain amino acid aminotransferase respectively, which could allow for
compensation of mitochondrial dysfunction alongside its ribosome interference MoA. Miltefosine
mainly downregulates transcripts with the highest changes being only 3.6-fold. In comparison,
DDB-1 and DDB-PAL had no transcriptome changes greater than 3.5-fold and only 44 genes
significantly changed, while the published drug transcriptomes had differentially expressed
transcripts (> 1.5-fold change) ranging from 1006 (pentavalent antimonials) to 129 (paromomycin).
Interestingly, hypothetical proteins LmxM.30.0453 and LmxM.30.0450c were among the most
upregulated by DDB-1 and DDB-PAL treatment, both of which have orthologs in other
trypanosomatids annotated as amastins. The global overview of transcriptomes for the four
anti-leishmanial drugs discussed above had an anomalously high number of amastins leading the
authors to conclude “overexpression of amastin genes in Leishmania might lead to an increased
parasite fitness against the cellular stresses elicited by drugs”.?®” These however are changes in
established resistance cell lines compared to susceptible lines, whereas our experiment was an
investigation of 24 h treatment on susceptible parasites, necessitated due to the inability to select for
resistance (Section 4.2.1). Quick-response transcriptome experiments in Leishmania include
investigating heat shock in promastigotes at 37 °C after 2 h to look for immediate regulatory changes
in L. major: this induces upregulation of mainly heat shock proteins (HSPs), with 52 upregulated
and 76 downregulated transcripts (> 2-fold) overall.**® The modest number of transcripts changed in

the DDB-1 and DDB-PAL treatment therefore is not attributed to the short nature of the experiment.

Comparison with transcriptomes in cells undergoing mitochondrial distress would be beneficial as
this is involved in the MoA of DDB-1. Hughes et al. showed the power of comparative transcriptome
analysis in yeast by demonstrating that the expression profiles for 300 diverse treatments cluster
according to affected cellular pathway, which included a cluster for direct effects on mitochondrial
function.®* In mammalian systems with oxidative phosphorylation dysfunction, one report indicates

that ubiquinone biosynthesis enzymes are downregulated, while enzymes of the mitochondrial single
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carbon metabolism pathway are upregulated.*s? In another review, metallothioneins and HSPs are
transcriptionally upregulated in mammalian complex | deficit, while oxidative phosphorylation
deficiency causes differential expression of cyclin-dependent kinases, apoptosis indicators, and
upregulation of UPR.%® None of these responses, nor those for the Leishmania drugs (including the
paromomycin upregulated compensation for mitochondrial dysfunction), overlap with the
significantly upregulated and downregulated transcripts by DDB-1 or DDB-PAL. The transcriptome
fingerprint due to the DDB compounds has most similarities with the heat shock response, including
downregulated transcripts for eukaryotic translation initiation factors, a fatty acid desaturase and the
same LIT1 Fe?*/Zn?* transporter LmxM.30.3070. Our RNA-Seq results are of comparable quality to
those published, but have such a small magnitude of transcriptome change that it will be a challenge
to gain a conclusive mode of resistance result from them. This may be due to experimental design of
generating the transcriptome for treated, susceptible cells. Nevertheless, a short further discussion

on the transcripts is merited.

4.5.1.1 APX upregulation is in common with heat shock response

Interestingly, ascorbate peroxidase (APX) LmxM.33.0070 which was highly upregulated in our
experiments also represented the highest upregulated protein following heat shock.**° This protein
catalyses the oxidation of ascorbate with H,O, which has a protective effect against oxidative
damage,*#> %54 4% hence is upregulated in amastigotes to protect from macrophage oxidative burst,*%®
and in amphotericin B resistance.**” APX has an N-terminal signal peptide driving localisation to the
mitochondrion*® — the location of the DDB-1 target protein (Section 3.5.1), and in silico models
have shown it is capable of binding a quinazoline drug at a second binding site.**® While this could
plausibly be an interacting partner of DDB-1, APX was not detected in the PAL proteomics

experiment and is more likely appearing in the RNA-Seq data as a general stress response.

4.5.1.2 DDB-1 has a weak effect on the TCA cycle

LmxM.33.0140 mitochondrial malate dehydrogenase (mMDH) is a part of the tricarboxylic acid

(TCA) cycle, and was upregulated 2-fold by DDB-1. The TCA cycle is a series of biochemical
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processes taking place within the mitochondrial matrix generating metabolites for biosynthesis and
cell signalling.*®® L. mexicana promastigotes utilise the complete TCA cycle, its activity is required
for growth, and it causes metabolite fluxes closely linked to the glycosome.*6! mMDH catalyses the
conversion between malate and oxaloacetate, reducing NAD+ in the process and also functioning as
a shuttle of reducing equivalents between the mitochondrion and cytosol.*62-464 Upregulation could
decrease the amount of malate available while increasing the amount of oxaloacetate. Without
in-depth analysis of the processes in the TCA cycle, a conclusion on the biological effect within the
wider context of the cell cannot be drawn. It is likely that this upregulation corresponds to the
respiration deficiency expected from mitochondrial dysfunction, requiring a greater reliance on
glycolysis for energy production. A similar upregulation of transcripts for mMDH was observed in
the yeast Saccharomyces cerevisiae that lack functional mitochondria and are absolutely dependent

on glycolysis.*®®

4.5.1.3 Transcriptome overview indicates quiescence

Quiescence, a reversible non-proliferative state induced by external stresses is reported for
L. mexicana, L. braziliensis and L. major.*54% Drug-induced quiescence in L. lainsoni
promastigotes causes a global downregulation of transcripts and diminished translation.*%®
Quiescence also causes a decrease in malate, accompanied by an overall downregulation of the TCA
cycle.*®® DDB-1 induces downregulation of eukaryotic translation initiation factor 1 and eukaryotic
translation release factor, therefore a likely global reduction in translation, as well as inferred
decrease in malate due to mMMDH upregulation. Taken together this suggests a drug-induced
quiescence by DDB-1. In the resistance generation experiments, any cells that emerged following
compound incubation on plates had no sustained resistance to compound (Figure 39) which is further
evidence of a quiescent state. Without quantification of total mMRNA and a metabolomic fingerprint,

this cannot be definitely confirmed.
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4.5.2 DDB-1 inability to generate resistance

Resistance to all major anti-leishmanial drugs can be selected for in a laboratory with relative ease.?™
280, 470, 471 On the one hand this is undesirable as it could indicate a high chance of drug resistance
emerging in the field, although in vitro selection differs significantly and is not representative of
real-use conditions. On the other hand, drug resistance generation in vitro can be exploited for MoA
studies. DDB-1 possesses an unusual inability to select for resistance, despite repeated attempts for
over a year with all standard laboratory resistance generation techniques. Indeed the Wyllie group
notes that “In our experience over several years, generation of resistance in L. donovani
promastigotes in vitro is eminently achievable ...”, and have reported just one instance of failure.?%
This made it difficult to probe the MoA using standard resistance generation and whole genome
sequencing, and could have contributed to the failure of DDB-1 selection in the specialist
overexpression and knockdown libraries. Of the genes that were identified in the libraries, all had a
low number of reads (likely to be background), and there were no common gene identities between
the three libraries. It is highly unusual that DDB-1 did not perform well —this is a compound specific
phenomenon as even in the case where the Wyllie group were unable to select for resistance in

normal cell lines, the T. brucei overexpression library gave them meaningful hits.?%

Failure to generate resistance to DDB-1 indicates that if there is a direct binding target it cannot
accumulate and sustain mutations i.e., any mutations which would confer resistance are themselves
lethal. Poor selection even with the genome-wide libraries alternatively suggests a
polypharmacology MoA in which multiple pathways are affected simultaneously, hence the libraries
cannot be selected as they are unlikely to have the correct combination of overexpression and
knockdown targets. The compound curcumin similarly cannot select for in vitro resistance against
T. brucei, which is attributed to polypharmacology and a mechanism involving membrane fluidity.*"
While this lack of resistance is a limitation for MoA determination, it is a promising trait for DDB-1
as a compound hit. Kinetoplastid phenotypic hits are often found to interact with the same few
targets: CYP51, cytochrome bc and the proteasome.**® The RES-Seq L. donovani cross-resistance

library has a good coverage of these targets including mutations in different binding pockets and
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overexpression, as well as a breadth of other MoA although this is limited to only the 31 lines in the
library. The important result that DDB-1 has no hits in the RES-Seq library confirms a unique MoA.
This is key for new hits given the increasing levels of resistance to established drugs and represents

opportunities for use in drug combination strategies.

4.5.3 DDB-1 does not act vig a metal chelation MoA

Metals play a vital role in eukaryotes, and the trypanosomatids are no exception. Metal ion chelation
is a known MoA in trypanosomatids which works via decreasing the intracellular concentration of
metal ions.2% This MoA has been implicated in cases where resistance generation is not possible.?”’
Despite the inability to generate resistance with DDB-1, metal chelation MoA is unlikely given other

evidence.

First, metal ion importers LmxM.30.3060 and LmxM.30.3070 (LIT1) were downregulated in the
transcriptome of DDB-1 treated cells. These LIT1 ion transporters are responsible for transport of
Fe?* (preferentially) and Zn?** from the extracellular space into the cytosol.*® 44 LIT1
downregulation would decrease intracellular M?* i.e., compounding the effect of a chelation MoA
instead of counteracting it. Second, the activity of DDB-1 was not modulated by exogenous Fe?* or
Zn?* which would be expected in a chelation MoA as the exogenous M?* provides a surplus of the
required ions. Of note was the fact that Cu?* did significantly decrease the toxicity of DDB-1,
although it is unclear what effect the copper ions could be having on the compound. Third, the
chemical structure of DDB-1 does not have any obvious metal ion chelation sites. All proposed
bidentate M?* binding sites for DDB-1 are via weakly binding aryl ether oxygen atoms, and are
therefore unlikely (Figure 57). Finally, chelation MoA tends to be non-specific to cell type, however
DDB-1 maintains a high selectivity index for Leishmania and low mammalian cytotoxicity (Section
2.2.2, Table 5). This evidence is conclusive enough to rule out chelation as the MoA for DDB-1.
This is a good result as the non-specificity of metal chelation MoA raises toxicity concerns and has

previously led to the termination of an anti-trypanosomatid compound in development.?%
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Figure 57. DDB-1 proposed M?* chelation sites via ether oxygen are unlikely due to weak binding.

4.5.4 Asci partial success in the specialist libraries indicates ROS
generation MoA

In the T. brucei library, knockdown of two putative nitroreductases (NTRs) Tb927.7.3020 and
Th927.7.2980 provide a selective advantage to parasite survival in Asci (Table 14). NTRs catalyse
the reduction of aromatic nitro compounds such as the drugs benznidazole, nifurtimox and
fexinidazole. Loss of NTR leads to resistance of these and other nitro aromatic compounds, which
has been confirmed through resistance generation, gene knockout/knockdown and gene
overexpression.192 291,475,476 The jdentification of putative NTRs in the knockdown screen of Asci is
unexpected as there are no nitro groups in its structure. Oxygen insensitive NTRs of bacteria are
known to reduce quinones as well as nitro aromatics via a two-electron “ping-pong” mechanism with
low substrate specificity, which has also been shown for type | NTRs in T. brucei.*””#"® Asci could

be behaving in a similar way to the quinone substrate in this mechanism (Figure 58).

Asci-H, NADH
NTR
NTR-Asci-H, NTR-NADH
( ) S \ T
NTR-H,-Asci NTR-H,—-NAD* HN
‘/( Asci Asci-H,
NTR-H,
Asci NAD*

Figure 58. Proposed reduction of Asci via a two electron quinone-like mechanism with type | NTR.
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Reduced Asci-H; could have enhanced toxicity, and the mechanism could be the source of ROS
predicted to play a role in the Asci MoA (previously discussed in Section 2.9.3). It is unexpected
that Asci did not show cross-resistance with the NTR2 DKO or Fexi-ResC lines in the RES-Seq
library: these are cell lines to which the nitroimidazole compounds are resistant, and have a deletion
of NTR2 and functional deletion of NTR1 respectively.*® The RES-Seq result could benefit from
repeating at a concentration closer to 10x ECsp; even though this caused growth to crash
irrecoverably, higher concentrations are recommended for efficient identification of high-level

resistant cell lines.

Neither of the overexpression genomic libraries performed as expected with this compound: The
T. brucei overexpression library did not have a good selection and no reads were detected. The
L. donovani overexpression library produced a list of seven “highest confidence” proteins, but these
did not encompass a large enough proportion of total reads to give confidence in the overall
experiment (Figure 41). The identities of these genes additionally did not have any links to ROS
which is the suspected MoA for Asci. It is unclear why Asci did not have good reads in the
L. donovani overexpression library, as the treated cells grew slower than the control from day 0 to
day 1 indicating a selection window. Although small, the window should have been sufficient to
select for specific genes. It would be beneficial to repeat these experiments as there is scope to
generate resistance by adjusting compound concentration during selection which could yield results
that corroborate the nitroreductase hit. Alternatively, depending on the exact MoA for Asci, there
may be no selective survival advantage in the case of overexpression, which is a fundamental

requirement for the success of the libraries.?®

4.5.5 Asci chelation of Zn?* is a secondary effect to ROS generation

Asci is a chelator of divalent metal ions Zn?* and Fe?*, and has the ability to transport Zn?* across a
synthetic lipid bilayer (Yasmine Biddick, unpublished). This led us to investigate a chelation MoA
for this compound. In both compounds with confirmed metal chelation MoA against L. donovani,

207, 208 3 > 20-fold shift in ECso is observed with the addition of exogenous Zn?*. In our case,
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exogenous Zn?* only modestly reduced Asci potency < 5-fold, Fe?* did not affect Asci ECso, and
counter to expectation intracellular Zn?* was increased by Asci treatment in L. mexicana. Of note,
no Zn?" transporters were identified in the RNAi knockdown screen or indeed the L. donovani
overexpression library. The published L. donovani chelation MoA examples have produced a
fingerprint for expected genes overexpressed in Leishmania under chelation stress. Characteristic
proteins include glutathione peroxidase, vacuolar-type proton ATPase, and putative vacuolar-type
Ca?" ATPase.?% Of these, only glutathione peroxidase (LdBPK_260780) was present on one of the
overexpression fragments in our screen, however the correct flanking barcodes could not be
identified. Glutathione peroxidase has an antioxidant role,* although it has been suggested that in
Leishmania the enzyme is not active unless under oxidative stress.*8l 462 This points towards a

generation of ROS by Asci as discussed in Section 2.9.3.

Zinc has a diverse role within the antioxidant system: i) It binds to thiol groups preventing oxidation
by sterically blocking thiol containing enzymatic sites and/or inducing a conformational change that
prevents disulphide bridges from forming,2%: 48 ii) It competes with redox active metals for binding
sites on enzymes that would otherwise generate oxygen free radicals,?%® 484 and iii) It indirectly
interacts with the synthesis pathway for antioxidant glutathione (GSH).2% 4 In Leishmania, zinc
depletion corresponds to increased cytosolic ROS, presumably due to its role as an antioxidant.*®
87 The addition of exogenous zinc could therefore provide an antioxidant benefit, or additionally
sequester Asci, thus decreasing its ROS generating capabilities and explaining the decreased Asci
toxicity. This is also consistent with Fe?* having no effect on Asci toxicity as it is not involved in the
antioxidant pathway. Zn?* chelation is therefore likely to be a secondary result, while ROS

production is the main MoA.

Overall, the omics experiments were reasonably productive. While they did not completely elucidate
the MoA for DDB-1 as initially hoped, they revealed an unusual compound inability to generate
resistance, and they do not contradict the hypothesised mitochondrial MoA. The Asci experiments
were significantly more successful, with the genomics data enabling the proposal of a mechanism

for ROS generation. This should be followed up with experiments to confirm the interaction between
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Asci and NTRs, such as incubation with cellular extracts or even purified NTRs followed by

metabolomics analysis.
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5 Perspectives and
Conclusion

Leishmaniasis remains a huge threat to global health, and the contributions of increasing drug
resistance to treatment failure should not be underestimated.*®® There are currently only five drugs
licenced for use, and five new compounds in clinical development for visceral leishmaniasis (as of
June 2024) (Figure 59).182 Within this drug development pipeline there are already toxicity concerns
for both DNDI-6148 and DNDI-0690,6 67 while GSK245/DDD01305143, LXE408 and
pre-clinical candidate DNDI-8526 (hot shown) target the proteasome, i.e., limited to a common
MoA.1%8-200 There clearly remains a need for novel compounds to combat this disease, which should
have a distinct MoA from those already in use or under development, both to enable combination
therapy and decrease the chances of cross-resistance. One might expect that validated
Leishmania-specific targets would be best suited to explore for new MoA as these should have fewer
off-target mammalian toxicity concerns. In reality, no compounds against these targets have

progressed far in the drug pipeline, and all the small molecule compounds in late-stage development
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Figure 59. New chemical compounds in clinical development for visceral leishmaniasis (as of June 2024).
Modes of action are indicated, both DNDI-6148 and DNDI-0690 have reported toxicity concerns.
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were discovered through phenotypic screening.1%% 198 201, 489-491 Amphotericin B relies on a stronger
binding to ergosterol than cholesterol, which is not found in mammalian cell membranes,*%
antimonials cause a loss of trypanothione and inhibit trypanothione reductase — a parasite-specific
thiol,*® and pentamidine acts on kinetoplast DNA.Y® Not all MoA rely on parasite-specific
pathways; some compounds can instead capitalise on subtle differences between the host and
Leishmania biology. The clinical candidate inhibitors of the proteasome bind to a specific
chymotrypsin-like binding pocket between the p4 and B5 subunits that is absent in the human
orthologue.'% 1% 49 The T, brucei target CRK12 has a 35% sequence homology with the human
CDK13, which could account for the selectivity of GSK899/DDD853651.2°% 3% There is a steric
clash with a tyrosine in the human CPSF3 binding pocket with the oxaborole compounds, which is
absent in T. brucei and Leishmania.?®® “°! This shift towards more sophisticated MoA coincides with
modern medicinal chemistry programmes, in which rational compound design is guided by in silico
docking studies to capitalise on human and parasite differences, making use of AlphaFold and
RoseTTa fold modelling in the absence of a protein crystal structure.*%* 4% Some MoA are considered
undesirable, particularly biochemical responses likely to affect all cells. We would expect that a
metal chelation MoA is unfavourable, with no way to control selectivity for parasites over the host,
and an indiscriminate ROS generation is also likely to be host toxic. CYP51 and cytochrome bc
inhibitors have been identified as undesirable MoA, due to a non-cytocidal effect and a high potential
for resistance generation respectively.*® 497 Other mitochondrial poisons could be of concern due to
the essentiality of the mitochondrion for host survival, but crucially, these present opportunities for
selectivity given the evolutionary divergence between a Leishmania mitochondrion and a

mammalian one.5% 498

In this context, Asci is immediately highlighted as a bad drug candidate. Its MoA is likely to involve
ROS generation with contributions of metal ion chelation — both of which could cause severe
mammalian toxicity. This is observed in the low nanomolar activity against HepG2 cells which is of
concern (Section 4.2.2, Table 10). The Bl compounds were not investigated to a great degree, but

their similarities to Asci (planar aromatics with DNA intercalating abilities) mean we anticipate these
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to be poor candidates as well. DDB-1 on the other hand poses an interesting question, is this a good
hit? The chemical structure of DDB-1 does not raise any immediate concerns: it fits within the DNDi
criteria for a hit against leishmaniasis — requiring a tractable chemotype amenable to structural
variation,*® and is considered drug-like by our ADMET analysis (Section 2.2.3, Table 7). In
comparison, the approved drugs have highly “un-druglike” chemical structures that violate many
ADMET qguidelines (Figure 60). Miltefosine and pentamidine fit within these guidelines, but have
unusual chemical structures that have been linked to poor solubility, being detergent-like and
symmetrical, respectively.*® In a modern drug discovery programme, these drugs would probably
not have made it to the clinic. Compounds in the development pipeline show a shift towards
drug-likeness — this could also be due to more stringent safety profiles required for new drugs,

increasing the priority of ADMET behaviour.3#
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Figure 60. Approved drugs for leishmaniasis have “un-druglike” chemical structures with corresponding poor
ADMET predictions. General guidelines for ADMET rules based on structure are Lipinski (Mw < 500, logP
<5, H-bond acceptors < 10, H-bond donor < 5), GlaxoSmithKline (Mw < 400, logP < 4) and Golden Triangle
(200 < Mw < 50, -2 <logD < 5), predicted using ADMETIab 2.0, admetmesh.schdd.com.3#?
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It is not necessary to determine the MoA of a compound for it to proceed in the drug discovery
pipeline, and yet it is becoming increasingly expected. Given the fact that many drugs have no clear
MoA, and no new anti-leishmanials have emerged via target-based drug discovery, we could
question how useful MoA information is. Both miltefosine and the pentavalent antimonials work
through multiple different MoA that would probably frustrate an elucidation programme if MoA
determination had been required in advance of drug approval. On the other hand, MoA studies can
be an important risk-mitigation step in drug discovery pipelines, both from a safety and monetary
investment point of view, and as a predictor of eventual long-term success in the field. Early drug
discovery guidelines (in an anti-cancer context) estimate a $0.5 million cost of target identification,
but potential losses of over $1.9 million for failure as early as during pre-clinical investigations, a
failure which is more likely in the absence of a known target.5® Perhaps it is not a coincidence that
the only compound in the leishmaniasis drug discovery pipeline to be completely put on hold has an

unknown MoA (Figure 59).

5.1 A critical evaluation of MoA determination methods

In this thesis we used a five-pronged approach to MoA deconvolution for three different compound
families, highlighting that different techniques are best suited to different MoA, depending on the
exact compound family. In our experience, the easiest approach is a phenotypic evaluation and
carrying out biochemistry assays. While interesting, these were least informative to a specific MoA
such as interacting target(s) or pathways, and were most likely to detect downstream responses or
general cell-stress effects. These experiments were an initial indication that DDB-1 does not cause
drug-related stress changes to the cell cycle, unlike Asci and the Bls. They did confirm mitochondrial

involvement for DDB-1 and ROS generation for Asci, but cannot determine a target.

Whole genome sequencing of resistant cell lines is a well-established method for informing both on
MoA and on modes of resistance, with successful applications in retrospectively elucidating the
MOoA for approved trypanosomatid drugs,?®” °* summarised in a 2020 review.>* This was initially

an appealing approach for us since no specialist cell libraries are required, and with the availability
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of the complete, annotated L. mexicana genome, it is a very accessible technique.®? Despite its proven
track record, we met with complete failure at selecting for DDB-1 resistance in both wildtype and
mutagenised L. mexicana (Section 4.5.2). Selection efforts are ongoing for Asci and DDB-1 in
L. donovani by collaborators, it remains to be seen if these will be successful — we suspect not in the
case of DDB-1. We turned to transcriptomics experiments as an alternative that should show
immediate gene expression changes in response to compound, without the need for resistant cell
lines.*° Here, the lack of highly changed transcripts was another confirmation that Leishmania
cannot easily overcome DDB-1 by regulating its genome expression, although this could have been

due to the experimental design.

There are excellent examples using genome-wide libraries for MoA determination by the Wyllie
group: Target overexpression in L. donovani identified oxidosqualene cyclase as a drug target,?® and
both L. donovani and T. brucei overexpression were used to validate N-myristoyltransferase as a
drug target.?* 285 Knockdown with the T. brucei RNAI library identified cyclin-dependent kinase
CRK12 and the proteasome as targets,'®® %4 and identified a chelation MoA for the
8-hydroxy-naphthyridines.?® A placement at the University of Dundee allowed me to access these
specialist libraries for screening with DDB-1 and Asci, which we anticipated would succeed where
traditional resistance selection had failed. Once again, DDB-1 was not suited to this methodology,
which we suspect is related to the inability to select for resistance in the wildtype cell lines. For Asci,
although the overexpression libraries did not yield any results, the knockdown library identified
nitroreductases as hits, which was directly informative to its proposed ROS generation MoA. These
libraries rely on overexpression or knockdown leading to a selective advantage which may not
always be the case, and could account for the failure of Asci in the overexpression libraries.?®® The
libraries are at the cutting edge of MoA deconvolution, but care should be taken not to end up with
an overreliance on these methods, as that will introduce an implicit bias towards compounds
benefiting from overexpression or knockdown, and, as we demonstrate with DDB-1, not all drug-like

compounds are suitable.
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Chemo-proteomics should be the gold standard as this is the only way to conclusively show drug—
target engagement. We did not attempt thermal proteome profiling (TPP) due to the expensive nature
of this experiment, the requirement for saturating concentrations which would use large quantities
of compound, and the lack of other target identification — it could have provided a good target
validation method had the project reached that stage, and justified the investment. Protein pull-down
using photoaffinity labelling did not generate a conclusive result for DDB-PAL (Section 4.4.2). This
method is complex and would require further optimisation to ensure that adequate sensitivity is
achieved, and is worth repeating — this was not done due to time constraints. Although protein
pull-down has the potential to be highly informative, the need for an immobilised compound or PAL

probe is a limitation not to be underestimated, and prevented its use on Asci or the Bl compounds.

For the DDB compounds, whole-cell fluorescence localisation proved to be the most informative to
MoA. We had initially anticipated this as a supporting result to a complete picture involving a
determined pull-down target and genomic evidence. The time and effort invested in synthesising
DDB-PAL and optimising this application was able to yield a localisation consistent with the hints

of mitochondrial function that were known before the start of this project.32° The localisation imaging

Increasing difficulty ) Information
of technique DDB-1 Asci  BI-1/BI-2 potential

4 Protein pull-down To repeat ++

Whole cell localisation N4 +
Genome-wide libraries X N4 ++
Resistance generation and WGS X ++
Transcriptomics | Inconclusive +

Mitochondrial biochemistry assays N4 N4 —

Phenotype and cell cycle changes N4 v v —

Figure 61. Success and failure of each MoA determining technique applied to DDB-1, Asci and the BI
compounds. An overview of the different methods used in this thesis, ordered from hardest to easiest to
implement, in our opinion. A tick represents that successful information was gained from the experiment; a
cross represents experimental failure. Transcriptomics was marked as inconclusive for DDB-1: it did not result
in a changed transcriptome, but it is unclear if that is the correct biological result or a failure due to the method
design. Information potential is ranked from — (least) to ++ (most) for the likelihood of each technique to lead
to a conclusive MoA, in our opinion.
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success also gives us the confidence to recommend repeating the protein pull-down as there are
target(s) being bound. Applying this photoaffinity labelling to TEM detection was a challenge, and
was not as informative as hoped — this is likely to be the case regardless of compound family and so
should not be included as a routine MoA investigation. We are pleased however to report successful
TEM imaging of gold nanoparticles clicked to a synthetic small molecule probe, and anticipate that

this could find other applications in answering fundamental cell biology questions.

A good MoA determination project should be a combination of both target engagement investigation
such as photoaffinity probing, and genomics and/or transcriptomics experiments. Another key
approach is metabolomics, although this was not carried out for DDB-1 and Asci. The use of multiple
orthologous unbiased approaches then gives confidence in the determined MoA. Any compounds
with activity can and should be investigated for morphology and biochemical changes to get an initial
MoA picture. We would recommend that resistance generation should also be attempted — with
specialist cell libraries if these are available — as this could lead directly to a target that can then be
validated. In the event that genomics approaches fail, it becomes worth the synthesis of specific
probes, but this should only be employed where SAR is known and/or synthetically accessible
compound families are under investigation. Synthetic expertise is additionally required to enable
access to the probe compounds which may not always be possible. We would comment that there
should not be an overreliance on generating drug-resistant lines: if these are the main determinant of
MoA (and if MoA knowledge is recommended for a drug candidate progression), then only
candidates that can easily select for in vitro drug resistance will be progressed. With hindsight, MoA
determination for the DDB family should have focussed more on the photoaffinity cross-linking for
protein pull-downs, and placed less emphasis on resistance generation which we hoped would
elucidate modes of resistance informative to MoA. As far as we are aware, there is no way to predict
the success of a drug compound in the resistance selection approaches, so we could not have known
this in advance. The approach of focussing on genomics methods worked well for Asci, and

highlights that there is no “best way” to design such a project.
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5.2 Biological interpretations and future work

Prior to this thesis, the DDB family was known to be active in L. donovani, L. infantum, and T. cruzi,
and to cause some mitochondrial disruption in L. infantum promastigotes.®*-32° We have shown that
it is additionally active in the species L. mexicana and T. brucei (Section 2.4, Figure 14). Particularly
notable is the result in bloodstream forms and the implications this has on the nature of mitochondrial
dysfunction, i.e., that oxidative phosphorylation cannot be the directly targeted pathway or the only
pathway affected. Biochemistry assays showed an increase in mitochondrial Ca?* and a decrease in
ATP upon treatment, which is supporting evidence for a mitochondrial MoA. We have carried out
SAR analysis which enabled us to develop a probe to confirm mitochondrial localisation, although
we have not yet discovered a definitive target or MoA. DDB-1 does not behave expected for a typical
drug-like molecule: it does not disrupt the cell cycle, the treated transcriptome remains unaltered,
and we cannot select for resistant cell lines. Metabolomics was not carried out — it could be
interesting to monitor any changes in the metabolome upon treatment, although being sceptical this
may remain largely unchanged, as with the transcriptome. The DDB-1 compound could form
interesting metabolites in situ as it is an electron-rich aromatic, prone to oxidation by cytochrome

P450s.5% Metabolites of DDB-1 were not investigated, but could additionally explain the potentially

Asci ROS and M?* binding MoA DDB-1 mitochondrial MoA

Compound localisation

Swollen cristae

Increased Zn2*

Decreased ATP

Binds Zn?*

Increased Ca?*

Interacts with NTR But active against BSF

Compound localisation

Figure 62. Evidence for a ROS and M?* binding MoA for Asci and a mitochondrial MoA for DDB-1. Summary
of key results in L. mexicana and T. brucei for each compound are shown represented on a L. mexicana
promastigote (A) or T. brucei bloodstream form (B), for experiments in the respective species. Image adapted
from Richard Wheeler.
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complex, multi-target mechanism suspected. For Asci, we propose a ROS generation MoA (in
keeping with its anti-cancer activity), which could be tied to its metal ion binding capabilities,
particularly Zn?*. Initial investigations into the BI family indicate it disrupts the cell cycle, typical
of a stress-causing drug. Based on the ROS generation and metal chelation information gained from
experiments in Asci, we would recommend that it is not investigated further. Although MoA
determination was not exhaustive, early indications show a likelihood of toxicity issues, and a similar
result is expected for the Bls. DDB-1 remains an interesting hit —and one possibly acting via multiple
targets. The inability to generate resistance can be viewed as an advantage, and with repeated protein
pull-down experiments a target may yet be determined — likely a mitochondrial protein. A known
target would allow investigation of binding affinities, rational analogue design, and contribute a

(hopefully) novel target to the existing knowledge.

Although DDB-1 has favourable ADMET predictions, improvement is still required and therefore
the scaffold should undergo further hit to lead optimisation, ideally aided by knowledge of the target.
During the timeframe of this MoA project, DDB-1 has undergone preliminary invivo
pharmacokinetic studies in rats by our collaborators.3? It has a reasonable half-life of 31.4 h (males)
and 10.7 h (females), the maximal concentration is reached sufficiently rapidly, and is sustained for
long enough to ensure therapeutic action.®?° A mitochondrial MoA is promising (pentamidine is also
a mitochondrial accumulator)'’® and this could be confirmed with further experiments: Attaching a
lipophilic cation — such as a triphenyl phosphonium or quinolinium — to DDB-1, or modifying the
structure to include a charged quaternary amine on the morpholine ring should lead to mitochondrial
targeting and accumulation; if the targeted analogue has an increased activity this could prove a
mitochondrial target, as has been shown with inhibitors of the trypanosome alternative oxidase.>*
DDB-1 maintains a high selectivity index of > 20.6 in L. infantum amastigotes over mammalian
cells, which is superior to miltefosine (Section 2.2.2, Table 5). It remains to be seen if this translates
to in vivo efficacy, which should be addressed in future experiments. An inability to determine MoA
should certainly not preclude this compound from continued investigation — it remains a promising

hit.
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6 Methods

6.1 Trypanosomatid culture

6.1.1 Cell lines and in vitro culture

Promastigote Cas9T7 L. (L.) m. mexicana, referred to as L. mexicana (derived from the World Health
Organisation strain MNYC/BZ/62/M379, expressing Cas9 nuclease and T7 RNA polymerase)?®°
were grown at 28 °C in M199 medium: M199 containing Earle’s salts and L-glutamine (Gibco,
31100019) supplemented with 10% v/v heat inactivated South American origin foetal calf serum
(FCS) (Gibco, 10500064), 5mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid

HEPES-NaOH (pH 7.4), 26 mM NaHCO3 and 5 pg/mL hemin (Sigma-Aldrich H9039).

Axenic amastigote L. mexicana were grown at 34 °C with 5% CO; in SM5.5 medium: Schneider’s
Drosophila medium (Gibco 21720024) supplemented with 20% v/v heat inactivated South American

origin FCS and 25 mM 2-(N-morpholino)ethanesulfonic acid (MES)-HCI (pH 5.5).

Procyclic T. brucei brucei, referred to as T. brucei (strain 927 1339 Cas9 TetR t7/RNAP, derived
from the reference strain TREU 927/4, expressing Cas9 nuclease, T7 RNA polymerase and
tetracycline repressor TetR) were grown at 28 °C in SDM79 medium: Life Technologies special
order (reference 07490916), supplemented with 10% v/v heat inactivated South American origin

FCS, 24 mM NaHCO; and 7.5 pg/mL hemin (pH 7.3).5%

Bloodstream form T. brucei brucei, referred to as T. brucei (reference strain Lister 427) were grown
at 37 °C with 5% CO- in HMI9 medium: HMI9 supplemented with 15% v/v heat inactivated South

American origin FCS, 36 mM NaHCO; and 5 uM B-mercaptoethanol.>%

L. donovani 1S2D (World Health Organisation strain MHOM/SD/62/1S-CL2D) also known as
LdBOB were used for experiments in collaboration with the Wyllie group, University of Dundee.
Promastigotes were grown at 28 °C in LdBOB promastigote medium and axenic amastigotes were

grown at 37 °C with 5% CO; in LdBOB amastigote medium.%
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For all trypanosomatids, sub-culturing maintained a continuous log-phase culture with a density
between 1x10° and 1x107 cells/mL (Leishmania and T. brucei procyclics), or below 2x10° cells/mL
(T. brucei bloodstream forms). Culture density was measured using an Improved Neubauer
haemocytometer. Media used for culturing cells was filter-sterilised using units with a 0.22 uM
membrane (Corning, Millipore). Lack of mycoplasma contamination was confirmed by regular

fluorescence microscopy with Hoechst 33342 DNA stain.

6.1.2 In vitro Leishmania promastigote differentiation to amastigotes

Promastigote L. mexicana was subcultured to 1x10°8 cells/mL followed by 3 days incubation to
achieve stationary phase promastigote cells. In vitro differentiation to axenic amastigotes was

induced by subculture to 1x10° cells/mL, direct dilution into SM5.5 medium.

6.1.3 Generation of clonal cell lines

Clonal L. mexicana promastigote cell lines were obtained by limiting dilution. A mid-log population
of cells was diluted to 0.5 cells/mL in 20 mL modified M199 (M199 medium as described previously
with an additional 10% FCS, 0.1 mM adenine hemisulfate (Sigma-Aldrich) and 1.2 pg/mL biopterin
(Sigma-Aldrich)). 200 pL/well was dispensed into a 96-well plate and incubated at 28 °C in 5% CO;
until turbidity indicated that a dense culture had been achieved (expected positive wells = 5/96, 7—

10 days). Cells harvested from selected wells were used for further analysis.

6.2 CRISPR-Cas9 mediated genome editing

L. mexicana promastigotes were genetically modified using CRISPR-based genome editing.26% 598
The parental L. mexicana cell line was regularly drugged with 32 pg/mL hygromycin B and
50 pg/mL nourseothricin sulfate (Cambridge Bioscience Ltd) to ensure maintained expression of
Cas9 nuclease and T7 RNA polymerase. Prior to transfection, cells were grown without any selection
drugs for at least 24 h. Constructs and single guide DNA (sgDNA) for genome editing were

generated using the long primer polymerase chain reaction (PCR) method.?* 50
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In brief, protospacer adjacent motif (PAM) sites for single guide RNAs (sgRNAs) were taken from
the database generated for L. mexicana MNY C/BZ/62/M379.2° These were designed by searching
a 105 base pair window upstream of the start codon and downstream of the stop codon using the
eukaryotic pathogen CRISPR guide RNA/DNA design tool,>° (Parameters: SpCas9; gRNA length
20; PAM NGG,; off-target PAM NAG, NGA). Homology arms for repair constructs were the 30 base
pair sequences immediately adjacent to the sgRNA target sequence. sgDNA encoding the CRISPR
SgRNA and a T7 polymerase promoter was generated by templateless PCR, with one primer
encoding the gene-specific PAM site and T7 promoter, and the other encoding the remainder of the

SgRNA.

Endogenous tagging used repair constructs generated with the pLPOT plasmid series as template
DNA, where the long primers introduce 30 base flanking homology arms to a fluorophore and drug-
selectable marker encoded in the template plasmid.% %! For endogenous tagging with mNeonGreen
(mNG), the plasmids: pLPOT mNG/Puromycin or pLPOT mNG/Neomycin were used as the
template. For endogenous tagging with HaloTag (Halo), the plasmid pLPOT Halo/Puromycin was
used as the template. For N-terminal tagging, the sgRNA targets CRISPR cutting just upstream of
the target ORF, for C-terminal tagging the CRISPR cutting target is just downstream of the target
OREF. The flanking arms are homologous to the 5° UTR and start of the ORF for N-terminal tagging,
and the end of the ORF and 3° UTR for C-terminal tagging. Deletion of each allele to generate a
knockout mutant used the pT plasmid series as template DNA,2%° where the long primers introduce
30 base flanking homology arms to a drug selectable marker. A different drug was always used per
allele to generate a deletion mutant cell line. For deletion of each allele of a gene, the plasmids: pT

Puromycin, pT Neomycin, or pT Blasticidin were used as the template.

Primer sequences for constructs and sgRNA were designed as described and accessed from
LeishGEdit (http://www.leishGEdit.net).5% All cell lines created are listed (Table 19); full primer

sequences can be found in the appendix (Section 7.3.1, Table 21).
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Table 19. L. mexicana promastigote endogenous tagging and deletion mutant cell lines created by
CRISPR-Cas9 with their corresponding gene ID, gene name defined by TritrypDB, and drug selection
marker used.

Cell line name Gene ID Gene name Drug marker
mNG::RAD51 LmxM.28.0550 DNA repair protein RAD51, putative Puro
MNG-TIM17 LmxM.09.1130 mitochondrial |mp.ort inner memprane Puro
translocase subunit TIM17, putative
Halo:TIM17 LmxM.09.1130 mitochondrial |mp.ort inner mem_brane Puro
translocase subunit TIM17, putative
MNG:GAPDH  LmxM.29.2980 glyceraldehyde 3-phosphate Neo
dehydrogenase, glycosomal
Halo::S11 LmxM.20.1650 ribosomal protein S11 homolog Puro
Halo::RAB5A LmxM.18.1130 Ras-related protein Rab5A, putative Puro
Halo:ATOM14  LmxM.24.0940 archaic transls)case of'outer membrane Puro
14 kDa subunit, putative
CPA::Halo LmxM.19.1420 cysteine peptidase A (CPA) Puro
SPT::Halo LmxM.33.3740 serine palmitoyltransferase-like protein  Puro
ALDH::Halo LmxM.36.1760 aldehyde dehydrogenase, putative Puro
Hyp0130::mNG LmxM.04.0130 hypothetical protein Puro
MMDH::mNG LmxM.33.0140 malate dehydrogenase Puro
CYP450::mNG  LmxM.27.0090 cytochrome p450-like protein Puro
APX::mNG LmxM.33.0070 ascorbate peroxidase, putative Puro
NMT::mNG LmxM.03.0600 arginine N-methyltransferase, putative Puro
eRE::mNG LmxM.27.1710 eukar.yotlc translation release factor, Puro
putative
CatEff::mNG LmxM.31.1870 cation efflux family, putative Puro
ZIP3::mNG LmxM.28.1930 zinc transporter 3, putative Puro
MNG:-elF1 LmxM.24.1210 eukar.yotlc translation initiation factor 1, Puro
putative
mNG::LIT1 LmxM.30.3060-70 ferrous iron transport protein Puro
AHyp0130 LmxM.04.0130 hypothetical protein Puro + Blast
AmMDH LmxM.33.0140 malate dehydrogenase Puro + Neo
AAPX LmxM.33.0070 ascorbate peroxidase, putative Puro + Blast
ALIT1 LmxM.30.3060-70 ferrous iron transport protein ::Jar; +Neo+
ACatEff LmxM.31.1870 cation efflux family, putative Puro + Neo
AZIP3 LmxM.28.1930 zinc transporter 3, putative Puro + Neo

tag::name indicates N-terminal tagging, name::tag indicates C-terminal tagging. Endogenous tags used were
mNeonGreen (MNG) or HaloTag (Halo). A indicates deletion of all alleles of the gene. Puromycin (Puro),
Neomycin (Neo) or Blasticidin (Blast) were the drug markers used.
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Reagents used for PCR are from the Expand High Fidelity PCR System dNTPack (Roche). To
amplify pLPOT plasmid or pT plasmid: 1 pL of each gene-specific forward and reverse primer (100
uM stock), 25 ng pLPOT plasmid, 1 uL deoxyribonucleotide triphosphates (dNTP, 10 mM stock),
1 uLL DMSO in 20 pL H>O were combined with 5 uL MgCl, (10%), 19 uL H.O and 1 pL HiFi
polymerase. PCR was at 94 °C for 5 min, followed by 35 cycles at 94 °C (15 sec), 65 °C (30 sec),
72 °C (2 min) then finally 72 °C (1 min). To amplify sgRNA templates: 1 uL. ANTP (10 mM stock),
5 uL MgCl; (10x), 1 uL GO0 sgRNA scaffold (100 uM stock), 1 uL HiFi polymerase and 1 pL gene-
specific 5"or 3° sgRNA primer in 41 pulL H>O were combined. PCR was at 94 °C for 30 sec, followed
by 30 cycles at 94 °C (30 sec), 60 °C (30 sec), 72 °C (30 sec) then finally 72 °C (2 min). 1 pL of
each PCR product was run on a 1% agarose gel to confirm the presence of expected amplified
plasmid or template. Combined PCR products were precipitated with 10 pLL 3M sodium acetate and
300 uL EtOH at —80 °C for 20 min, pelleted by centrifugation (21910 g, 30 min), washed once with

70% EtOH, re-pelleted and resuspended in 10 uLL H20.

Mid-log phase promastigotes (1x107 cells) were combined with PCR products and transfected using
the Amaxa Nucleofector 11.5° Electroporation was performed using 2 mm cuvettes on the X-100
programme with 250 pL electroporation buffer (1:6:3 1.5 mM CaCl,/H.O/Roditi buffer concentrate
(200 mM NazHPO4, 70 mM NaH.PO4, 15 mM KCI, 150 mM HEPES-NaOH pH 7.4)%'?), followed
by immediate suspension in pre-warmed M199 medium. Successful transfectants were selected and
maintained using the necessary combination of drugs: 20 ug/mL puromycin (Puro), 40 ug/mL
neomycin (Neo), or 5 ug/mL blasticidin (Blast). Drug was added 6-15 h after transfection, taking

between 4-14 days to reach stable growth in culture.

For deletion mutant cell lines, a diagnostic PCR was performed by amplifying a short PCR product
(100-300 bp) within the ORF of the target gene to verify loss of the target ORF. Unique primers for
deletion validation were Primer3 designed.*® If necessary, a clonal cell line was generated (Section
6.1.3) before being validated. Following drug selection, genomic DNA was extracted from deletion
mutant cell lines: > 1x107 cells were harvested by centrifugation (1000 g, 3 min), resuspended in

100 pL lysis buffer (100 mM Tris.HCL (pH 8), 5 mM EDTA (ethylenediaminetetraacetic acid),
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0.5% v/v SDS (sodium dodecyl sulfate), 200 mM NaCl and 10 ug/mL proteinase K) at 56 °C for
30 min, then 300 pL EtOH added and centrifuged (21910 g, 20 min, 4 °C) to give a DNA pellet that
was resuspended in 10 uL. H>O. PCR was at 95 °C for 3 min, followed by 25 cycles at 95 °C (15
sec), 58 °C (30 sec), 72 °C (30 sec) then finally 72 °C (1 min). In the same diagnostic PCR, three
different PCR products were required to demonstrate deletion: 1. Genomic DNA from the parental
cell line to detect the target ORF, 2. Genomic DNA from the deletion mutant cell line to confirm
absence of the target ORF, and 3. Genomic DNA from the deletion mutant cell line with primers for
a control ORF (paralysed flagella protein 16 (PF16), LmxM.20.1400) as a technical control for the
genomic DNA. Presence or absence of the PCR product was confirmed by agarose gel
electrophoresis: 1.2% agarose gel with ethidium bromide, run at 120 V for 50 min (gels shown in

appendix Section 7.3.3, Figure 67).

6.3 Compound activity studies

6.3.1 24 h growth studies

Promastigotes (1x10° cells/mL) in 5 mL of M199 medium were treated with 5 uL of compound
dissolved in DMSO at a given concentration (final carryover of DMSO 0.1%) and incubated at 28 °C
for 24 h. A negative control was always included, of either 0.1% DMSO or no additive. Culture
density was measured using an Improved Neubauer haemocytometer at the start of the experiment

and after 24 h. Growth study experiments were performed at least three times.

6.3.2 AlamarBlue™ assay

An AlamarBlue (Invitrogen) resazurin-based assay was used to determine the concentration at which
cell growth was inhibited by 50% (ECso). 96-well plates were set up with fresh media and compound
serially diluted over a range of concentrations (two-fold serial dilutions). To this was added mid-log
phase L. mexicana promastigotes (final density of 5x10° cells/mL per well) or T. brucei bloodstream
forms (final density of 1x103 cells/mL per well) to a total well volume of 100 pL, and incubated at

28 °C in 5% CO; for 24 h (promastigotes) or 37 °C in 5% CO; for 72 h (bloodstream forms). 20 L
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of 1:1 AlamarBlue (10x, Invitrogen)/fresh media was added to each well and incubated for a further
4-6 h. 40 pL of 4% SDS in H,0 (final concentration 1% SDS) was added to each well and left to sit
for 5 min to ensure complete killing. Fluorescence due to the production of resorufin was measured
using a FluorStar Omega microplate reader: Fluorescence top, excitation 544 nm, emission 590 nm.
Three biological replicates were carried out per experiment, each with at least two technical
replicates. Data was processed using GraphPad Prism version 10.3.0 for Windows, GraphPad

Software, and fitted to a four-parameter dose-response curve to obtain the ECso.

To determine the effect on compound ECs for exogenous additives, the assay was carried out as
described with the addition of glutathione (30 uM), FeCl; (1.5 uM), ZnCl; (800 uM) CuCl; (30 uM)

or calcium pantothenate (100 uM or 100 nM) to the media, from aqueous stock solutions.

6.4 Light microscopy

Light microscopy was performed with a widefield fluorescence microscope (Axio Observer Al,
Zeiss) using a 63x NA 1.4 Plan-Apochromat oil immersion objective lens and a 120 V metal halide
fluorescence light source (Zeiss, HXP 120 V). Image capture was performed with a Hamamatsu
ORCA-Flash 4.0 camera, using Zeiss Zen-2.6 (Blue Edition). Fluorescence microscopy was
performed with a Zeiss 20HE (red, AF555, TAMRA), ThorLabs MDF-GFP2 (green, AF488,
mNeonGreen) and/or Zeiss, 49 (blue, Hoechst 33342) filter cube. Where necessary, z-stacks were

taken of 10 images with a spacing of 240 nm. Images were analysed using Fiji (ImageJ).>*®

6.4.1 Sample preparation for light microscopy

Cells were washed three times by resuspension in 1 mL PBS and centrifugation (1000 g, 3 min), to
improve adhesion to the glass slide and increase cell density. DNA was optionally stained with
Hoechst 33342 (1 ug/mL) in the first wash. Cells were resuspended in 20 to 50 uLL PBS and 1 pL
was placed on a glass microscope slide outlined using a hydrophobic PAP pen, a coverslip was

applied and immediately imaged.
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6.5 Compound behaviour monitored by fluorescence light

microscopy

6.5.1 Cell morphology and cell cycle analysis

Promastigotes (1x10° cells/mL) in 5 mL of M199 medium were treated with 5 pL of compound
dissolved in DMSO to give a final concentration of 50 uM (BI-1, BI-2), 250 nM (Asci), or 30 uM
(DDB-1) and incubated at 28 °C. At 6 h and 24 h post-treatment, a 1 mL aliquot was harvested by
centrifugation (1000 g, 3 min) and the sample prepared for light microscopy (Section 6.4.1). The

imaging experiment was preformed twice independently.

Cell morphology was identified as abnormal in comparison to an untreated control included in the
same experiment. A manual identification was carried out for each cell from > 4 unbiased fields of

view, where only cells completely in focus were considered.

Cell cycle progression was evaluated by manual counting of the Hoechst 33342 stained DNA
organelles, from > 5 unbiased fields of view. Only cells in focus were considered. 1IK1IN1X was
defined where there was the clear presence of a separate staining to the identified nucleus and
kinetoplast. OK1N and 1KON were defined where there was the unambiguous absence of one of the
DNA containing organelles. 1K1N-side was defined where the kinetoplast was further posterior than

the mid-point of the nucleus.

6.5.2 Double-stranded DNA breakage

mNG::RAD51 promastigotes (Section 6.2) (5x10° cells/mL) in 7 mL of M199 medium were treated
with 7 uLL of compound dissolved in DMSO giving a final concentration of 50 uM (BI-1, BI-2),
250 nM (Asci), or 30 uM (DDB-1). Phleomycin was used as a positive control at a final
concentration of 25 pg/mL. At T =0, 15, 30, 60 min, and 2, 6, 24 h post-treatment, a 0.8 mL aliquot
was harvested by centrifugation (1000 g, 3 min), and the sample prepared for light microscopy

(Section 6.4.1).
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6.6 Biochemistry MoA assays

6.6.1 DNA intercalation assay

This was run in collaboration with the Wyllie lab at the University of Dundee. Briefly; a 2x
DNA/acridine orange (AO) solution (6 puL salmon sperm DNA (10 mg/mL, Invitrogen) and 15.1 pL
AO (33.1 mM) in 5 mL detection buffer) was equilibrated for 1 h at r.t. A 384-well plate was set up
with 10 puL of compound serially diluted over a range of concentrations (two-fold serial dilutions)
for 10 wells (highest concentration was 50 uM for DDB-1 and Asci, 10 uM for intercalation control
daunorubicin). 50 uM amitriptyline was used as a negative control for no intercalation, and 10 pM
mitoxantrone was used as a positive control for complete intercalation. To this was added an equal
volume of 2x DNA/AO equilibrated solution and the plate read for fluorescence polarisation. Three
biological replicates were carried out, each with two technical replicates. Data was processed using
GraphPad Prism version 10.3.0 for Windows, GraphPad Software, and fitted to a four-parameter

dose-response curve to obtain the ECso.

6.6.2 Measurement of ADP/ATP ratio

ADP/ATP ratio assay kit (MAK135, Sigma-Aldrich) was run according to the manufacturer’s
instructions. L. mexicana promastigotes (5x10° cells/mL) in 5 mL of M199 medium were treated
with 5 uL of compound dissolved in DMSO giving a final concentration of 250 nM (Asci), or 30 uM
(DDB-1) and incubated at 28 °C. At 6 h and 24 h post-treatment, a 1 mL aliquot was harvested by
centrifugation (1000 g, 3 min). Cells were washed once by resuspension in 1 mL PBS and
centrifugation (1000 g, 3 min), resuspended in 100 uL of PBS, and 10 pL of the suspension added
to a 96-well plate. 90 pL of ATP reagent (1.71 mL assay buffer, 18 pL substrate, 18 uL co-substrate,
18 uL ATP enzyme) was added to each well, incubated for 1 min at r.t and the plate read using a
FluorStar Omega microplate reader (luminescence bottom) to generate reading RLUA. The same
plate was incubated for a further 10 min at r.t and a second reading taken; this is reading RLUB.
Immediately, 5 uL of ADP reagent (90 uL H»O, 18 ul. ADP enzyme) was added to each well,

incubated for 1 min at r.t and the plate read to generate reading RLUC.

156



6 | Methods

RLUA corresponds directly to the quantity of ATP in the sample. RLUC is a measure of the total
ATP + ADP in the sample. RLUB is a measure of the residual ATP that is measured within RLUC.

The ratio between ADP and ATP is calculated by:

ADP RLUC — RLUB
ATP RLUA

All calculations were carried out in Excel. The experiment was performed twice independently, each

with 3 technical replicates.

6.6.3 Ca?* measurement

Rhod-2, AM assay kit (R1244, Invitrogen) was run according to the manufacturer’s instructions.
Late-log phase L. mexicana promastigotes (4x108 cells) were harvested by centrifugation (1000 g,
8 min), washed once by resuspension in 5mL PBS and centrifugation (1000 g, 4 min) and
resuspended in 5mL of PBS. 10 uL of Rhod-2 AM mixture (5 uL. Rhod-2 AM pre-mixed with 5 uL
20% pluronic in DMSO) was added and incubated at 28 °C for 1 h. Cells were washed three times
by resuspension in 5 mL PBS and centrifugation (1000 g, 4 min) to remove excess Rhod-2. Cells
were resuspended in 20 mL PBS then split into five tubes of 4 mL each. Two tubes were treated with
4 uL of compound dissolved in DMSO giving a final concentration of 700 nM (Asci), or 30 uM
(DDB-1). The remaining three tubes acted as controls: 4 mM H,O, was used as a positive control to
induce Ca?*, 3.75 mM CaCl, was used as an assay control (both from a stock solution in H20), and
0.1% DMSO was used as a negative control. The samples were aliquoted onto a black, clear
bottomed 96-well plate (150 uL per well), then each well fixed with 8 uL of 37% formaldehyde
(final concentration 2%), incubated 5 min at r.t and the plate read using a FluorStar Omega
microplate reader: Fluorescence top, excitation 544 nm, emission 590 nm. The experiment was

performed three times independently, each with two technical replicates.

The experiment was carried out similarly to the described for 3x108 T. brucei bloodstream form

cells; in this case, PBS-G (PBS with 14 mM glucose) was used instead of PBS.
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6.6.4 Intracellular Zn?* measurement

FluoZin™-3, AM assay kit (F24195, Invitrogen) was run according to the manufacturer’s
instructions. Late-log phase L.mexicana promastigotes (2.5x108 cells) were harvested by
centrifugation (1000 g, 8 min), washed once by resuspension in 5 mL PBS and centrifugation
(1000 g, 4 min) and resuspended in 5 mL of PBS. 10 pL of FluoZin-3 mixture (5 uL FluoZin-3 AM
pre-mixed with 5 pLL 20% pluronic in DMSO) was added and incubated at 28 °C for 1 h. Cells were
washed three times by resuspension in 5 mL PBS and centrifugation (1000 g, 4 min) to remove
excess FluoZin-3. Cells were resuspended in 16 mL PBS then split into four tubes of 4 mL each.
One each was treated with i) 4 uL of Asci dissolved in DMSO giving a final concentration of
700 nM, ii) 32 uL of TPEN from a 1 mM stock in methanol giving a final concentration of 8 uM,
iii) 4 uL of DMSO giving a final concentration of 0.1% as a negative control, and iv) 32 pL of ZnCl;
from a 100 mM stock in H2O giving a final concentration of 800 uM as an assay control. The samples
were aliquoted onto a black, clear bottomed 96-well plate (150 uL per well), then each well fixed
with 8 uL of 37% formaldehyde (final concentration 2%), incubated 5 min at r.t and the plate read
using a FluorStar Omega microplate reader: Fluorescence top, excitation 485/12 nm, emission 520

nm. The experiment was performed three times independently, each with two technical replicates.

The experiment was carried out similarly to the described for 4x108 T. brucei bloodstream form
cells. Variations were: PBS-G (PBS with 14 mM glucose) was used instead of PBS, treatment i) was
4 uL of Asci dissolved in DMSO giving a final concentration of 250 nM, and treatment ii) was 4 uL

of TPEN from an 8 mM stock in DMSO giving a final concentration of 8 uM.

6.7 The click reaction

Reagents for the click reaction are from Click-it™ Plus AlexaFluor™ 555 picolyl azide toolkit
(C10642, Invitrogen), prepared according to the manufacturer’s instructions. Reagents were added

in the order listed.
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Click cocktail A : 870 uL 1x reaction buffer (contains a THPTA stabilising ligand), 10 pL of
500 uM azide stock giving a final concentration of 5 uM, 20 pL of pre-mixed copper(ll)
sulfate/copper protectant solution at a 3:2 ratio to moderate the amount of copper used, and 100 pL

of 1x reaction buffer additive (contains sodium ascorbate reducing agent).

Click cocktail B : 1x reaction buffer (contains a THPTA stabilising ligand), copper(Il) sulfate 1 mM

in H20, freshly prepared sodium ascorbate 10 mM in H,O, and azide 5 uM.

6.7.1 Slide preparation for the click reaction

0.01% poly-L-lysine was added to a glass microscope slide outlined using a hydrophobic PAP pen,
and incubated for 5 mins at r.t. The poly-L-lysine was pipetted off and the slide washed three times
with PBS, and then left with PBS until it is replaced with a solution of cells. All slide incubations

are in a humid box to prevent the slide from drying out.

6.7.2 EdU click optimisation

Mid-log phase L. mexicana promastigotes (1x10° cells/mL) in 5 mL of M199 medium were treated
with 5 pL of 5-ethynyl-2’-deoxyuridine (EdU, Invitrogen, 1 mM stock in DMSQO), giving a final
concentration of 1 uM in a carryover of 0.1% DMSO. Cells were incubated at 28 °C for 24 h to
ensure full incorporation of EdU into synthesised DNA. Flasks were treated with 270 uL of 37%
formaldehyde (final concentration 2%), incubated for 5 min at r.t, then harvested by centrifugation
(1000 g, 8 min). Cells were washed three times by resuspension in 1 mL of 3% BSA (freshly
prepared 3% w/v bovine serum albumin fraction V (03117332001, Roche) in PBS) and
centrifugation (1000 g, 3 min), then resuspended in 1% NP-40 (1% v/v Nonidet P-40 substitute
(ChemCruz, sc-29102) in PBS) and incubated for 20 min at r.t. Cells were washed three times by
resuspension in 1 mL of 3% BSA and centrifugation (1000 g, 3 min), resuspended in 100 pL of
3% BSA and added to prepared slides (Section 6.7.1). Slides were incubated for 20 min at r.t to allow

the cell suspension to adhere to the slide.
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The CuAAC click reaction was carried out on the surface of the slides: The residual cell suspension
was pipetted off the slides and replaced with 300 pL of Click cocktail A with AlexaFluor 555
(AF555) picolyl azide, ensuring complete coverage of the adhered cells. Different ratios of copper(ll)
sulfate/copper protectant were trialled to optimise the copper content; 1.9, 1:1, 3:2, 9:1 (Section
3.2.1, Figure 25). The slide was incubated for 30 min in the dark, then washed once with 3% BSA,
and once with PBS containing Hoechst 33342 (1 pg/mL) to aid with nucleus and kinetoplast

identification, before slide sealing (Section 6.7.3).

For T. brucei cells, the experiment was carried out similarly to the described, from a starting cell
concentration of 1x108cells/mL in 5 mL (procyclic forms) or 2x10° cells/mL in 50 mL (bloodstream
forms). Cells were treated with a final concentration of 100 uM EdU. Bloodstream forms were

concentrated by centrifugation (1000 g, 8 min) and resuspended in 5 mL of HMI9 prior to fixation.

6.7.3 Slide sealing

A drop of ProLong™ Gold Antifade Mountant (P36930, Invitrogen) was added to the slide as a
protective sealant, a coverslip was applied and partially sealed to the slide with nail varnish. The
slide was imaged a minimum of 2 h after preparation (routinely > 24 h after preparation), and dried

at r.t for 24 h before being fully sealed with nail varnish and stored at —20 °C indefinitely.

6.7.4 Optimised sample processing and click conditions for
fluorescence microscopy

Mid-log phase cells (> 5x107 cells) in medium were treated with compound dissolved in DMSO
giving a final concentration of 30 uM (DDB-yne or DDB-PAL) in a carryover of 0.1% DMSO. Cells
were incubated for 30 min unless otherwise indicated for a specific time-varied experiment. Where
necessary for treatments with DDB-PAL, PAL UV light irradiation was then carried out (Section
6.7.5). Flasks were fixed with 2% formaldehyde, incubated for 5 min at r.t, then harvested by
centrifugation (1000 g, 8 min). Cells were washed three times by resuspension in 1 mL 3% BSA and

centrifugation (1000 g, 3 min), resuspended in 1% NP-40 and incubated for 20 min at r.t. Cells were
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washed three times by resuspension in 1 mL 3% BSA and centrifugation (1000 g, 3 min),
resuspended in 100 pL 3% BSA and added to prepared slides (Section 6.7.1). Slides were incubated
for 20 min at r.t to allow the cell suspension to adhere to the slide. The residual cell suspension was
pipetted off the slides and replaced with 250 pL of Click cocktail A or Click cocktail B. Slides were
incubated for 30 min in the dark, then washed once with 3% BSA, and once with PBS optionally

containing Hoechst 33342 (1 pg/mL) before slide sealing (Section 6.7.3).

6.7.5 PAL UV light irradiation

For samples treated with DDB-PAL, a UV torch was suspended 10 cm above a 25 cm?® cell culture
flask on its side, in the dark. The flask was irradiated with 10 Watt 365 nm UV light for 10 min to
trigger diazirine cross-linking. Control imaging for samples treated with DDB-PAL without

undergoing UV light irradiation did not show fluorescence, indicating the essentiality of this step.

6.7.6 EDTA wash to restore mNeonGreen fluorescence

For mNeonGreen tagged cell lines, an acidic EDTA wash was included to chelate excess copper
from the click reaction thereby restoring the mNeonGreen fluorescence.*”® Following incubation
with the click cocktail, slides were washed once with 3% BSA, twice with acidic EDTA solution
(40 mM ethylenediaminetetraacetic acid disodium salt and 10 mM 2-(N-morpholino)ethanesulfonic
acid (MES) pH 5.3, in 3% BSA), then 300 pL of acidic EDTA solution added and incubated in the
dark for a further 2 h. Slides were washed five times with 3% BSA to restore the pH, then once with

PBS optionally containing Hoechst 33342 (1 ug/mL) before slide sealing (Section 6.7.3).

6.7.7 HaloTag cell line labelling with ligand

Mid-log phase HaloTag tagged cells (5x107 cells) (Section 6.2) were concentrated by centrifugation
(1000 g, 4 min) and resuspended in 800 pL of pre-warmed media. To this was added 200 pL of 5x
ligand solution (800 pL pre-warmed media and 4 pL of HaloTag® TAMRA (G8252, Promega)) and
incubated for 15 min. Cells were pelleted by centrifugation (1000 g, 4 min), washed three times by

resuspension in 1 mL media and centrifugation (1000 g, 3 min) and incubated in 3 mL media for a
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further 30 min to remove unbound ligand. 500 pL from each sample was harvested by centrifugation
(1000 g, 4 min) and prepared for light microscopy (Section 6.4.1). The remaining 2.5 mL was
harvested by centrifugation (1000 g, 4 min), resuspended in 2.5 mL media and used for click reaction

with AlexaFluor 488 (AF488) azide (A10266, Invitrogen) (Section 6.7.4).

6.8 Click image processing

6.8.1 Image deconvolution

Image deconvolution is necessary because fluorescence images have inherent blur due to the
diffraction of light passing through the sample. To correct for this out-of-focus light requires the
point spread function (PSF), a mathematical formula that models the spread of light through the
system from its source. A theoretical PSF image z-stack for our system was predicted using the
Diffraction PSF 3D plugin with the parameters: Refractive index: 1.518, numerical aperture: 1.4,
wavelength in nm: 568 (AF555) or 517 (mMNG) or 578 (TAMRA) or 525 (AF488), pixel spacing:
103.2 nm, slice spacing (z): 240 nm, width: 2048, height: 2048, and depth: 10. This was used with

the algorithm Iterative Deconvolve 3D on the fluorescence channel z-stack images in Fiji.>

6.8.2 Quantification of the DDB-PAL treated cells at different time
points.

For each timepoint, fluorescence intensity was quantified for the non-deconvolved AF555 channel.
Cells were selected from > 1 field of view with the requirement of having no overlapping cells but
otherwise unbiased selection. The 3D z-stack is flattened using Fiji, z-project — sum slices, which
creates a 2D image of the combined pixel intensity from each z-slice. The Fiji selection tools are
used to draw a region of interest (ROI) around the promastigote cell body, and then the measurement
tools used to measure the mean signal intensity with the ROI. A measurement of the mean
background intensity is similarly taken and subtracted from the cell body intensity before the values

are plotted in Excel.
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6.8.3 Co-localisation quantification with JACoP and Coloc2 plugins

To quantify co-localisation between fluorescence from mNeonGreen in tagged cell lines
(mMNG::TIM17 or mNG::GAPDH) and clicked AF555, two different opensource Fiji co-localisation
plugins were evaluated. Images underwent pre-processing: image deconvolution (Section 6.8.1) for
both AF555 and mNeonGreen channels, background subtraction using a rolling ball algorithm
(radius of 5-50 pixels), and finally conversion to 16-bit. The two Fiji plugins commonly used for this
application: Coloc2 and JACoP,%%8 513515 were both applied to this analysis for 10 images of each
cell line. For each plugin, the AF555 and mNeonGreen image channels of a single cell were
uploaded, the algorithm run to give a visual plot of the data as a cytofluorogram (Section 3.3.3,

Figure 30), and output various coefficients discussed below.

6.8.3.1 Pearson’s coefficient

Pearson’s coefficient (R) was calculated using each plugin. This measures the spread of the data
which varies from -1 to 1, where 1 is full co-localisation, —1 is complete exclusion, and 0 indicates
no correlation.5'® Coloc2 allows the user to manually define a region of interest (ROI), in this case
the promastigote cell body, so that co-localisation of background pixels is not considered. JACoP
does not have a feature allowing a ROI to be defined, therefore the whole field of view contributes
to the co-localisation. This leads to more accurate values for R with Coloc2; JACoP overestimates R
because low-value background pixels will have good correlation (Figure 63). Therefore, R calculated

using Coloc2 was used.
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mJACoP Coloc2 m JACoP Coloc2

Figure 63. Co-localisation calculated by JACOP gives higher values of Pearson’s R value than Coloc2. 10
cells of each cell line were used for the R calculation, JACoP tends to overestimate R. Values for mNG::TIM17
are higher than mNG::GAPDH as expected (Section 3.3.3).
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Within each plugin, Pearson’s coefficient is statistically evaluated using Costes’ randomisation:
channel 1 is randomly scrambled, a new Pearson’s coefficient is calculated between this and channel
2, which is repeated 100 times. Comparing the generated “scrambled” R’s with the “real” R gives a
P-value where P =1 means none of the scrambled R’s had a better correlation, i.e., a high degree of

confidence.®'” With both plugins, all images had a P-value of 1.

6.8.3.2 Manders’ coefficient

Thresholded Manders’ coefficients (tM; and tM;) were calculated for each channel using both
plugins. Costes’ automatic thresholding was applied to set an intensity threshold below which R <0,
thus removing background noise.>*” The mNeonGreen channel has high levels of noise, particularly
mNG::TIM17 even after all the necessary pre-processing, which makes the thresholding step crucial
to the Manders’ coefficient. Costes’ automatic thresholding considers some of the noise to be “real”
signal and sets the threshold below this, which leads to tM; and tM; values close to 1 as almost every

pixel has intensity above the threshold (Figure 64).
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Figure 64. Failure of Costes” automatic thresholding in the calculation of tM1 and tM,. With the JACoP plugin,
manual thresholding allows only real signal to be included giving meaningful values of tM; and tM for each
cell line. Costes’ automatic thresholding overestimates the threshold such that background is included, giving
tM; and tM; close to 1.00 every time. One example cell from each cell line shows in white the pixels included
above threshold for both manual (correct) and Costes’ (incorrect) thresholding.
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With Coloc2, there is no option but to use Costes’ automatic thresholding which gives incorrect
results. With JACoP, a manual threshold can be set by the user, such that only true co-occurrence is
measured — although manual thresholding can introduce bias to the system. Meaningful tM; and tM.

were only obtained with manual thresholding using JACoP plugin.

6.9 Transmission Electron Microscopy (TEM)

All TEM experiments were carried out at the Electron Microscopy Facility, Sir William Dunn School
of Pathology, University of Oxford. Observations and ultramicrotome sectioning was carried out by
Dr. Cécile Fort. Observations were made on a Tecnai 12 transmission electron microscope (Thermo
Fisher) or a JEOL 2100 Plus 200 kV transmission electron microscope, with a Gatan OneView

camera. Images were analysed using Fiji (ImageJ).>*®

6.9.1 Standard TEM sample preparation

L. mexicana promastigotes (1x108 cells) were fixed in culture with 2.5% glutaraldehyde (25% stock
solution, EM grade, Electron Microscopy Sciences) for 10 min at r.t. Cells were harvested by
centrifugation (160009, 5 min), and the pellet was resuspended in fixative buffer (2.5%
glutaraldehyde, 4% PFA (paraformaldehyde, 16% stock solution, EM grade, Electron Microscopy
Sciences) in 0.1 M PIPES (1,4-piperazinediethanesulfonic acid, pH 7.2)) for a minimum of 2 h. Cells
were washed three times by resuspension in 1 mL 0.1 M PIPES and centrifugation (1000 g, 5 min),
then pelleted into agarose by resuspension in 1 mL 3% hot agarose solution and immediate
centrifugation (16000 g, 5 min). The agarose cell pellet was trimmed, and contrasted with 1% OsO4
(Osmium tetroxide 4% aqueous solution, Taab Laboratories Equipment) for 2 h at 4 °C. Samples
were serially dehydrated with aqueous ethanol solutions (30% 2 h atr.t, 50% 2 h at r.t, 70% overnight
at4 °C, then 3x 100% 2 h at r.t) prior to embedding in low-viscosity Agar 100 (Agar Scientific, UK),
and polymerised at 60 °C for 24 h. Ultrathin sections (90 nm thick) were collected on nickel grids
using a Leica EM UCT7 ultramicrotome, stained with 1% uranyl acetate (1% wi/v uranyl acetate
dehydrate in H,O, Electron Microscopy Sciences) for 5 min, and lead citrate (80 mM lead nitrate

(Thermo Fisher, L/1450), 120 mM sodium citrate (Sigma-Aldrich, 71405) and 1 M sodium
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hydroxide (SLS, CHE3422))*® for 5 min. Grids were dried for a minimum of 30 min before

observation.

6.9.2 TEM with click: pre-embedding

L. mexicana promastigotes underwent the click reaction as previously described for EAU (Section
6.7.2) and compound DDB-PAL (Section 6.7.4), without addition to glass microscope slides.
Instead, the reaction was carried out in 1.5 mL Eppendorf tubes with each wash involving 1 mL of
buffer and centrifugation (1000 g, 3 min). For click optimisation, permeabilisation with either 1%
NP-40 or 0.1% wi/v saponin in PBS (SAE0073, Sigma-Aldrich), was used. Fluorescent azide was
replaced with azide functionalised gold nanoparticles from three suppliers: i) 10 nm
(Cytodiagnostics), ii) 10 nm, 10-PEG chain (Nanopartz), or iii) 5 nm (Sigma-Aldrich). Following

the click protocol, samples were processed for TEM (Section 6.9.1) and observed.

6.9.3 TEM with click: post-embedding

Mid-log phase L. mexicana promastigotes (> 5x107 cells) were incubated with the desired click
substrate at 28 °C for 30 min (DDB-PAL) or 24 h (EdU), then PAL UV light irradiation was carried
out (Section 6.7.5). Samples underwent processing for TEM (Section 6.9.1) using an acrylic LR
White resin (Sigma-Aldrich, 94188-59-7) for embedding, and without the final uranyl acetate and

lead citrate staining until the end of this protocol.

Following grid preparation, the click reaction was carried out on grids, in all steps grids were placed
sample-down on a droplet of incubation solution, all incubations were at room temperature. Grids
were incubated in PBS for 5min to hydrate, then 1% NP-40 or 0.1% v/v Triton-X (X100,
Sigma-Aldrich) in PBS to permeabilise. Grids were washed three times by 5 min incubation in
blocking buffer, then incubated a further 30 mins in blocking buffer. To optimise this step, four
different blocking buffers were used: i) 1% w/v BSA in PBS, ii) 0.1% w/v BSA in PBS, iii) 0.5%
wiv fish gelatin (G7041, Sigma-Aldrich) in PBS, or iv) PBS without additive. Grids were incubated

in Click cocktail B with 10 nm gold-azide (Cytodiagnostics) 1/30 or 1/1000 dilution, for 1 h in the
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dark, then washed three times by 2 min incubation in blocking buffer, washed three times by 5 min
incubation in H20, and dried by blotting on filter paper. Grids were finally stained with uranyl acetate

and lead citrate as previously described (Section 6.9.1), and observed.

6.9.4 Tokuyasu sample preparation

Mid-log phase L.mexicana promastigotes (5x10% cells) were incubated with the desired click
substrate at 28 °C for 3 h (DDB-PAL) or 24 h (EdU), then PAL UV light irradiation was carried out
(Section 6.7.5). Cells were fixed in culture with 2% PFA in 0.1 M phosphate buffer for 24 h, then a
further 2.5% glutaraldehyde fixation for 1 h. Cells were harvested by centrifugation (1000 g, 5 min),
washed three times by resuspension in 1 mL 0.1 M phosphate buffer and centrifugation (1000 g,
5 min), and incubated in PBS-glycine (0.15% wi/v glycine in PBS) for 10 min at r.t. Cells were
harvested by centrifugation (1000 g, 5 min), then pelleted into 12% gelatin by resuspension in 1 mL
12% hot gelatin solution at 40 °C for 10 min, centrifugation (16000 g, 5 min), and gelatin
solidification on ice for 30 min. The gelatin cell pellet was trimmed, infiltrated with 2.3 M sucrose
at 4 °C for 3 days, before blocks were mounted on pins and frozen at —80 °C for a minimum of
20 min. Ultrathin sections (90 nm thick) were created using a Leica EM UC7 ultramicrotome
equipped with an EM FC7 cryochamber, collected on formvar-coated copper grids in looping

solution (1.15 M sucrose, 1% methyl cellulose), and stored at 4 °C indefinitely.

Following grid preparation, the click reaction was carried out on grids, in all steps grids were placed
sample-down on a droplet of incubation solution, all incubations were at room temperature unless
otherwise indicated. Grids were incubated in PBS for 30 min at 37 °C to melt the infiltrated sucrose,
then washed three times by 2 min incubation in PBS-glycine, and incubated a further 5 mins in 1%
BSA blocking buffer. Grids were incubated in Click cocktail B for 1 h in the dark. Three conditions
A-C were attempted, using two differed azides: A. 10 nm gold-azide (Cytodiagnostics) 1/10, 1/30,
1/500 or 1/1000 dilution, or B&C. 5 UM biotin-azide (PEG4 carboxamide-6-azidohexanyl biotin,
B10184, Invitrogen). Grids from A proceeded to fixation. Grids from B&C were washed five times

by 2 min incubation in 0.1% BSA-C (Aurion), incubated a further 5 min in 0.1% BSA-C, then
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incubated with either B. 10 nm streptavidin gold (Aurion) 1/250 or 1/5000 dilution in 1% BSA or C.
anti-biotin antibody, rabbit (ab53494, Abcam) 1/250 or 1/5000 dilution in 1% BSA. Grids from B
proceeded to fixation. Grids from C were washed five times by 2 min incubation in 0.1% BSA-C,
incubated 5 mins in 0.1% BSA-C, incubated a further 50 min with Protein A gold (Aurion) 1/20

dilution in 1% BSA, then proceeded to fixation.

Fixation: Grids were washed five times by 2 min incubation in PBS, incubated in 1% glutaraldehyde
in PBS for 5 min, then washed five times by 1 min incubation in H>O. On ice, grids were touched to
a droplet of cold 0.4% uranyl acetate/1.8% methyl cellulose in H2O, then incubated for 10 min on a

second droplet of the same before blotting, air drying and observation.

6.9.5 TEM gold quantification for Tokuyasu prepared samples

The gold was quantified in a semi-automated manner. A Fiji (ImageJ) script was used to filter the
images for gold labelling by considering circular dots of size 5-15 um and adjusting the contrast
allowing the gold to stand out. Gold was then manually identified and counted within the cellular

compartments of interest, defined with the selection tools.

6.10 PAL for proteomics

6.10.1 PAL sample preparation and protein precipitation

L. mexicana promastigotes (5x10° cells/mL) in 5 mL of M199 medium were treated with 5 pL of
DDB-PAL dissolved in DMSO giving a final concentration of 30 uM in a carryover of 0.1% DMSO,
and incubated for 30 min. For competition experiments, cultures were pre-incubated with 30 uM
DDB-1 for 30 min before 30 uM DDB-PAL for 30 min. A 0.1% DMSO treated culture was run in

parallel as a negative control. PAL UV light irradiation was then carried out (Section 6.7.5).

Cells were harvested by centrifugation (1000 g, 8 min), washed three times by resuspension in 1 mL
PBS and centrifugation (1000 g, 3 min), resuspended in 210 pL ice-cold lysis buffer (Pierce™ RIPA

buffer (Thermo Fisher), 1 uM E-64 protease inhibitor (324890, Merck), 2% v/v protease inhibitor
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cocktail in DMSO (P8340, Sigma-Aldrich), 0.2% v/v benzonase nuclease (Standard 25 U/pL,
70664-3, Merck)), and incubated for 15 mins on ice. DNA was sheared by 10x needle pulls through
a 0.8 mm needle, then incubated a further 15 mins on ice. 200 pL of Click cocktail B was added and
the samples incubated for 1 h in the dark. Protein precipitation was carried out to remove the excess
click reagents: addition of 2x sample volume of MeOH, 1x sample volume of H,O and 0.5x sample
volume of CHCls, vortex, then centrifugation (21910 g, 5 min). The protein appears as a precipitate
between the two solvent layers, the top layer was removed and the precipitate washed three times by

addition of 1 mL MeOH and centrifugation (1000 g, 3 min) before air drying (5 min).

6.10.2 In-gel fluorescence visualisation

PAL sample preparation and protein precipitation (Section 6.10.1) was carried out using TAMRA—
azide as the click partner. Precipitate was resuspended in 500 pL of 2% SDS (2% v/v sodium dodecyl
sulfate in PBS), vortexed thoroughly then sonicated three times (5 sec, 5 mA, SoniPrep150 needle
sonicator, sample on ice) to ensure the pellet is dissolved. Samples were resolved using SDS-PAGE
(Section 6.10.3) and the gel imaged with a fluorescent reader (ChemiDoc MP Cy5.5 module).
Following fluorescence imaging, the gel was stained with SimplyBlue™ SafeStain (Coomassie
G-250 based, LC6060, Invitrogen) following the manufacturer’s instructions (microwave protocol)

to visualise proteins.

6.10.3 SDS-PAGE for resolving protein samples

SDS-PAGE was carried out using the NUPAGE™ system (10673853, Invitrogen). Samples of 2x107
cell equivalents were diluted to 30 pL in 1x loading buffer (LDS sample buffer and sample reducing
agent in H,0), and denatured by boiling at 80 °C for 10 mins. 12% Bis-Tris 1.0 mm mini protein
gels were loaded with 12 pL of sample, and the gel was run in MOPS running buffer (with 0.25%
v/v antioxidant in the upper chamber running buffer) at 180 V for 60 min until the dye front was at
the bottom of the gel. 5 pL of a spectra multicolour broad range protein ladder (26634, Thermo

Fisher) 10 to 260 kDa was run alongside the samples.
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6.10.4 Affinity purification

PAL sample preparation and protein precipitation (Section 6.10.1) was carried out from a 10x culture
volume (50 mL), initially concentrated by centrifugation (1000 g, 10 min) and resuspension in 5 mL
of M199 media. Biotin-azide (PEG4 carboxamide-6-azidohexanyl biotin, B10184, Invitrogen) was

used in the click cocktail.

Precipitate was resuspended in 100 pL of 1% v/v SDS in PBS, vortexed thoroughly, then sonicated
three times (5 sec, 5 mA) to ensure the pellet is dissolved. Samples were then diluted in 1 mL of
affinity purification buffer (50 mM HEPES-NaOH (pH 7.4), 100 mM NaCl, 1% v/v NP-40 in PBS)
to < 0.1% SDS for efficient purification. Samples were incubated with 300 pL prepared streptavidin
magnetic beads slurry (Section 6.10.4.1) for 18 h at —4 °C with rotation. Beads were held with a
magnet (5 mins), supernatant flow through was removed, beads were washed once with 1 mL affinity
purification buffer, twice with 1 mL wash buffer (50 mM HEPES-NaOH (pH 7.4), 500 mM NacCl,

1% v/v NP-40 in PBS) and resuspended in 500 pL wash buffer.

6.10.4.1 Streptavidin magnetic bead preparation

Streptavidin magnetic beads (Dynabeads™ MyOne™ Streptavidin T1, 65601, lot number: 2792769,
Invitrogen) were used for affinity purification in combination with a DynaMag-2 magnet
(Invitrogen). The bead container was vortexed thoroughly to mix (> 30 sec), then 300 pL per sample
of beads added to 500 uL of PBS and vortexed. Beads were held with a magnet, the supernatant flow
through was discarded, beads were washed twice with 1 mL PBS, and resuspended in 300 pL of PBS

to form a slurry.

6.10.4.2 Western blot detection

50 puL of bead suspension (Section 6.10.4) was eluted by boiling in 100 uL of 1x sample buffer
(NUPAGE™ LDS sample buffer (Invitrogen) in H,O) at 90 °C for 10 mins. Beads were removed
with a magnet and flow through sample used for resolution by SDS-PAGE (Section 6.10.3). The

flow through sample was additionally loaded at 6% equivalents to enable visualisation.
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Protein was transferred from the gel to a nitrocellulose membrane (10600012, Amersham Protran
0.45 pum pore size) by wet transfer western blotting (XCell SureLock™ Mini-Cell with XCell 1 blot
module, Invitrogen) in transfer buffer (1x NUPAGE™ transfer buffer (NP0O006, Invitrogen), 0.1%
viv . NUPAGE™ antioxidant (NP0O0O05, Invitrogen), and 10% MeOH in H.O) for 1 h at 30 V.
Following successful transfer, the membrane was washed five times with H2O (5 min), then blocked
with 5% w/v BSA in PBS-T (0.05% v/v Tween 20 in PBS) for 20 min. The membrane was washed
with PBS-T (5min), and incubated with agitation in HRP conjugate antibody (Avidin,
NeutrAvidin™ horseradish peroxidase conjugate, A2664, Invitrogen) 1:5000 dilution in PBS-T, for
1.5h. The membrane was then washed five times with PBS-T (5 min), detected with
chemiluminescent substrate (SuperSignal™ west pico PLUS, 34578, Thermo Scientific) for 2 min

and imaged with a CCD sensor (ImageQuant LAS 4000).

6.10.4.3 MS/MS submission and analysis

450 pL of bead suspension (Section 6.10.4) was submitted to the University of Oxford Department
of Chemistry mass spectrometry facility for on-bead digest and MS/MS analysis. Four samples were
submitted together, corresponding to four technical replicates i.e., the affinity purification
experiment was carried out four times independently. Protein identification and quantification was

carried out by Dr. Elisabete Pires.

Volcano plots were generated in Excel for proteins with non-0 reads, and the statistical significance
(P-value) was derived from a two-tailed t-test. The coefficient of variation (CV) is a measure of the
percentage variation, and was calculated as the standard deviation divided by the mean for each

protein of the n = 4 replicates.®*® The cut-off for fold change was set as:

Where CV represents the 95 percentile of the measured coefficients from all proteins. This gave a

value of 2.5 and indicates the technical variance.
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A separate analysis was conducted for proteins where there were no reads detected in the DMSO
negative control sample. Only proteins where reads were detected in 3 or 4 of the DDB-PAL labelled
replicates and in 0 or 1 of the DMSO replicates were considered. The area detected for each protein

was normalised to the whole sample before the fold change was calculated.

6.11 Resistant cell line generation, DNA sequencing and

analysis

6.11.1 Mutagenesis

Clonal cells of L. mexicana promastigotes (1x10° cells/mL) in 10 mL of M199 were treated with
41.2 L EMS (ethyl methanesulfonate, M0880, Sigma-Aldrich) to a final concentration of 40 mM,
or 100 uL ENU solution (N-ethyl-N-nitrosourea, 400 mM stock in 1:1 H,O/EtOH) to a final
concentration of 4 mM. All waste contaminated with mutagen was neutralised with 0.3 M NaOH
solution before disposal. Flasks were incubated for 6 h at 28 °C, then cells were washed twice by
centrifugation (1000 g, 3 min) and resuspension in 1 mL M199 media. The pellet was then
resuspended in 10 mL pre-warmed M199 media and incubated for 24 h at 28 °C to allow cell

recovery before proceeding with further experiments.

6.11.2 Resistance generation

6.11.2.1 Sequential increase from sub-lethal concentration

Two independent cultures per mutagen (Section 6.11.1) and a non-mutagenised control culture were
grown in the presence of DDB-1 starting with a sub-lethal concentration of 3 uM. Concentration of
compound was increased each time the cells displayed a healthy growth and motility comparable to

an untreated control. Beyond 20 pM, cells did not survive, therefore the experiment was terminated.

6.11.2.2 High “shock” concentration

Two independent cultures per mutagen (Section 6.11.1) and a non-mutagenised control culture were

grown in M199 medium in the presence of DDB-1 at a high concentration (20, 50 or 100 pM). Every
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2 to 3 days, cells were pelleted by centrifugation (1000 g, 3 mins), resuspended in M199 medium
and re-treated with compound maintaining the same concentration. To some flasks an additional
10% FCS was added to the media. Cultures were monitored by microscopy; no live cell were visible

after three media replacements therefore the experiment was terminated.

6.11.2.3 Selection on 96-well plates

Two independent cultures per mutagen (Section 6.11.1) were diluted to 1.5x10° cells/mL (ENU) or
3x10* cells/mL (EMS) with modified M199, plated onto a 96-well plate and treated with 30 uM of
DDB-1. Plates were incubated at 28 °C, 5% CO, atmosphere for 2—4 weeks until cells emerged.
Wells were ranked according to approximate cell density, and those with the highest cell density that
were last to emerge were transferred to flasks and grown in M199 medium. Six cell lines resulted
from each mutagen. The relative resistance of one “desensitised” cell line to DDB-1 was assessed

via a 24 h growth curve (Section 6.3.1) in comparison to the wildtype cell line.

Genomic DNA was extracted from cell lines using a DNeasy (Qiagen) kit as per the manufacturer’s
instructions with a final elution in 20 puL H>O, and sent for sequencing at Beijing Genomics Institute
(BGI), Hong Kong. Library preparation and sequencing was carried out by BGI genomics: DNBseq,
100 base pairs paired end reads, 2—40 Gbase, read filtering and clean-up. BGI genomics delivered

clean reads, which then underwent bioinformatic analysis.

Sequence reads were aligned to the L. mexicana MHOMGT2001U1103 reference genome3® using
the software BWA (Version 0.7.17-r1188),%2° indexed using SAMtools (Version 1.7)%?! and a
changes file generated using Pilon (Version 1.24).°% The changes file identified mutations in the
protein coding sequence corresponding to synonymous SNPs, non-synonymous SNPs and new stop

codons compared to the starter clone.

6.11.3 L. donovani genome-wide overexpression library

This experiment was carried out in collaboration with the Wyllie group at the University of Dundee,

using their standard protocol.?* Briefly; the library was grown in the presence of DDB-1, Asci, or
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untreated (as a control), with regular sub-culturing upon reaching densities of 1x107 cells/mL. After
a period of selection, cells were harvested (2000 g, 5 min), washed once with cold PBS, and subjected
to cosmid extraction: SDS/alkali lysis, phenol/CHCI; extraction and ethanol precipitation. Cosmids
were amplified by transformation to electrocompetent E. coli, and extracted using the QIAprep kit
(Midiprep, Qiagen) according to the manufacturer’s instructions. Cosmid DNA was sent for
sequencing at BGI genomics, and resultant reads were analysed by Dr. Michele Tinti and Dr. Sandra

Carvalho.

6.11.4 T. brucei genome-wide overexpression library and RNAI library

The experiments were carried out in collaboration with the Wyllie group at the University of Dundee,
using their standard protocols.?% 522 Briefly; each library was grown in the presence of DDB-1, Asci,
or untreated (as a control), with regular sub-culturing upon reaching densities of 5x10° cells/mL.
After a period of selection, cells were harvested (2000 g, 10 min), and resuspended in DNA lysis
buffer. Genomic DNA was extracted (phenol/CHCIs) and amplified by PCR. DNA was sent for
sequencing at BGI genomics, and resultant reads were analysed by Dr. Michele Tinti and Dr. Sandra

Carvalho.

6.11.5 L. donovani barcoded resistance library

This experiment was carried out in collaboration with the Wyllie group at the University of Dundee,
using their standard protocol.*° Briefly; the library was grown in the presence of 3x ECs, and
10x ECso DDB-1 or Asci with regular sub-culturing upon reaching densities of 5x108 cells/mL, with
an untreated control culture in parallel. After a two-week selection, cells were harvested (2000 g,
5 min), and resuspended in DNA lysis buffer. Genomic DNA was extracted (phenol/CHCI3) and
amplified by PCR. DNA was sent for sequencing at BGI genomics, and resultant reads were analysed

by Dr. Michele Tinti and Dr. Sandra Carvalho.
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6.12 Transcriptome changes and sequencing

L. mexicana promastigotes (2.5x107 cells) were incubated with 30 uM DDB-PAL or DDB-1 at
28 °C for 24 h; a 0.1% DMSO treated culture was run in parallel. The experiment was performed
three times independently. Total RNA was extracted using a RNeasy (Qiagen) kit according to the
manufacturer’s instructions with a final elution in 30 uL RNAse-free H,O, and sent to BGI genomics
for sequencing. Library preparation and transcriptome sequencing was carried out by BGI genomics:
strand specific mMRNA sequencing, DNBseq, 100 base pairs paired end reads, 10 Gbase, read filtering

and clean-up. BGI genomics delivered clean reads, which then underwent bioinformatic analysis.

Bioinformatic analysis was carried out on the resultant reads by aligning transcripts to the
L. mexicana MHOM/GT/2001/U1103 reference transcriptome3®® using BWA-MEM (Version
0.7.17-r1188),52° and converting the output number of mapped reads to transcripts per million (TPM)
— the best measure for quantification between samples.>?* VVolcano plots were generated in Excel,
and the statistical significance (P-value) was derived from a two-tailed t-test. TPM were uploaded
to LeishCyc (leishcyc.org, based on the genomic data of L. major v5.2 obtained from the L. major

Friedlin project by the Sanger Institute)*! and overlaid onto the cellular overview.

6.13 Chemistry experimental

Full experimental and characterisation data for all compounds synthesised can be found in the

Appendix Section 7.4.
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7.1 Supplemental data for Chapter 2

7 | Appendix

7.1.1 Pharmacokinetic radar for compound 28 and compound 34
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Figure 65. In silico predictions of physicochemical, structural and ADMET parameters, bioavailability radar

for analogues 28 and 34.
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7.2 Supplemental data for Chapter 4

7.2.1 LeishCyc cellular overview for DDB-PAL
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Figure 66. Overlay of the transcriptome changes in DDB-PAL treated L. mexicana promastigotes onto
LeishCyc cellular overview. Upregulated proteins are shown in red, downregulated proteins are shown in
purple.
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7.2.2 Rationale for protein prioritisation

Table 20. Rationale for the prioritisation of the nine genes further investigated from all the genes identified in Table 15, Table 16 and Figure 46

DDB-1 DDB-PAL
Gene ID Priority Reason?
FC mRNA  P-value FC mRNA  P-value
LmxM.04.0130 | 3.19 101.20 6.68E-05 |1.89 59.93 5.66E-04 Y Highly upregulated, is significant in both
LmxM.29.2090 | 2.98 1545 558E-04 |1.81 9.41 6.95E-03 N Very low mRNA, other protein in same role unchanged
LmxM.33.0070 | 2.75 186.35 8.93E-05 | 1.48 100.11 1.90E-02 Y Mitochondrial, high upregulation, only one copy of gene
LmxM.19.1420 | 2.28 222.82 2.57E-03 |1.63 159.65 5.77E-03 N Not that significant, unlikely to be interesting
LmxM.33.0140 | 2.19 639.54 1.18E-04 |1.66 483.38 3.01E-04 Y Mitochondrial, high abundance. Significant in both
LmxM.27.0090 | 213 130.68 1.38E-04 | 197 121.04 1.4SE-04 v CYP often upregulated in drugs, is above threshold in both, is
highest for DDB-PAL
LmxM.18.0440 | 2.10 84.16 1.36E-03 |1.56 62.59  3.95E-04 N Barely above threshold, 2 other genes on pathway unchanged
LmxM.17.0890 | 2.06 458.60 3.11E-04 |1.71 380.88 1.50E-03 N Eziﬁly above threshold for DDB-1, although is significant in
LmxM.30.0453 | 2.04 152.41 3.60E-04 | 1.92 143.53 4.66E-05 N Orthologs are amastins
LmxM.28.2690 | 2.01 10.80 5.47E-03 1.66 8.89 3.10E-02 N Barely above threshold for DDB-1, also low abundance
LmxM.30.0450 | 1.95 467.50 3.63E-05 | 1.90 454.46 2.84E-05 N Orthologs are amastins
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LmxM.23.1062

LmxM.18.0640

LmxM.30.3070

LmxM.30.3060

LmxM.30.2250

LmxM.23.0050

LmxM.14.1340

LmxM.15.1470

LmxM.30.1800

LmxM.24.1210

LmxM.27.1710

LmxM.34.4380

LmxM.03.0600

1.88

1.35

0.80

0.79

0.72

0.69

0.69

0.67

0.50

0.47

0.45

0.41

0.38

151.48

53.59

202.14

132.18

235.91

136.40

112.09

598.81

120.74

120.62

61.52

117.75

56.07

2.24E-02

1.17E-03

2.47E-04

4.99E-04

3.27E-05

1.35E-03

8.50E-05

4.51E-04

1.30E-03

1.17E-03

1.08E-05

2.87E-04

1.80E-06

1.84

2.22

0.41

0.42

0.49

0.43

0.46

0.43

0.59

0.63

0.64

0.65

0.61

148.30

88.04

104.39

69.58

161.18

83.95

75.17

380.05

144.58

160.35

87.56

187.47

89.82

1.55E-02

2.24E-02

8.26E-03

8.75E-03

1.60E-04

2.54E-02

4.78E-04

4.94E-03

2.78E-03

1.88E-03

1.60E-04

4.62E-03

2.78E-05

N

Y

No orthologs, abnormal amino acid sequence
Low significance
Reasonably downregulated, both transporters affected

Reasonably downregulated, both transporters affected

Barely above threshold, 2 other genes on the pathway
unchanged, expected not to be expressed in promastigotes.
Barely above threshold, 18 other enzymes do the same role,
no change in those.

Not over DDB-PAL threshold, barely above DDB-1 threshold
Low significance

Barely above threshold for DDB-1

Very downregulated, related to 27.17107?

Very downregulated, related to 24.12107

Abnormal amino acid sequence

Extreme downregulated, is significant in both

FC = fold change, mRNA is average of TPM for n = 3 repeats, P-value was derived from a two-tailed t-test.
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7.3 Supplemental data for Chapter 6

7.3.1 Primer sequences used for CRISPR-Cas9 mediated genome editing

Table 21. Primer sequences used for constructs and sgRNA designed as described (Section 6.2) from LeishGEdit.>%®

Gene ID Shorthand Primer Primer Sequence Drug marker

LmxM.28.0550 mNG::RAD51 UF TCGCGCAGGGTCCTACCACTCACCCTACCAgtataatgcagacctgcetgce Puro
UR GCGAGCCTTGGCCTTGGAACGAGTCTGCATactacccgatcectgatccag
5sg gaaattaatacgactcactataggAGGAACGGAAAAACAAAAGGgttttagagctagaaatagce

LmxM.09.1130 mNG::TIM17, UF CTCCCTCCCCGCATCGTCTGCCTTGTACCAgtataatgcagacctgetgc Puro

Halo::TIM17 UR GGGCTGCCTAGGGTCCAGGATGGATGTCATactacccgatcectgatccag Puro

5sg gaaattaatacgactcactataggTACAGGCTTGCTTTCTGATTgttttagagctagaaatage

LmxM.29.2980 mNG::GAPDH UF ACAAGCTCTTTCTCTCTCTCAAGACAACCGgtataatgcagacctgctgce Neo
UR GCCGTTGATACCGACCTTGATAGGCGCCATactacccgatcctgatccag
5sg gaaattaatacgactcactataggGGGGGTGAGGGATGTTAGTTgttttagagctagaaatage

LmxM.20.1650 Halo::S11 UF TCTATAATACGTATGTGTATGTATGCTCCAgtataatgcagacctgcetge Puro
UR CGCGTGGTAGTACTGGGGCGCAACGGACATactacccgatcctgatccag
5sg gaaattaatacgactcactatagg TTGACGGAGTAAAACCTCTGgttttagagctagaaatagc

LmxM.18.1130 Halo::RAB5A UF TCTGCTCACTGGGAAAGAACATATACACCGgtataatgcagacctgctge Puro
UR CTCCATCAGCTGAGGTGGGTGGATGTTCATactacccgatcctgatccag
5sg gaaattaatacgactcactataggTGTGGGTGATGTTGCTTTGTgttttagagctagaaatage

LmxM.24.0940 Halo::ATOM14 UF CACTCACATACACTAAGCTGAGCAGCACCTgtataatgcagacctgctge Puro
UR GATGTGGTACTTCTCCATGAATGCGGACATactacccgatcctgatccag
5sg gaaattaatacgactcactataggGAGGAAGAGGTGCGCTCAGTgttttagagctagaaatagce

LmxM.19.1420 CPA::Halo DF CACACCCCGCACGTGCCGACGACAACGGCCggttctggtagtggttecgg Puro
DR CCACTCGAAAAAAAAGCAGCTCATTCGCCCccaatttgagagacctgtgc
3sg gaaattaatacgactcactataggAGCCCAGGCCCACGGTGCCTgttttagagctagaaatagce
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LmxM.33.3740 SPT::Halo DF ATCGAGACAGCCGTCAAGGCCGAGTTTGCGggttctggtagtggttccgg Puro
DR TCACATAAGCGAAGCTATGGGCGCACGCCAccaatttgagagacctgtgc
3sg gaaattaatacgactcactataggTACAGCTGCGATGCCGGGTGgttttagagctagaaatage

LmxM.36.1760 ALDH::Halo DF GACATCAAGTATGTCCTCTTCTCGACTGTCggttctggtagtggttccgg Puro
DR TGAGCTGAACCAAACCCCTCGCCCCTGCCCccaatttgagagacctgtgce
3sg gaaattaatacgactcactataggGCGTGCCCAGGGAAGGGCAAgttttagagctagaaatage

LmxM.04.0130 Hyp0130::mNG DF GTCTGCGTTGTCGCCGCCCTCTATGCCTTTggttctggtagtggttccgg Puro
DR GACGACGCGCACCGGCGTTGCCCACGACCAccaatttgagagacctgtgc
3sg gaaattaatacgactcactataggGAGTGCGTGGTTGATGGTCGgttttagagctagaaatage

LmxM.33.0140 mMDH::mNG DF ATCAAGAAGGGCATCGAGCTCGGCAACTGGggttctggtagtggttccgg Puro
DR TTGCAGCTGCGTGCCTGTAAAACACCGTCGccaatttgagagacctgtgce
3sg gaaattaatacgactcactataggCATCATCGAATAGCTTCCGAgttttagagctagaaatagce

LmxM.27.0090 CYP450::mNG DF GTGCGGGGCACACCGAACAAGCTGTTCATGggttctggtagtggttcecgg Puro
DR CGGAGCGCTGTCCTTCTCTTCTCACCCACCccaatttgagagacctgtge
3sg gaaattaatacgactcactataggCCTCTCTCTTCTGCGGGTGGgttttagagctagaaatage

LmxM.33.0070 APX::mNG DF AACCTTCACAAAGCACCCGCGTCGGGGAGCggttctggtagtggttccgg Puro
DR AGAAGGTGGGGGAGAGGAGGATAACAACCAccaatttgagagacctgtgc
3sg gaaattaatacgactcactataggAAAGTGAACGTAGCGCGCTTgttttagagctagaaatagce

LmxM.03.0600 NMT::mNG DF ACCTCGGGCACCTATTACTACCAGTCCTACggttctggtagtggttccgg Puro
DR ACACACGCATGTGCGTCGCTGCACCATCCCccaatttgagagacctgtgc
3sg gaaattaatacgactcactataggTCAAGGATGTGAAGGGGAAGgttttagagctagaaatagce

LmxM.27.1710 eRF::mNG DF GAGGAATTCGACTTCGACGACGACTTCATGggttctggtagtggttccgg Puro
DR CAGACATTGACGCGTCCCGTCCCCCACCCCccaatttgagagacctgtge
3sg gaaattaatacgactcactataggCTCGCCTACACTCTGAAGAGgttttagagctagaaatage

LmxM.31.1870 CatEff::mNG DF GCACCTCACAGTGCAACCTATGACCACGTGggttctggtagtggttccgg Puro
DR AAAAATGACGAGAAGTCGACATGTGAGCCAccaatttgagagacctgtgc
3sg gaaattaatacgactcactataggGCCACGTTGAGAGAGCATTGgttttagagctagaaatagce
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LmxM.28.1930 ZIP3::mNG DF GGCGTGATGGCGATGATTGGGAAGTGGCTGggttctggtagtggttccgg Puro
DR AAGCGCGACCCATTGCAGCAGCAGCCACCTccaatttgagagacctgtgc
3sg gaaattaatacgactcactataggTCCTGCGCGAGTATGTGGCTgttttagagctagaaatage
LmxM.24.1210 mNG::elF1 UF TTGCCACGCCCTCGATAAGCAGTGGATCCGgtataatgcagacctgcetgce Puro
UR GTTCACAATGGCCTCGACGGTGTCCTCCATactacccgatcctgatccag
5sg gaaattaatacgactcactataggCCTTGTACGGTTAGGGTATGgttttagagctagaaatage
LmxM.30.3060-70 mNG::LIT1 UF CTCCAGTCCGCTTCCGCTTTTTCCAGGCCCgtataatgcagacctgcetgce Puro
UR CGCCTCCACGCTCAGTTTCGCCGGCTCCATactacccgatcctgatccag
_ 5sg gaaattaatacgactcactataggAACGGTAGCTGCGGAGGTGTgttttagagctagaaatage
LmxM.04.0130 AHyp0130 UF ACCGTGTATACGCGACGGAAAAGATGACCCgtataatgcagacctgctgc Puro + Blast
DR GACGACGCGCACCGGCGTTGCCCACGACCAccaatttgagagacctgtgc
5sg gaaattaatacgactcactataggCGTGGAGCGGGGGAGGATATgttttagagctagaaatage
3sg gaaattaatacgactcactataggGAGTGCGTGGTTGATGGTCGgttttagagctagaaatage
LmxM.33.0140 AmMDH UF CCACTCTGAGCACATACACCCACATTCCCAgtataatgcagacctgctgce Puro + Neo
DR TTGCAGCTGCGTGCCTGTAAAACACCGTCGccaatttgagagacctgtgce
5sg gaaattaatacgactcactataggAAAGACCGCAAAAGAAAATGgttttagagctagaaatagce
3sg gaaattaatacgactcactataggCATCATCGAATAGCTTCCGAgttttagagctagaaatagce
LmxM.33.0070 AAPX UF CAAGAGAAAAAGAGACCCAAATAAGACCGCgtataatgcagacctgcetge Puro + Blast
DR AGAAGGTGGGGGAGAGGAGGATAACAACCAccaatttgagagacctgtgc
S5sg gaaattaatacgactcactataggACGCAACGAAGGACTCTACGgttttagagctagaaatagce
3sg gaaattaatacgactcactataggAAAGTGAACGTAGCGCGCTTgttttagagctagaaatagce
LmxM.30.3060-70 ALIT1* UF TCGCACACCACCGCAGCGCACAGTGGGCGCCgtataatgcagacctgetge Puro + Neo +
DR GGGAACCGCCCATGGGGCTCAATGTCGAGCccaatttgagagacctgtgc Blast
5sg gaaattaatacgactcactataggACGGCAGCAAAGAAACACACgttttagagctagaaatagc
3sg gaaattaatacgactcactataggAAAAAGCCCTTGAACAAGCTgttttagagctagaaatagce
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LmxM.31.1870 ACatEff UF GATTCGCGGCCTCGCCGTTTCAGTTCACCGgtataatgcagacctgctgce Puro + Neo
DR AAAAATGACGAGAAGTCGACATGTGAGCCAccaatttgagagacctgtgc
5sg gaaattaatacgactcactatagg GAGCGAGGGAGAGAAAGGGGgttttagagctagaaatage
3sg gaaattaatacgactcactataggGCCACGTTGAGAGAGCATTGgttttagagctagaaatagce
LmxM.28.1930 AZ|P3** UF TTTCATCTGGCATGTTCGGGTCAGCGTCCCgtataatgcagacctgctgc Puro + Neo
DR GTGGGCGATGAGGACGGGGAGGGCGTGCGCCecaatttgagagacctgtge
5sg gaaattaatacgactcactataggGAGCTGGTTCCCATGAACTGgttttagagctagaaatagce
3sg gaaattaatacgactcactataggGGTGCGGGTAAGTTGGGCGGgttttagagctagaaatage
GO0 aaaagcaccgactcggtgecactttttcaagttgataacggactagecttattttaacttgetatttctagetctaaaac

UF = upstream forward, UR = upstream reverse, DF = downstream forward, DR = downstream reverse 5sg = 5' SgRNA, 3sg = 3' sgRNA.

* primers designed to delete genes: LmxM379¢.30.1390425 and LmxM379¢.30.1399774 (just upstream and downstream from LmxM379¢.30.3060-70) from annotated
genome sequence of Leishmania mexicana MNYC/BZ/62/M379 expressing Cas9 and T7 RNA polymerase.5?®

**primers designed to delete regions just upstream and downstream from LmxM379c¢.28.1930, from annotated genome sequence of Leishmania mexicana
MNYC/BZ/62/M379 expressing Cas9 and T7 RNA polymerase.5?®

xipuadady | 2



7 | Appendix

7.3.2 Primer sequences used for PCR validation of deletion mutant

cell lines

Table 22. Primer sequences used for PCR validation of target ORF deletion in deletion mutant cell lines

Gene ID Shorthand Primer Sequence
LmxM.04.0130 AHyp0130 CGACTGTGTCCTTCCTCAACCT
CGAGTTGTACTTGGGGAGGGAG
LmxM.33.0140 AmMDH TCTCAGGCATCCTTCTTCCGTG
CTGGGGTGTAGATGTGGGAGAG
LmxM.33.0070 AAPX GACGCCTCAAAGATGCAAGGTC
ACGTCAGTGGGAAGCATCATCA
LmxM.30.3060-70 ALIT] TATGTGTTCTCCGTGGCGAAGT
GCAATCAGGGCAAGCAAGAAGT
LmxM.31.1870 ACatEff CGTTGGAGTGTCTAGTGGCTGA
GCTGAGCTTGCGACGTATGTTT
LmxM.28.1930 AZIP3 CTTGTGTTCTCGTTCTCTGCGC
CTTCCCAATCATCGCCATCACG
LmxM.20.1400 PF16 TGATGATCTGGATGGACTCGGC

CCAGCACTGTGTCTACCTACCC
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7.3.3 Agarose gels for visualising validation of deletion mutant cell

lines
AHyp0130 AmMDH AAPX
1013 bp 1013 bp 1013 bp
500 bp 500 bp 500 bp
300 bp 300 bp 300 bp
200 bp 200 bp 200 bp
100 bp 100 bp 100 bp
Genomic 8 g g Genomic E E E Genomic E E E
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T T < <
< <
Primers: 9 S S Primers: 9 Ir I Primers: 9 < X
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ALIT1 ACatEff AZIP3
1013 bp 1013 bp 1013 bp
500 bp 500 bp 500 bp
300 bp 300 bp 300 bp
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Genomic | Genomic =, Genomic A E oo
DNA: 3§ O 3 DNA: 8 O § DNA: Y O N
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Figure 67. PCR confirmation of target ORF deletion. PCR products were separated by agarose gel
electrophoresis and visualised by ethidium bromide DNA labelling. For each cell line, the genomic DNA and
ORF to which the primers anneal are indicated. Absence of a DNA band in the third column indicates deletion
of the desired ORF. ALIT1 is a deletion of both LmxM.30.3060 and LmxM.30.3070 in tandem.

7.4 Chemistry methods

7.4.1 Chemistry general experimental considerations

Materials/procedures: Dichloromethane (CH.Cl;), dioxane, tetrahydrofuran (THF), and
N,N-dimethylformamide (DMF) were dried by passing through an activated alumina column under

argon in an MBraun SPS-800 solvent dispenser. All other reagents were used as received. Caesium
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carbonate and copper(l) chloride were weighed out in a glove box under a nitrogen atmosphere.
Brine refers to a saturated aqueous solution of NaCl. All air-sensitive or moisture-sensitive reactions
were carried out with anhydrous solvents in heated glassware using a heat gun under an inert nitrogen
atmosphere. For reactions that require heating, an oil bath was employed and the temperature

monitored via a temperature probe plugged into the stirrer plate.

Chromatography: Thin-layer chromatography was performed on pre-coated aluminium-backed
plates (Merck Kieselgel 60 F2s4 plates), which were visualised with UV fluorescence (254 nm) and/or
staining with potassium(VIl) manganate, vanillin, phosphomolybdic acid or ninhydrin followed by
heating with a heat gun. Column chromatography refers to normal phase column chromatography
unless otherwise specified and was performed manually using Geduran® Silica gel 60 (40-63 um)
under a positive pressure of nitrogen, with the solvent system used in parentheses. Retention factors

(Ry) are reported with the solvent system in parentheses.

Infrared spectroscopy: Infrared spectra were recorded on a Bruker Tensor 27 Fourier transform
spectrometer, using material applied as a thin film on a diamond PIKE Miracle ATR module.
Wavelengths of maximum absorbance (vmax) are quoted in cm™. Only selected, characteristic IR

absorption data are provided for each compound.

NMR spectroscopy: Proton (*H) and carbon (**C) NMR spectra were recorded on a Bruker AVII
HD 400 (400 MHz) or AVII 500 (500 MHz) spectrometer. Chemical shifts (3H and 6C) are
expressed in parts per million (ppm), referenced to the residual solvent peak of CDClIs
(7.26/77.16 ppm). Coupling constants (J) are reported to the nearest 0.1 Hz. Spectra are assigned
based on chemical shifts, coupling constants, COSY, HSQC and HMBC data and/or comparison
with similar compounds. Splitting patterns are described using the following abbreviations: s
(singlet), d (doublet), dd (doublet of doublets), ddt (doublet of doublet of triplets), dt (doublet of

triplets), t (triplet), g (quartet), m (multiplet) and br (broad).

Mass spectrometry: Low-resolution mass spectra were recorded on a Micromass LCT Premier

Open Access using electrospray ionisation (ESI). High-resolution mass spectra (HRMS) were
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recorded by the University of Oxford Departmental Mass Spectrometry Service on a Thermo
Scientific Exactive Mass Spectrometer (using a Waters Equity autosampler and pump) for
electrospray ionisation (ESI). High resolution values are calculated to 4 decimal places from the

molecular formula, and all values are within a tolerance of 5 ppm.

7.4.2 Synthetic schemes

The majority of synthetic routes were shown in Scheme 1, Scheme 2, Scheme 3, and Scheme 4. In
addition, the coupling partner for the Ullmann cross-coupling (Section 2.2.1) was synthesised in one
step, and linkers for the modification of DDB-1 to allow further functionalisation were synthesised

as shown in Scheme 5.

Synthesis of B ring for 24, 27

i NaBH( OAc ;
THF, r.t

Synthesis of linkers to modify DDB-1 scaffold

Boc,0, TsCl, Et3N,
CH,Cl,, 0 °C CH,ClI,, 0 °C
OH 2Clo, H 2Cl5, T
HNT BocHN™ O ——— 5O
Boc,0, TsCl, DMAP, Et3N,
o CH,Cl,, 0 °C o CH,Cl,, 0 °C o
HNTN"N"S0H ————3 BocHN” "~"0H BocHN” "~"0Ts
(0]
\)l\
OEt o LiOH, 16) 1. 7N NH3, MeOH, 0 °C; N=N
| thiazolium ClI, MeOH, then HOSA, 0 °C to r.t o
—_— O—>/ o _—
Et3N, dioxane, Z H,0, r.t = 2. DIPEA, |, MeOH, Z OH
OEt OH o
80 °C 0 °C, dark

///\/\/OH TsCl, pyridine, 0 °C ://\/\/OTS
4

Scheme 5. Synthesis of the B ring coupling partner for the Ullmann cross-coupling, and linkers to further
modify the DDB-1 scaffold.
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7.4.3 Chemistry experimental procedures

4-Allyl-2-methoxy-1-(methoxymethoxy)benzene

To a solution of eugenol (0.94 mL, 6.1 mmol, 1.0 equiv.) in anhydrous CH2Cl, (40 mL) at 0 °C was
added chloromethyl methyl ether (0.68 mL, 9.2 mmol, 1.5 equiv.), followed by N,N-
diisopropylethylamine (2.1 mL, 12 mmol, 2.0 equiv.) dropwise. The resulting solution was allowed
to warm to room temperature and stirred until the reaction was complete (24 h). The reaction mixture
was washed successively with aqueous 0.5 M HCI, H.0, aqueous 1 M NaOH, and brine, dried over
MgSQs, and evaporated to dryness. Purification via column chromatography (19:1 pentane/EtOAc)
afforded 4-allyl-2-methoxy-1-(methoxymethoxy)benzene (1.11 g, 5.33 mmol, 87%) as a

colourless oil.
Rf 0.33 (19:1 pentane/EtOAC).

'H NMR (400 MHz, CDCl3) 8 7.07 (d, J = 8.0 Hz, 1H), 6.76 — 6.65 (m, 2H), 5.96 (ddt, J = 16.8,
10.0, 6.6 Hz, 1H), 5.20 (s, 2H), 5.14 — 5.01 (m, 2H), 3.87 (s, 3H), 3.51 (s, 3H), 3.34 (dt, J = 6.6, 1.5

Hz, 2H).

3C NMR (101 MHz, CDCls) & 149.7, 144.8, 137.5, 134.5, 120.6, 116.7, 115.7, 112.3, 95.7, 56.1,

55.8, 39.9.

Spectroscopic data is in accordance with the literature.?*®
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5-Allyl-1-iodo-3-methoxy-2-(methoxymethoxy)benzene

To a solution of 4-allyl-2-methoxy-1-(methoxymethoxy)benzene (2.00 g, 9.60 mmol, 1.0 equiv.) in
anhydrous THF (20 mL) was added tetramethylethylenediamine (2.6 mL, 17 mmol, 1.8 equiv.). The
solution was cooled to —78 °C then sec-butyllithium solution (1.4 M in hexane, 12 mL, 17 mmol,
1.8 equiv.) was added dropwise and stirred for 30 min. lodine (4.40 g, 17.3 mmol, 1.8 equiv.) was
added slowly as a solution in anhydrous THF (5 mL), and after 10 mins, the solution was allowed to
warm to room temperature and stirred until the reaction was complete (1 h). The resulting solution
was quenched with Na.S,03 (ag., sat), diluted with H,O, EtOAc (30 mL) and the layers separated.
The aqueous layer was extracted with EtOAc (20 mL x 2), the combined organic extracts washed
with NH4CI (aqg., sat), brine, dried over MgSO, and evaporated to dryness. Purification via column
chromatography (191 pentane/EtOAC) afforded 5-allyl-1-iodo-3-methoxy-2-

(methoxymethoxy)benzene (1.93 g, 5.78 mmol, 60%) as a colourless oil.

R¢ 0.38 (19:1 pentane/EtOAC).

'H NMR (400 MHz, CDCls) 6 7.20 (d, J = 1.9 Hz, 1H), 6.70 (d, J = 1.9 Hz, 1H), 5.98 — 5.84 (m,

1H), 5.13 (s, 2H), 5.12 — 5.07 (m, 2H), 3.82 (s, 3H), 3.67 (s, 3H), 3.33 — 3.26 (M, 2H).

3C NMR (101 MHz, CDCls) & 152.1, 144.2, 138.2, 136.6, 130.7, 116.5, 113.3, 98.7, 92.6, 58.4,

56.1, 39.4.

Spectroscopic data is in accordance with the literature.3!
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4-Allyl-2-iodo-6-methoxyphenol

OH

To a solution of 5-allyl-1-iodo-3-methoxy-2-(methoxymethoxy)benzene (2.67 g, 8.00 mmol,
1.0 equiv.) in MeOH (200 mL) was added aqueous 1 M HCI (20 mL) and left stirring until the
reaction was complete (24 h). The reaction mixture was basified to pH 5 with agqueous 1 M NaOH,
diluted with EtOAc (50 mL) and the layers separated. The aqueous layer was extracted with EtOAc
(50 mL x 2), combined organic extracts washed with brine, dried over MgSO, and evaporated to
dryness to afford 4-allyl-2-iodo-6-methoxyphenol (2.30 g, 7.93 mmol, 99%) as a yellow oil which

was used without further purification.

Rt 0.40 (19:1 pentane/EtOAC).

IH NMR (400 MHz, CDCls) & 7.12 (d, J = 1.8 Hz, 1H), 6.65 (d, J = 1.8 Hz, 1H), 5.95 (s, 1H), 5.96

—5.84 (m, 1H), 5.12 — 5.05 (m, 2H), 3.87 (s, 3H), 3.30 — 3.25 (m, 2H).

B3C NMR (101 MHz, CDCls) & 146.0, 144.0, 137.1, 133.7, 130.2, 116.2, 111.3, 81.2, 56.2, 39.4.

Spectroscopic data is in accordance with the literature.®
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5-Allyl-1-iodo-3-methoxy-2-((4-methoxybenzyl)oxy)benzene

To a solution of 4-allyl-2-iodo-6-methoxyphenol (1.17 g, 4.03 mmol, 1.0 equiv.) and K>COs3 (1.39 g,
10.1 mmol, 2.5 equiv.) in DMF (12 mL) was added 4-methoxybenzyl chloride (0.66 mL, 4.8 mmol,
1.2 equiv.) and heated to 80 °C while stirring until complete (1 h). The reaction mixture was diluted
with EtOAc (50 mL), H.O and separated. The organic extract was washed with H>O, brine, dried
over MgSO, and evaporated to dryness. Purification via column chromatography (19:1
pentane/EtOAc) afforded 5-allyl-1-iodo-3-methoxy-2-((4-methoxybenzyl)oxy)benzene (1.54 g,

3.75 mmol, 93%) as a colourless oil.

Rt 0.73 (19:1 pentane/EtOAC).

'H NMR (400 MHz, CDCls) & 7.52 — 7.47 (m, 2H), 7.19 (d, J = 1.9 Hz, 1H), 6.94 — 6.88 (m, 2H),
6.72 (d, J = 1.9 Hz, 1H), 5.99 — 5.87 (m, 1H), 5.14 — 5.07 (m, 2H), 4.92 (s, 2H), 3.85 (s, 3H), 3.82

(s, 3H), 3.32 — 3.28 (m, 2H).

B3C NMR (101 MHz, CDCls) 8 159.6, 152.7, 146.1, 138.1, 136.7, 130.4, 130.3, 129.4, 116.5, 113.7,

113.4,93.1, 74.3, 56.0, 55.3, 39.5.

Spectroscopic data is in accordance with the literature.?*®
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2-Methoxy-4-(morpholinomethyl)phenol

To a solution of vanillin (3.00 g, 19.7 mmol, 1.0 equiv.) and morpholine (1.71 mL, 19.7 mmol,
1.0 equiv.) in anhydrous THF (130 mL) was added sodium triacetoxyborohydride (6.24 g,
29.6 mmol, 1.5 equiv.) and left stirring until the reaction was complete (24 h). The solution was
guenched with NaHCO; (aqg., 10%), extracted with Et;O (80 mL x 3), combined organic extracts
washed with brine, dried over Na,SO., and evaporated to dryness to afford 2-methoxy-4-
(morpholinomethyl)phenol (4.28 g, 19.2 mmol, 97%) as a clear gum which was used without

further purification.

R+ 0.05 (3:2 EtOAc/pentane).

IH NMR (400 MHz, CDCl3) § 6.79 (d, J = 1.9 Hz, 1H), 6.75 (d, J = 7.8 Hz, 1H), 6.70 (dd, J = 7.8,

1.9 Hz, 1H), 3.78 (s, 3H), 3.66 — 3.62 (m, 4H), 3.35 (s, 2H), 2.40 — 2.33 (m, 4H).

3C NMR (101 MHz, CDCls) 5 146.6, 144.9, 129.4, 122.2, 114.0, 111.7, 67.0, 63.4, 55.9, 53.6.

Spectroscopic data is in accordance with the literature.5?
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4-(4-(5-Allyl-3-methoxy-2-((4-methoxybenzyl)oxy) phenoxy)-3-methoxybenzyl)morpholine,

DDB-1, 24

A vial containing 5-allyl-1-iodo-3-methoxy-2-((4-methoxybenzyl)oxy)benzene (1.50 g, 3.70 mmol,
1.0 equiv.), CuCl (178 mg, 1.85 mmol, 0.5 equiv.) and caesium carbonate (2.38 g, 7.40 mmol,
2.0 equiv.) was sealed with a rubber septum then evacuated and backfilled with N2 (x3). To this was
added 2-methoxy-4-(morpholinomethyl)phenol (1.65¢g, 7.40 mmol, 2.0 equiv.), N-methyl-2-
pyrrolidone (3.75 mL) and 2,2,6,6-tetramethyl-3,5-heptanedione (375 pL, 1.85 mmol, 0.5 equiv.)
via syringe, then the vial was evacuated and backfilled with N, (x3) before addition of de-gassed
distilled 1,4-dioxane (7.5 mL). The vial was capped and the reaction mixture heated to 80 °C until
complete (72 h). The solution was diluted with Et,O (30 mL), washed with 35% ammonia solution,
brine, dried over Na;SO. and evaporated to dryness. Purification via column chromatography (1:1
pentane/EtOAc, column prewashed with 1% EtsN in pentane) afforded 4-(4-(5-allyl-3-methoxy-2-
((4-methoxybenzyl)oxy)phenoxy)-3-methoxybenzyl)morpholine (1.04 g, 2.06 mmol, 56%) as a

yellow oil.

Rr 0.42 (EtOAC).

IR (thin film, vmax / cm™) 2936, 2851, 1585, 1508, 1455, 1420, 1232, 1116, 1091.

'H NMR (400 MHz, CDCl3) 6 7.32 — 7.24 (m, 2H, H32, H34), 6.97 (d, J = 1.9 Hz, 1H, H17), 6.82

—6.77 (m, 2H, H29, H31), 6.76 (dd, J = 8.1, 1.9 Hz, 1H, H15), 6.72 (d, J = 8.1 Hz, 1H, H14), 6.50
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(d, J = 2.0 Hz, 1H, H2), 6.36 (d, J = 2.0 Hz, 1H, H4), 5.90 (ddt, J = 17.5, 9.5, 6.6 Hz, 1H, H9), 5.08
~ 5.00 (m, 2H, H10), 4.95 (s, 2H, H35), 3.85 (s, 3H, O-CHs), 3.83 (s, 3H, O-CHa), 3.78 (s, 3H,
O-CHa), 3.71 (t, J = 4.7 Hz, 4H, H22, H24), 3.45 (s, 2H, H27), 3.26 (dt, J = 6.6, 1.5 Hz, 2H, H8),

2.43 (t,J=4.7 Hz, 4H, H21, H25).

B3C NMR (101 MHz, CDCls) 8 159.2, 154.0, 150.3, 150.2, 145.5, 137.2, 137.1, 135.7, 133.2, 130.1,
130.0, 121.5, 118.2, 115.9, 113.4, 113.3, 112.3, 107.9, 74.6, 67.1, 63.2, 56.1, 56.1, 55.2, 53.6, 40.1,

14.2.

HRMS (ESI+) calc. for CsoHssNOs [M+H]* 506.2532 found 506.2537.
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4-(3-Methoxy-4-(3-methoxy-2-((4-methoxybenzyl)oxy)-5-(morpholinomethyl)phenoxy)

benzyl)morpholine, 27
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A vial containing 4-(3-iodo-5-methoxy-4-((4-methoxybenzyl)oxy)benzyl)morpholine* (80 mg,
0.17 mmol, 1.0 equiv.), CuCl (8 mg, 0.09 mmol, 0.5 equiv.) and caesium carbonate (110 mg,
0.340 mmol, 2.0 equiv.) was sealed with a rubber septum then evacuated and backfilled with N; (x3).
To this was added 2-methoxy-4-(morpholinomethyl)phenol (60 mg, 0.26 mmol, 1.5 equiv.),
N-methyl-2-pyrrolidone (0.17 mL) and 2,2,6,6-tetramethyl-3,5-heptanedione (17 uL, 0.085 mmol,
0.5 equiv.), then the vial was evacuated and backfilled with N, (x3) before addition of de-gassed
distilled 1,4-dioxane (0.35 mL). The vial was capped and the reaction mixture heated to 120 °C until
complete (96 h). The solution was diluted with Et,O (3 mL), washed with 35% ammonia solution,
brine, dried over Na;SO. and evaporated to dryness. Purification via column chromatography (9:1
EtOAc/MeOH, column prewashed with 1% Et;N in EtOAc) afforded 4-(3-methoxy-4-(3-methoxy-

2-((4-methoxybenzyl)oxy)-5-(morpholinomethyl)phenoxy)benzyl) morpholine (20 mg,

0.018 mmol, 11%) as a colourless oil.
R+ 0.20 (19:1 EtOAc/MeOH).

IR (thin film, vmax / cm*) 2956, 2807, 2764, 1710, 1610, 1587, 1454, 1423, 1350, 1268, 1249, 1219,

1116, 1092, 1035.
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IH NMR (500 MHz, CDCls) § 7.28 — 7.25 (m, 2H, H32, H34), 7.00 (s, 1H, H17), 6.82 — 6.76 (m,
2H, H29, H31), 6.76 (dd, J = 8.1, 1.9 Hz, 1H, H15), 6.71 — 6.68 (M, 2H, H14, H2 or H4), 6.51 (d, J
= 2.0 Hz, 1H, H2 or H4), 4.96 (s, 2H, H35), 3.85 (s, 3H, O-CHs), 3.85 (s, 3H, O-CHj3), 3.77 (s, 3H,
0O-CHs), 3.71 (s, 4H, morpholine 2 x O-CHy>), 3.68 (t, J = 4.7 Hz, 4H, morpholine 2 x O-CHy), 3.49
(s, 2H, H8 or H27), 3.38 (s, 2H, H8 or H27), 2.46 (s, 4H, morpholine 2 x N-CH,), 2.40 (s, 4H,

morpholine 2 x N-CH,).

3C NMR (101 MHz, CDCls) 8 159.3, 154.1, 150.1, 150.0, 150.0, 145.6, 138.0, 130.0, 130.0, 121.6,

117.9, 113.6, 113.4, 113.3, 112.9, 108.2, 74.6, 67.0, 66.9, 63.2, 63.1, 56.2, 56.0, 55.3, 53.5, 53.5.

HRMS (ESI+) calc. for Cs2H4N207 [M+H]* 565.2908 found 565.2907.

*Synthesised by Dr. Snigdha Singh in two steps from commercially available starting materials.>*’
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4-(3-Methoxy-5-(2-methoxy-4-propylphenoxy)-4-((4-methoxybenzyl)oxy)benzyl)morpholine,

28
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A vial containing 4-(3-iodo-5-methoxy-4-((4-methoxybenzyl)oxy)benzyl)morpholine* (350 mg,
0.745 mmol, 1.0 equiv.), CuCl (36 mg, 0.37 mmol, 0.5 equiv.) and caesium carbonate (480 mg,
1.49 mmol, 2.0 equiv.) was sealed with a rubber septum then evacuated and backfilled with N, (x3).
To this was added 2-methoxy-4-propylphenol** (238 pL, 1.49 mmol, 2.0 equiv.), N-methyl-2-
pyrrolidone (0.75 mL) and 2,2,6,6-tetramethyl-3,5-heptanedione (77 puL, 0.37 mmol, 0.5 equiv.),
then the vial was evacuated and backfilled with N2 (x3) before addition of de-gassed distilled 1,4-
dioxane (1.5 mL). The vial was capped and the reaction mixture heated to 120 °C until complete
(48 h). The solution was diluted with Et,O (6 mL), washed with 35% ammonia solution, brine, dried
over Na,SO, and evaporated to dryness. Purification via column chromatography (1:1
pentane/EtOAc, column prewashed with 1% EtsN in pentane) afforded 4-(3-methoxy-5-(2-
methoxy-4-propylphenoxy)-4-((4-methoxybenzyl)oxy)benzyl)morpholine  (292mg, 0.575

mmol, 77%) as a colourless oil.

Rr 0.36 (EtOAC).

IR (thin film, vmax / cm™*) 2957, 2934, 2360, 2341, 1610, 1587, 1510, 1454, 1423, 1266, 1248, 1216,

1117, 1092, 1035, 982.
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'H NMR (400 MHz, CDCls) § 7.34 — 7.26 (m, 2H, H32, H34), 6.83 — 6.76 (m, 3H, H29, H31, H17),
6.72 (d, J = 8.1 Hz, 1H, H14), 6.66 (dd, J = 8.1, 1.9 Hz, 2H, H15, H2 or H4), 6.45 (d, J = 1.9 Hz,
1H, H2 or H4), 4.99 (s, 2H, H35), 3.84 (s, 3H, O-CHs), 3.81 (s, 3H, O-CHs), 3.78 (s, 3H, O-CHs),
3.67 (t, J = 4.6 Hz, 4H, H11, H12), 3.36 (s, 2H, H8), 2.56 (t, J = 7.3 Hz, 2H, H21), 2.39 (t, J = 4.6

Hz, 4H, H10, H13), 1.72 — 1.58 (m, 2H, H22), 0.96 (t, J = 7.3 Hz, 3H, H23).

3C NMR (101 MHz, CDCls) 8 159.3, 154.0, 150.6, 150.2, 144.0, 138.5, 137.7, 133.4, 130.2, 130.1,

120.6, 118.9, 113.4, 113.0, 112.2, 107.7, 74.6, 67.0, 63.1, 56.2, 55.9, 55.2, 53.5, 37.8, 24.7, 13.8.

HRMS (ESI+) calc. for CsoHs7NOs [M+H]* 508.2694 found 508.2695,

*Synthesised by Dr. Snigdha Singh in two steps from commercially available starting materials.*’

** Synthesised by Dr. Snigdha Singh in one step from commercially available starting material .38
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2-Methoxy-6-(2-methoxy-4-propylphenoxy)-4-(morpholinomethyl)phenol
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To a solution of 4-(3-methoxy-5-(2-methoxy-4-propylphenoxy)-4-((4-methoxybenzyl)oxy)benzyl)
morpholine (140 mg, 0.276 mmol, 1.0 equiv.) in EtOH (9.5 mL) was added agqueous 1 M HCI
(4.5 mL) and heated to 80 °C while stirring until the reaction was complete (4 h). The solution was
basified to pH 7 with aqueous 1 M NaOH, extracted with EtOAc (5 mL x 3), combined organic
extracts washed with brine, dried over Na,SO,4 and evaporated to dryness. Purification via column
chromatography (1:4 to 1:0 EtOAc/pentane, column prewashed with 1% Et:N in pentane) afforded
2-methoxy-6-(2-methoxy-4-propylphenoxy)-4-(morpholinomethyl)phenol (46 mg, 0.12 mmol,

43%).

Rr 0.18 (EtOAC).

IR (thin film, vmax / cm™) 2961, 2922, 2361, 2341, 1608, 1595, 1510, 1457, 1432, 1265, 1213, 1155,

1116, 1087, 866.

'H NMR (400 MHz, CDCls) § 6.86 (d, J = 8.1 Hz, 1H, H14), 6.78 (d, J = 1.9 Hz, 1H, H2 or H4),
6.69 (dd, J = 8.1, 1.9 Hz, 1H, H15), 6.67 (d, J = 1.9 Hz, 1H, H17), 6.53 (d, J = 1.9 Hz, 1H, H2 or
H4), 3.89 (s, 3H, O-CHs), 3.85 (s, 3H, O-CHs), 3.70 — 3.63 (m, 4H, H11, H12), 3.34 (s, 2H, H8),
2.57 (t, J = 7.4 Hz, 2H, H21), 2.41 — 2.32 (m, 4H, H10, H13), 1.71 — 1.57 (m, 2H, H22), 0.95 (t, J =

7.3 Hz, 3H, H23).

3C NMR (101 MHz, CDCls) 6 152.3, 147.9, 143.9, 139.3, 136.0, 128.8, 120.7, 119.4, 112.9, 112.5,

111.6, 107.6, 67.0, 63.2, 56.3, 56.0, 53.5, 37.8, 24.6, 13.8.

HRMS (ESI+) calc. for C22H29NOs [M+H]" 388.2118 found 388.2119.
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4-(3-Methoxy-5-(2-methoxy-4-propylphenoxy)-4-((4-(trifluoromethyl)benzyl)oxy)benzyl)

morpholine, 29
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To a solution of 2-methoxy-6-(2-methoxy-4-propylphenoxy)-4-(morpholinomethyl)phenol (20 mg,
0.052 mmol, 1.0 equiv.) and K2COs (18 mg, 0.13 mmol, 2.5 equiv.) in DMF (0.5 mL) was added
4-(trifluoromethyl)benzyl chloride (9 pL, 0.06 mmol, 1.2 equiv.). The reaction was heated to 80 °C
and stirred until complete (18 h). The solution was diluted with EtOAc (3 mL), organic phase was
washed with H,O, brine, dried over MgSO. and evaporated to dryness. Purification via column
chromatography (1:0 to 3:1 pentane/EtOAc, column prewashed with 1% Et:N in pentane) afforded
4-(3-methoxy-5-(2-methoxy-4-propylphenoxy)-4-((4-(trifluoromethyl)benzyl)oxy)benzyl)

morpholine (13 mg, 0.024 mmol, 46%) as a colourless oil.

Ry 0.29 (EtOAC).

'H NMR (400 MHz, CDCls) § 7.58 — 7.44 (m, 4H,H29, H31, H32, H34), 6.75 (d, J = 1.9 Hz, 1H,
H17), 6.71 (d, J = 8.1 Hz, 1H, H14), 6.69 — 6.62 (m, 2H, H15, H2 or H4), 6.48 (d, J = 1.9 Hz, 1H,
H2 or H4), 5.11 (s, 2H, H35), 3.85 (s, 3H, O-CHs), 3.77 (s, 3H, O-CHs), 3.67 (t, J = 4.6 Hz, 4H,
H11, H12), 3.37 (s, 2H, H8), 2.57 (t, J = 7.6 Hz, 2H, H21), 2.39 (t, J = 4.6 Hz, 4H, H10, H13), 1.71

—1.56 (M, 2H, H22), 0.95 (t, J = 7.3 Hz, 3H, H23).
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3C NMR (101 MHz, CDCls) 6 153.7, 150.4, 150.1, 143.9, 142.1, 138.7, 137.5, 133.9, 128.0, 127.2,

124.9, 120.6, 118.6, 112.8, 112.3, 107.7, 74.0, 67.0, 63.1, 56.1, 55.8, 53.5, 37.8, 24.7, 13.8

HRMS (ESI+) calc. for CsoHzFNOs [M+H]* 546.2462 found 546.2455.
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4-(3-Methoxy-5-(2-methoxy-4-propylphenoxy)-4-((3,4,5-trimethoxybenzyl)oxy)benzyl)

morpholine, 30
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To a solution of 2-methoxy-6-(2-methoxy-4-propylphenoxy)-4-(morpholinomethyl)phenol (20 mg,
0.052 mmol, 1.0 equiv.) and K2COs (18 mg, 0.13 mmol, 2.5 equiv.) in DMF (0.5 mL) was added
3,4,5-trimethoxybenzyl chloride (13 mg, 0.060 mmol, 1.2 equiv.). The reaction was heated to 80 °C
and stirred until complete (18 h). The solution was diluted with EtOAc (3 mL), organic phase was
washed with H,O, brine, dried over MgSO. and evaporated to dryness. Purification via column
chromatography (1:0 to 2:3 pentane/EtOAc, column prewashed with 1% EtsN in pentane) afforded
4-(3-methoxy-5-(2-methoxy-4-propylphenoxy)-4-((3,4,5-trimethoxybenzyl)oxy)benzyl)

morpholine (18 mg, 0.033 mmol, 61%) as a colourless oil.

Ry 0.15 (EtOAC).

'H NMR (400 MHz, CDCl3) § 6.77 (d, J = 1.9 Hz, 1H, Ar-H), 6.73 (d, J = 8.1 Hz, 1H, H14), 6.69 —
6.64 (M, 4H, 4 x Ar-H), 6.46 (d, J = 1.8 Hz, 1H, Ar-H), 5.02 (s, 2H, H35), 3.87 (s, 3H, O-CHs), 3.80
(s, 3H, O-CHs), 3.79 (s, 3H, O-CHs), 3.76 (s, 6H, 2 x O-CHa), 3.67 (t, J = 4.6 Hz, 4H, H11, H12),
3.36 (s, 2H, H8), 2.55 (t, J = 7.5 Hz, 2H, H21), 2.38 (t, J = 4.7 Hz, 4H, H10, H13), 1.70 — 1.57 (m,

2H, H22), 0.95 (t, J = 7.3 Hz, 3H, H23).
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3C NMR (101 MHz, CDCls) § 153.8, 152.9, 150.5, 150.1, 147.0, 143.9, 138.6, 137.9, 137.4, 133.7,
120.6, 118.8, 112.8, 112.3, 107.7, 105.3, 75.3, 67.0, 63.1, 60.8, 56.2, 55.9, 55.9, 53.5, 37.8, 24.7,

13.8.

HRMS (ESI+) calc. for CaHaiNOg [M+H]* 568.2905 found 568.2900.
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4-Allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenol
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To a solution of 4-(4-(5-allyl-3-methoxy-2-((4-methoxybenzyl)oxy)phenoxy)-3-methoxybenzyl)

5

morpholine (1.45 g, 2.88 mmol, 1.0 equiv.) in EtOH (100 mL) was added aqueous 1 M HCI (50 mL)
and heated to 80 °C while stirring until the reaction was complete (24 h). The solution was basified
to pH 7 with aqueous 1 M NaOH, extracted with EtOAc (50 mL x 3), combined organic extracts
washed with brine, dried over Na;SO, and evaporated to dryness. Purification via column
chromatography (1:9 to 1:0 EtOAc/pentane) afforded 4-allyl-2-methoxy-6-(2-methoxy-4-

(morpholinomethyl)phenoxy) phenol (758 mg, 1.98 mmol, 69%) as a yellow oil.

Rr 0.20 (EtOAC).

IR (thin film, vmax / cm™) 3054, 1592, 15122, 1435, 1267, 1189, 1145, 1120, 1085, 736.

'H NMR (400 MHz, CDCls) § 6.98 (d, J = 1.9 Hz, 1H, H8), 6.86 (d, J = 8.1 Hz, 1H, H6), 6.80 (dd,
J=8.1,1.9 Hz, 1H, H7), 6.50 (d, J = 1.8 Hz, 1H, H1), 6.41 (d, J = 1.8 Hz, 1H, H2), 5.96 — 5.80 (m,
1H, H4), 5.07 — 4.97 (m, 2H, H5), 3.88 (s, 3H, O-CHs), 3.87 (s, 3H, O-CH3), 3.73 — 3.68 (m, 4H,

H11, H12), 3.45 (s, 2H, H9), 3.24 (dt, J = 7.0, 1.5 Hz, 2H, H3), 2.47 — 2.40 (m, 4H, H10, H13).

3C NMR (101 MHz, CDCls)  150.3, 148.0, 145.2, 144.2, 137.4, 135.4, 134.0, 131.1, 121.5, 118.8,

115.7,113.3, 112.2, 107.4, 67.0, 63.2, 56.2, 56.1, 53.6, 39.9.

HRMS (ESI+) calc. for C22HzNOs [M+H]* 386.1967 found 386.1963,
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tert-Butyl (2-hydroxyethyl)carbamate

O

To a solution of 2-aminoethan-1-ol (1.98 mL, 32.8 mmol, 1.0 equiv.) in CH2Cl, (40 mL) at 0 °C was
added di-tert-butyl dicarbonate (7.50 g, 34.3 mmol, 1.1 equiv.) portion-wise then allowed to warm
to room temperature. The reaction was stirred until complete (24 h). The resulting solution was
diluted with CH,CI, (40 mL), washed with NaHCOs; (aq., sat), brine, dried over Na,SO4 and
evaporated to dryness. Purification via column chromatography (1:1 EtOAc/pentane) afforded

tert-butyl (2-hydroxyethyl)carbamate (4.11 g, 1.98 mmol, 78%) as a pale yellow oil.
R¢0.58 (EtOAC).

'H NMR (400 MHz, CDCls) 3 5.01 (s, 1H), 3.68 (p, J = 4.6 Hz, 2H), 3.27 (p, J = 4.6 Hz, 2H), 1.46

—1.41 (m, 9H).
13C NMR (101 MHz, CDCls) § 156.9, 79.7, 62.6, 43.2, 28.4.

Spectroscopic data is in accordance with the literature.>?’
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2-((tert-Butoxycarbonyl)amino)ethyl 4-methylbenzenesulfonate
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To a solution of tert-butyl (2-hydroxyethyl)carbamate (2.00 g, 12.4 mmol, 1.0 equiv.) in CH,Cl,
(18 mL) at 0 °C, was added EtsN (4.0 mL, 29 mmol, 2.3 equiv.) dropwise. A solution of
4-toluenesulfonyl chloride (2.60 g, 13.6 mmol, 1.1 equiv.) in CH2Cl, (18 mL) was added dropwise,
then the reaction allowed to warm to room temperature and left stirring until complete (24 h). The
resulting solution was diluted with CH,Cl, (18 mL), washed with aqueous 0.1 M HCI, brine, dried
over NaSOs and evaporated to dryness. Purification via column chromatography (1:4
EtOAc/pentane) afforded 2-((tert-butoxycarbonyl)amino)ethyl 4-methylbenzenesulfonate (3.80 g,

12.0 mmol, 97%) as a pale yellow oil.
R 0.70 (1:1 EtOAc/pentane).

'H NMR (400 MHz, CDCls) 5 7.86 — 7.76 (m, 2H), 7.42 — 7.32 (m, 2H), 4.87 (s, 1H), 4.08 (s, 2H),

3.39 (s, 2H), 2.51 — 2.43 (m, 3H), 1.48 — 1.37 (m, 9H).
13C NMR (101 MHz, CDCls) § 155.6, 145.0, 132.7, 130.0, 127.9, 79.8, 69.5, 39.8, 28.3, 21.7.

Spectroscopic data is in accordance with the literature.>?®
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tert-Butyl(2-(4-allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenoxy)ethyl)

carbamate
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To a solution of 4-allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenol (300 mg,
0.780 mmol, 1.1 equiv.) and K>CO3 (322 mg, 2.33 mmol, 3.0 equiv.) in DMF (2.5 mL) was added
2-((tert-butoxycarbonyl)amino)ethyl 4-methylbenzenesulfonate (271 mg, 0.860 mmol, 1.0 equiv.)
as a solution in DMF (2.5 mL). The reaction was heated to 75 °C and stirred until complete (3 h).
The solution was diluted with EtOAc (30 mL), organic phase was washed with aqueous LiCl (ag.,
5%), brine, dried over Na,SO4 and evaporated to dryness. Purification via column chromatography
(1:1 to 1:0 EtOAc/pentane, column prewashed with 1% EtsN in pentane) afforded tert-butyl(2-(4-
allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenoxy)ethyl)carbamate

(159 mg, 0.301 mmol, 35%) as a yellow oil.

Rr 0.26 (EtOAC).

IR (thin film, vmax / cm™) 3394, 2932, 2853, 1713, 1587, 1507, 1454, 1426, 1270, 1212, 1117, 1091,

1069, 867.

IH NMR (400 MHz, CDCl3) & 6.98 (d, J = 1.6 Hz, 1H, Ar-H), 6.84 — 6.75 (m, 2H, 2 x Ar-H), 6.49
(d, J = 1.9 Hz, 1H, Ar-H), 6.30 (d, J = 1.9 Hz, 1H, Ar-H), 5.92 - 5.81 (m, 1H, H11), 5.03 (m, 2H,

H14), 4.11 (t, J = 4.7 Hz, 2H, H29), 3.87 (s, 3H, O-CHs), 3.85 (s, 3H, O-CHs), 3.76 — 3.68 (m, 4H,
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H25, H27), 3.46 (s, 2H, H20), 3.33 (t, J = 4.7 Hz, 2H, H30), 3.27 — 3.22 (m, 2H, H10), 2.45 (t, J =

4.7 Hz, 4H, H24, H28), 1.40 (s, 9H, H34, H35, H36).

3C NMR (101 MHz, CDCls) § 156.1, 153.4, 150.5, 150.3, 144.6, 136.9, 136.3, 136.0, 133.7, 121.4,

118.7, 116.1, 113.2, 111.4, 107.4, 78.7, 73.1, 67.0, 63.2, 56.0, 55.9, 53.6, 40.6, 40.1, 28.4.

HRMS (ESI+) calc. for Ca9HaoN20O7 [M+H]* 529.2906 found 529.2908.
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2-(4-Allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenoxy)ethan-1-amine

H2N

25

To a solution of tert-butyl(2-(4-allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)
phenoxy)ethyl)carbamate (159 mg, 0.300 mmol, 1.0 equiv.) in CH:Cl; (2.5 mL) was added
trifluoroacetic acid (2.50 mL, 32.7 mmol, 110 equiv.) and stirred until the reaction was complete
(1 h). The solution was evaporated to dryness, then dissolved in CH,Cl, (10 mL). The organic phase
was diluted with H20, basified to pH 14 with aqueous 1 M NaOH and the layers separated. The
aqueous phase was extracted with CH,Cl, (10 mL x 3), combined organic extracts washed with
brine, dried over Na;SO, and evaporated to afford 2-(4-allyl-2-methoxy-6-(2-methoxy-4-
(morpholinomethyl)phenoxy)phenoxy) ethan-1-amine (91 mg, 0.21 mmol, 70%) as an oil which

was used without further purification.

Ry 0.14 (EtOAC).

IR (thin film, vmax / cm™) 2981, 2889, 1741, 1588, 1508, 1454, 1426, 1268, 1240, 1048.

'H NMR (400 MHz, CDCls)  6.97 (d, J = 1.8 Hz, 1H, H18), 6.79 (dd, J = 8.2, 1.8 Hz, 1H, H16),
6.76 (d, J = 8.2 Hz, 1H, H15), 6.50 (d, J = 1.9 Hz, 1H, H2 or H4), 6.32 (d, J = 1.9 Hz, 1H, H2 or
H4), 5.95 — 5.78 (m, 1H, H11), 5.09 — 4.96 (m, 2H, H14), 4.09 (t, J = 4.9 Hz, 2H, H29), 3.85 (s, 3H,
O-CHs), 3.85 (s, 3H, O-CHa), 3.71 (t, J = 4.7 Hz, 4H, H25, H27), 3.44 (s, 2H, H20), 3.27 — 3.20 (m,

2H, H10), 2.91 (s, br, 2H, H30), 2.77 (s, br, 2H, H31), 2.43 (t, J = 4.7 Hz, 4H, H24, H28).

3C NMR (101 MHz, CDCls) 6 153.6, 150.1, 150.1, 144.9, 136.9, 136.6, 136.0, 133.7, 121.4, 118.2,

116.1, 113.2, 111.9, 107.7, 75.1, 67.0, 63.2, 56.1, 56.0, 53.6, 41.8, 40.1.
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HRMS (ESI+) calc. for C2sH32N20s [M+H]* 429.2383 found 429.2384.
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Pent-4-ynal

O P

To a stirred solution of oxalyl chloride (5.0 mL, 59 mmol, 1.1 equiv.) in CH,Cl, (100 mL) at =78 °C
was added a solution of dimethyl sulfoxide (9.0 mL, 0.13 mol, 2.4 equiv.) in CH2Cl, (20 mL)
dropwise over 20 min. After 1.5 h, a solution of 4-pentyn-1-ol (5.0 mL, 54 mmol, 1.0 equiv.) in
CH_CI; (30 mL) was added dropwise. After 1 h, EtsN (40 mL) was added dropwise and left stirring
at —78 °C for 1 h before being allowed to warm to room temperature and stirred for 3 h. The reaction
mixture was diluted with CH,Cl, (50 mL), washed with aqueous 1 M HCI, NaHCOs3 (aq., sat), brine,
and dried over Na,SOa. Solvent was carefully removed under reduced pressure then blown off under
nitrogen to afford pent-4-ynal (3.62 g, 44.1 mmol, 82%) as an orange oil which was used without

further purification.
Rt 0.55 (4:1 CHCl,/pentane).

'H NMR (400 MHz, CDCls) & 9.80 (s, 1H), 2.74 — 2.64 (m, 2H), 2.56 — 2.47 (m, 2H), 1.99 (t, J =

2.7 Hz, 1H).
13C NMR (101 MHz, CDCls) 5 200.1, 82.3, 69.3, 42.4, 11.7.

Spectroscopic data is in accordance with the literature.>?®

211



7 | Appendix

Ethyl 4-oxooct-7-ynoate

}
(

A solution of freshly synthesised pent-4-ynal (3.62 g, 44.1 mmol, 1.0 equiv.) and ethyl acrylate
(9.3 mL, 88 mmol, 2 equiv.) in dioxane (40 mL) was added dropwise over 30 min to a suspension
of 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride (8.09 g, 30.9 mmol, 0.7 equiv.), EtsN
(4.3 mL, 31 mmol, 0.7 equiv.) and ethyl acrylate (10 mL, 95 mmol, 2.2 equiv.) in dioxane (60 mL)
at 80 °C. The mixture was left stirring until complete (72 h) and then evaporated to dryness. The
residue was resuspended in CH,Cl, (100 mL) and washed with aqueous 1 M H,SO4, NaHCO:s (aq.,
sat), brine (50 mL), dried over Na;SO, and evaporated to dryness. Purification via column
chromatography (9:1 pentane/EtOAc) afforded ethyl 4-oxooct-7-ynoate (1.80 g, 0.220 mmol, 22%)

as a brown oil.

Rf0.39 (4:1 pentane/EtOAC).

'H NMR (400 MHz, CDCls) & 4.12 (g, J = 7.2 Hz, 2H), 2.79 — 2.64 (m, 4H), 2.64 — 2.56 (m, 2H),

2.51—2.43 (m, 2H), 1.94 (t, J = 2.7 Hz, 1H), 1.25 (t, J = 7.2 Hz, 3H).

3C NMR (101 MHz, CDCls) 8 206.6, 172.6, 83.0, 68.7, 60.7, 41.4, 37.1,27.9, 14.2, 12.9.

Spectroscopic data is in accordance with the literature.?®
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4-Oxooct-7-ynoic acid

(e}
Z
O

To a solution of ethyl 4-oxooct-7-ynoate (1.79 g, 9.80 mmol, 1.0 equiv.) in MeOH (75 mL), was
added LiOH (1.17 g, 49.0 mmol, 5.0 equiv.) and H,O (0.90 mL, 54 mmol, 5.5 equiv.). The solution
was stirred at room temperature until the reaction was complete (15 h), followed by slow
acidification with aqueous 6 M HCI to pH 3. The resulting solution was extracted with CH.CI,
(100 mL x 3), the combined organic extracts were dried over Na,SO, and evaporated to dryness,
affording 4-oxooct-7-ynoic acid (1.37 g, 8.90 mmol, 90%) as a brown solid which was used without

further purification.
'H NMR (400 MHz, CDCl3) 6 2.78 — 2.62 (m, 6H), 2.49 — 2.43 (m, 2H), 1.95 (t, J = 2.7 Hz, 1H).
13C NMR (101 MHz, CDCl3) 6 206.4, 178.5, 82.8, 68.8, 41.3, 36.8, 27.7, 12.9.

Spectroscopic data is in accordance with the literature.?®
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3-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid

To a dried round bottom flask containing 4-oxooct-7-ynoic acid (300 mg, 1.95 mmol, 1.0 equiv.)
cooled to 0 °C was added 7 N NH3 in MeOH (18 mL) and left stirring for 3 h. Hydroxylamine-O-
sulfonic acid (308 mg, 2.72 mmol, 1.4 equiv.) was added portion-wise and the resulting solution
stirred at 0 °C for 30 min then allowed to warm to room temperature and stirred for 14 h. The
resulting suspension was evaporated to dryness then resuspended in MeOH (20 mL). The solid was
filtered under vacuum and washed several times with MeOH. The combined filtrate was evaporated
to dryness and resuspended in anhydrous MeOH (18 mL) under an inert atmosphere, then cooled to
0 °C (protected from light). Diisopropylethylamine (0.75 mL, 4.3 mmol, 2.2 equiv.) was added
dropwise, followed by iodine (portion-wise), until a dark brown colour persisted for more than
30 min. The solution was diluted with EtOAc (20 mL), washed with aqueous 1 M HCI (20 mL),
Na»S:0s (aqg., sat), brine, dried over Na,SO4 and evaporated to dryness. Purification via column
chromatography (1:9 to 1:4 EtOAc/hexane) afforded 3-(3-(but-3-yn-1-yl)-3H-diazirin-3-

ylpropanoic acid (31 mg, 0.19 mmol, 10%) as a colourless oil.

Rf0.44 (1:1 EtOAc/pentane).

!H NMR (400 MHz, CDCls) § 2.21 — 2.15 (m, 2H), 2.06 — 1.97 (m, 3H), 1.84 — 1.77 (m, 2H), 1.66

(t, = 7.2 Hz, 2H).

3C NMR (101 MHz, CDCls) 8 178.2, 82.5, 69.3, 32.2, 28.2, 27.8, 27.4, 13.2.

Spectroscopic data is in accordance with the literature.?*
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N-(2-(4-Allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenoxy)ethyl)-3-(3-
(but-3-yn-1-yI)-3H-diazirin-3-yl)propenamide, DDB-PAL
31
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To a solution of 3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid (7.5 mg, 0.045 mmol, 1.0
equiv.) in CH.CIl; (0.5 mL) was added a solution of 2-(4-allyl-2-methoxy-6-(2-methoxy-4-
(morpholinomethyl) phenoxy)phenoxy)ethan-1-amine (21 mg, 0.050 mmol, 1.1 equiv.) in CH.ClI:
(0.5 mL), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (13 mg, 0.068 mmol,
1.5 equiv.), and 1-hydroxybenzotriazole hydrate (9.1 mg, 0.068 mmol, 1.5 equiv.), and stirred until
the reaction was complete (1 h). The resulting solution was diluted with CH,CI (3.5 mL), organic
phase washed with NH4ClI (aqg., sat), NaHCOs; (ag., sat), dried over Na;SO.and evaporated to dryness.
Purification via column chromatography (1:19 MeOH/CH.CI,) afforded N-(2-(4-allyl-2-methoxy-
6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenoxy)ethyl)-3-(3-(but-3-yn-1-yl)-3H-

diazirin-3-yl)propanamide (23 mg, 0.40 mmol, 88%) as a yellow oil.
Rf0.71 (1:19 MeOH/CH.CL,).
IR (thin film, vmax / cm™) 3395, 3296, 2958, 2854, 1674, 1587, 1507, 1269, 1212, 1117.

'H NMR (400 MHz, CDCls) & 7.03 (s, 1H, H18), 6.83 (dd, J = 8.1, 1.8 Hz, 1H, H16), 6.77 (d, J =
8.1 Hz, 1H, H15), 6.51 (d, J = 1.9 Hz, 1H, H2 or H4), 6.29 (d, J = 1.9 Hz, 1H, H2 or H4), 5.93 —
5.81 (m, 1H, H11), 5.06 — 5.02 (M, 1H, H14), 5.02 — 4.98 (m, 1H, H14), 4.12 (t, J = 4.9 Hz, 2H,

H29), 3.87 (s, 6H, H13, H23), 3.75 — 3.70 (m, 4H, H25, H27), 3.48 (s, 2H, H20), 3.47 — 3.41 (m,
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2H, H30), 3.28 — 3.21 (m, 2H, H10), 2.46 (t, J = 4.7 Hz, 4H, H24, H28), 1.99 — 1.93 (m, 3H, H40,

H42), 1.87 — 1.81 (m, 2H, H33), 1.78 — 1.71 (m, 2H, H35), 1.61 — 1.54 (m, 2H, H37).

3C NMR (101 MHz, CDCl3) § 171.1, 153.5, 150.1, 144.7, 136.8, 136.3, 134.9, 121.7, 118.5, 116.2,

113.6, 111.4, 107.7, 82.7, 72.7, 69.2, 66.9, 63.1, 56.1, 53.6, 40.1, 39.4, 32.3, 30.2, 28.4, 27.8, 13.3.

HRMS (ESI+) calc. for Cs2HaoN4Og [M+H]* 577.3026 found 577.3021.
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Hex-5-yn-1-yl 4-methylbenzenesulfonate

To a solution of hex-5-yn-1-ol (1.12 mL, 10.2 mmol, 1.0 equiv.) and pyridine (1.61 mL, 20.4 mmol,
2.0 equiv.) in CH:Cl, (10 mL) at 0°C was added 4-methylbenzenesulfonyl chloride (2.92 g,
15.3 mmol, 1.5 equiv.). The solution was stirred at 0 °C for 1 h then warmed to room temperature
and stirred for an additional 4.5 h. NaHCOs; (aq., sat) was added and stirred for 10 mins, before the
aqueous phase was extracted with Et,O (50 mL). The organic extract was washed with H,O, aqueous
1 M HCI, NaHCO;3 (aqg., sat.), brine, dried over MgSQO, and evaporated to dryness. Purification via
column chromatography (9:1 pentane/Et,O) afforded hex-5-yn-1-yl 4-methylbenzenesulfonate

(2.37 g, 9.38 mmol, 92%) as a colourless oil.

Rt 0.30 (9:1 pentane/Et;0)

'H NMR (400 MHz, CDCls) § 7.83 — 7.75 (m, 2H), 7.39 — 7.31 (m, 2H), 4.05 (t, J = 6.3 Hz, 2H),
2.45 (s, 3H), 2.16 (td, J = 7.0, 2.6 Hz, 2H), 1.92 (t, = 2.6 Hz, 1H), 1.83 — 1.72 (m, 2H), 1.61 — 1.49

(m, 2H).

3C NMR (101 MHz, CDCls) & 144.8, 133.1, 129.9, 127.9, 83.4, 69.9, 69.0, 27.8,24.2, 21.6, 17.7.

Spectroscopic data is in accordance with the literature.>°
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4-(4-(5-Allyl-2-(hex-5-yn-1-yloxy)-3-methoxyphenoxy)-3-methoxybenzyl)morpholine,

DDB-yne

12 18

28

To a suspension of 4-allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenol
(300 mg, 0.780 mmol, 1.0 equiv.), tetrabutylammonium iodide (30 mg, 0.078 mmol, 0.1 equiv.) and
K.COz (322mg, 2.33 mmol, 3.0 equiv.)) in DMF (5mL) was added hex-5-yn-1-yl
4-methylbenzenesulfonate (295 mg, 1.17 mmol, 1.5 equiv.). The suspension was stirred at 75 °C
until the reaction was complete (7 h). The solution was diluted with H,O and EtOAc (40 mL), and
separated. The organic phase was washed with LiCl (ag., 5%), brine, dried over Na,SO. and
evaporated to dryness. Purification via column chromatography (1:1 pentane/EtOAc, column
prewashed with 1% EtN in pentane) afforded 4-(4-(5-allyl-2-(hex-5-yn-1-yloxy)-3-

methoxyphenoxy)-3-methoxybenzyl) morpholine (248 mg, 0.530 mmol, 68%) as a colourless oil.

Rf0.22 (1:1 pentane/EtOAC).

IR (thin film, vmax / cm™) 3384, 3299, 2939, 2840, 1584, 1507, 1455, 1424, 1117, 1021.

'H NMR (400 MHz, CDCl3) § 6.97 (d, J = 1.9 Hz, 1H, H21), 6.77 (dd, J = 8.2, 1.9 Hz, 1H, H19),
6.71 (d, J = 8.2 Hz, 1H, H18), 6.51 (d, J = 2.0 Hz, 1H, H10 or H12), 6.35 (d, J = 2.0 Hz, 1H, H10 or
H12), 5.89 (ddt, J = 18.0, 9.3, 6.6 Hz, 1H, H14), 5.09 — 4.97 (m, 2H, H15), 3.99 (t, J = 6.2 Hz, 2H,

H6), 3.88 (s, 3H, O-CHs), 3.84 (s, 3H, O-CH3), 3.72 (t, J = 4.7 Hz, 4H, H26, H28), 3.45 (s, 2H, H23),
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3.29-3.22 (m, 2H, H13), 2.44 (t, J = 4.7 Hz, 4H, H25, H29), 2.15 (td, J = 7.1, 2.7 Hz, 2H, H3), 1.89

(t, J=2.7 Hz, 1H, H1), 1.79 — 1.68 (m, 2H, H5), 1.66 — 1.54 (m, 2H, H4).

3C NMR (101 MHz, CDCls) § 153.8, 150.0, 150.0, 145.6, 137.6, 137.1, 135.6, 133.0, 121.4, 117.7,

116.0, 113.2, 112.5, 107.9, 84.6, 72.7, 68.2, 67.0, 63.2, 56.1, 56.0, 53.6, 40.1, 29.1, 24.8, 18.0.

HRMS (ESI+) calc. for CasH3sNOs [M+H]* 466.2593 found 466.2594.
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tert-Butyl (2-(2-hydroxyethoxy)ethyl)carbamate

0]

To a solution of diethylene glycol amine (1.43 mL, 14.3 mmol, 1.0 equiv.) in CH.Cl, (10 mL) at
0 °C was added di-tert-butyl dicarbonate (3.28 g, 15.0 mmol, 1.1 equiv.) as a solution in CH,Cl,
(10 mL) drop-wise. The reaction was stirred at 0 °C for 30 min, then allowed to warm to room
temperature and stirred until complete (24 h). The resulting solution was washed with H,O, the
aqueous extracted with CH,Cl, (10 mL x 3), combined organic extracts washed with brine, dried
over MgSO. and evaporated to dryness to afford tert-butyl (2-(2-hydroxyethoxy)ethyl)carbamate

(2.92 g, 14.2 mmol, 99%) as a colourless oil which was used without further purification.
R¢0.42 (EtOAC).

'H NMR (400 MHz, CDCl3) 8 4.91 (br, s, 1H), 3.78 — 3.70 (m, 2H), 3.61 — 3.52 (m, 4H), 3.37 - 3.29

(m, 2H), 2.12 (s, 1H), 1.45 (s, 9H).
13C NMR (101 MHz, CDCls) § 156.1, 79.4, 72.2, 70.3, 61.8, 40.4, 28 4.

Spectroscopic data is in accordance with the literature.>!
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2-(2-((tert-Butoxycarbonyl)amino)ethoxy)ethyl 4-methylbenzenesulfonate

LK o L

H/\/O\/\o/\ S

To a solution of tert-butyl (2-(2-hydroxyethoxy)ethyl)carbamate (800 mg, 3.90 mmol, 1.0 equiv.) in
CHxCl, (13mL) at 0°C was added Et:N (1.63mL, 11.7mmol, 3.0 equiv.) dropwise.
4-Toluenesulfonyl chloride (1.11 g, 5.84 mmol, 1.5 equiv.) and 4-dimethylaminopyridine (48 mg,
0.38 mmol, 0.1 equiv.) were each added portion-wise, the reaction allowed to warm to room
temperature and stirred until complete (3 h). The resulting solution was diluted with CH2Cl, (30 mL),
washed with aqueous 0.1 M HCI, brine, dried over MgSO, and evaporated to dryness. Purification
via column chromatography (1:1 EtOAc/pentane) afforded 2-(2-((tert-butoxycarbonyl)

amino)ethoxy)ethyl 4-methylbenzene sulfonate (1.20 g, 3.33 mmol, 85%) as a pale yellow oil.
Rs 0.22 (1:4 EtOAc/pentane).

'H NMR (400 MHz, CDCls) 3 7.80 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 4.79 (s, 1H), 4.19
—4.12 (M, 2H), 3.66 — 3.59 (M, 2H), 3.4 (t, J = 5.1 Hz, 2H), 3.28 — 3.19 (m, 2H), 2.45 (s, 3H), 1.45

(s, 9H).

B3C NMR (101 MHz, CDCls) & 155.9, 144.9, 133.0, 129.8, 128.0, 79.4, 70.4, 69.1, 68.4, 40.2, 28.4,

21.7.

Spectroscopic data is in accordance with the literature.?

221



7 | Appendix

tert-Butyl (2-(2-(4-allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy) phenoxy)

ethoxy)ethyl)carbamate

1 22 13
23

8 14[Nj17
15~ 16

To a solution of 4-allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenol (75 mg,

9

0.19 mmol, 1.1 equiv.) and K>CO;3 (37 mg, 0.27 mmol, 1.5 equiv.) in DMF (0.5 mL) was added a
solution of 2-(2-((tert-butoxycarbonyl)amino) ethoxy)ethyl 4-methylbenzenesulfonate (65 mg, 0.18
mmol, 1.0 equiv.) in DMF (0.5 mL). The reaction mixture was heated to 75 °C and left stirring until
the reaction was complete (72 h). The solution was diluted with EtOAc (30 mL), H.O and the layers
separated. The organic extract was washed with H,O, brine, dried over MgSO., and evaporated to
dryness to afford tert-butyl (2-(2-(4-allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)
phenoxy)phenoxy)ethoxy)ethyl)carbamate (69 mg, 0.12 mmol, 63%) as a pale yellow oil which

was used without further purification.

Rr 0.15 (EtOAC).

IR (thin film, vmax / cm™) 2972, 2934, 1711, 1587, 1507, 1454, 1425, 1269, 1117.

IH NMR (400 MHz, CDCls) § 6.97 (d, J = 1.6 Hz, 1H, H25), 6.79 — 6.75 (m, 2H H22, H23), 6.50
(d, J = 1.9 Hz, 1H, H6 or H11), 6.31 (d, J = 1.9 Hz, 1H, H6 or H11), 5.97 — 5.80 (m, 1H, H8), 5.10
(s, 1H, H30), 5.07 — 4.97 (m, 2H, H9), 4.19 — 4.12 (m, 2H, H1), 3.86 (s, 3H, O-CHs), 3.85 (s, 3H,

O-CHs), 3.73 — 3.69 (m, 4H, H15, H16), 3.68 — 3.64 (M, 2H, H2), 3.50 (t, J = 5.1 Hz, 2H, H3), 3.45

222



7 | Appendix

(s, 2H, H13), 3.28 — 3.20 (m, 4H, H4, H7), 2.44 (t, J = 4.7 Hz, 4H, H14, H17), 1.42 (s, 9H, H33,

H34, H35).

B3C NMR (101 MHz, CDCls) § 156.1, 153.6, 150.3, 150.2, 145.2, 137.2, 137.0, 135.8, 133.5, 121.5,

118.5,116.0, 113.3, 111.9, 107.7, 78.9, 72.4,70.2, 70.1, 67.0, 63.2, 56.1, 56.0, 53.6, 40.5, 40.1, 28.4.

HRMS (ESI+) calc. for CsiHasN2Og [M+H]* 573.3170 found 573.3165.
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2-(2-(4-Allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy) phenoxy)ethoxy)ethan-

1-amine, DDB-NH;

NH,
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To a solution of tert-butyl (2-(2-(4-allyl-2-methoxy-6-(2-methoxy-4-(morpholinomethyl)phenoxy)
phenoxy)ethoxy)ethyl)carbamate (68 mg, 0.12 mmol, 1.0 equiv.) in CH.Cl, (2.4 mL) was added
trifluoroacetic acid (2.4 mL) and left stirring until the reaction was complete (3 h). The solution was
evaporated to dryness, the crude re-dissolved in CH2Cl, (5 mL) and basified to pH 14 with agueous
1 M NaOH. The layers were separated and the aqueous extracted with CH,Cl, (5 mL x 3), combined
organic extracts dried over MgSQOs, and evaporated to dryness resulting in 2-(2-(4-allyl-2-methoxy-
6-(2-methoxy-4-(morpholinomethyl)phenoxy)phenoxy)ethoxy)ethan-1-amine (42 mg,

0.090 mmol, 74%) as an orange oil which was used without further purification.
Rf 0.38 (19:1 CH2Cl2/7 N ammonia in MeOH).
IR (thin film, vmax / cm) 2934, 2854, 1586, 1506, 1454, 1425, 1268, 1232, 1211, 1116, 1091.

'H NMR (400 MHz, CDCls) § 6.97 (d, J = 1.6 Hz, 1H, H30), 6.82 — 6.75 (m, 2H, H27, H28), 6.49
(d, J = 1.9 Hz, 1H, H19 or H21), 6.30 (d, J = 1.9 Hz, 1H, H10 or H21), 5.95 — 5.80 (m, 1H, H8),
5.07 — 4.97 (m, 2H, H9), 4.17 (t, J = 4.9 Hz, 2H, H34), 3.85 (s, 6H, H41, H43), 3.74 — 3.65 (m, 6H,
H15, H16, H35), 3.48 (t, J = 5.1 Hz, 2H, H37), 3.45 (s, 2H, H13), 3.24 (d, J = 6.7 Hz, 2H, H7), 2.79

(t, J =5.1 Hz, 2H, H38), 2.44 (t, J = 4.6 Hz, 4H, H14, H17).
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HRMS (ESI+) calc. for C2H3sN206 [M+H]" 473.2652, found 473.2646.
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