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Abstract

Targeting fungal growth with novel antifungal drugs

A PhD thesis submitted to The University of Manchester by Saskia du Pré MSc,

School of Biological Sciences, December 2017

Every year approximately 1.5 million people die due to systemic fungal infections.
Issues with diagnosis, limited treatment options and resistance to antifungal drugs have
led to a high mortality rate. Currently, only five classes of antifungal drugs are
available: the azoles, the polyenes (amphotericin B), pyrimidine analogues
(flucytosine), the echinocandins and the allylamines/thiocarbamates. The azoles are
frequently the first line of treatment, but the emergence of resistance against drugs in
this class is a growing problem. Although new drugs are approved for clinical use
occasionally, they usually belong to an existing class. The development of new
antifungal drugs, acting on new targets is difficult, due to the phylogenetic relatedness
between human and fungi: potential antifungal drugs often have unacceptably high
levels of toxicity, making them unsuitable for treatment. Recently, FO01318, a first-
in-class orotomide antifungal developed by F2G Ltd., has gone into clinical
development for invasive aspergillosis. During this PhD project, the effects of
F901318 on the human pathogenic fungus Aspergillus fumigatus were investigated.

F901318 inhibits dihydroorotate dehydrogenase (DHODH), thereby blocking the de
novo pyrimidine biosynthesis pathway. Pyrimidines play key roles in several
important cellular processes, such as DNA/RNA synthesis, cell cycle regulation,
protein synthesis and cell wall synthesis. Live-cell, time lapse confocal fluorescence
microscopy was utilized to analyze the effect of DHODH inhibition by F901318 in A.
fumigatus. Growth and viability was analyzed, as well as the morphology of
intracellular structures affected by pyrimidine biosynthesis inhibition. Furthermore, a
fluorescent analogue of F901318 was demonstrated to be a valuable tool in analyzing
drug uptake and distribution. Together, the results have led to the conclusion that
F901318 is a time-dependent fungicidal drug, by causing growth arrest and hyphal
swelling that over time leads to cell lysis. Morphological rearrangements of multiple
cellular structures, such as the cell wall, the vacuoles and the nuclei, show that

inhibition of the pyrimidine biosynthesis pathway affects many key cellular processes.
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CHAPTER 1

Introduction



1.1 Overview of the thesis

This thesis was written in the alternative journal thesis style. Chapter 1 covers the
introduction, chapter 2 the materials and methods, chapters 3-6 are the results chapters
written as papers and chapter 7 is the general discussion and future work. An appendix
is included which covers some additional experiments that were performed, but were
not included in the results chapters. It also includes a copy of a paper by my supervisor
Dr. Jason D. Oliver, on which I was one of the co-authors. Additionally, a
supplementary CD is included which contains movies of the time lapse sequences that
were performed during this work. References to the appropriate movie on the CD are
made in the text.

For the purposes of this thesis, the manuscript style of the papers was rearranged
according to a thesis style format, with figures and tables inserted in the text after being
referenced to in the text. The following is an overview of the four results chapters,

along with the role of each author.

Chapter 3: The effect of the novel antifungal drug F901318 on the growth and
viability of Aspergillus fumigatus

Saskia du Pré, Nicola Beckmann, Mariana Cruz Almeida, Graham E. M. Sibley, Derek
Law, Alexandra C. Brand, Mike Birch, Nick D. Read and Jason D. Oliver.

This paper investigates how F901318 affects growth and viability of A. fumigatus,
utilizing live-cell, time lapse imaging, viability staining and biomass and liquid growth
assays. Due to be submitted to Antimicrobial Agents and Chemotherapy (AAC) in
December 2017.

Authors’ contributions:

Saskia du Pré: author, microscopy experiments
Nicola Beckmann: growth recovery assays
Mariana Cruz Almeida: assisted with TEM

Graham E. M. Sibley: designed F901318

Derek Law: support and advice

Alexandra C. Brand: support with TEM

Mike Birch: support and advice
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Nick D. Read: University supervisor

Jason D. Oliver: project supervisor

Chapter 4: The dynamic influence of F901318 on the morphology of Aspergillus
fumigatus

Saskia du Pré, Mike Birch, Nick D. Read and Jason D. Oliver
This paper investigates the effects of F901318 on intracellular structures of A.
fumigatus, utilizing GFP-labelling and fluorescent staining and live-cell, time lapse

imaging.

Authors’ contributions:

Saskia du Pré: author, all experiments
Mike Birch: support and advice
Nick D. Read: University supervisor
Jason D. Oliver: project supervisor

Chapter 5: Analysis of uptake and intracellular distribution of the orotomide
antifungal agent F901318 using a fluorescent analogue
Saskia du Pré, Graham E. M. Sibley, Nicola Beckmann, Nick D. Read, Mike Birch

and Jason D. Oliver

This paper investigated the use of a fluorescent analogue as a tool to study distribution

and uptake of the FO01318.

Authors’ contributions:
Saskia du Pré: author, protein isolation, ICso, fluorescent scans, growth

assays, microscopy

Graham E. M. Sibley: designed F901318 and the fluorescent analogues
Nicola Beckmann: MICs

Nick D. Read: University supervisor

Mike Birch: support and advice

Jason D. Oliver: protein isolation, ICso, project supervisor
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Chapter 6: F901318-induced Kkilling of A. fumigatus: an investigation into the
mechanism of cell death

Saskia du Pré, Nick D. Read, Mike Birch and Jason D. Oliver
This paper is the start of an investigation into how F901318 kills 4. fumigatus. Markers
for apoptosis and autophagy are investigated, as well as the mitochondrial membrane

potential and the intracellular calcium concentration.

Authors’ contributions:

Saskia du Pré: author, all experiments
Nick D. Read: University supervisor
Mike Birch: support and advice
Jason D. Oliver: project supervisor

1.2 Review of the literature

1.2.1 Fungi in our daily lives

Fungi are eukaryotic microorganisms that are classified as a kingdom separate from
plants and animals. For a long time, fungi were part of the kingdom of plants due to
their apparent similarities in both morphology and lifestyle. However, since the
introduction of various modern molecular research techniques, such as DNA
sequencing and PCR, it was found that fungi weren’t as similar to plants as initially
thought. Fungi were found to be more closely related to animals, but distinct enough
to be given their own kingdom. The kingdom of Fungi harbours more than 100,000
known species, but recently it was estimated that there could be as many as 5.1 million
fungal species inhabiting our planet (1). One of the most important differences
between fungi and plants, is the presence of chitin in their cell wall. Also, they do not
have chloroplasts and they do not photosynthesise. Fungi are heterotrophic organisms
and require the uptake of organic compounds from their environment.

Fungi are divided into budding yeasts and filamentous fungi. Yeasts reproduce by
budding or binary fission, but most fungal cells are elongated cells that grow at their
tips forming hyphae that contain multiple nuclei, these are the filamentous fungi. Some
fungi can switch between a yeast and a hyphal form, these are the so called dimorphic

fungi. Fungi are microorganisms that can form a fruiting body (mushroom) or a colony
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of which the size of can be enormous. For example, in the Malheur National Forest in
Oregon a single Armillaria ostoyae colony has been allowed to grow an underground
hyphal network for about the last 2,400 years and it now covers more than 8 km?,
Though the hyphal network itself is invisible above ground, in autumn it forms honey
mushrooms that pop up above ground, showing the enormous size of this colony.

Though not always obvious, fungi play a very important role in our daily lives. Fungi
might be best known as the mushrooms we eat or for the yeasts used in brewing,
making wine and baking bread (Saccharomyces). They are also used in the production
of cheeses (Roquefort, Stilton, Gorgonzola etc.; Penicillium) and meat substitutes
(Quorn; Fusarium). Fungi, especially filamentous fungi, also naturally produce several
compounds that can be used for various applications. Medically important applications
include the production of the B-lactam group of antibiotics, such as penicillin
(Penicillium) and cephalosporin (Acremonium, previously Cephalosporium) (2).
Other clinically important compounds produced by filamentous fungi are cyclosporine
(Tolypocladium inflatum), an immunosuppressive agent; lovastatin (Pleurotus), a
cholesterol-lowering agent and griseofulvin (Penicillium), an antifungal agent (2).
Filamentous fungi are used in the field of biotechnology to produce a wealth of other
compounds that are used for several processes in various industries. They produce
acids, enzymes, exopolysaccharides, secondary metabolites and other compounds that
are used in the food and beverage industry, textile industry, detergent industry,
cosmetics industry, pharmaceutical industry, in oil production and in starch processing
(2). So, fungi make a very important contribution to various aspects in our everyday
lives, unfortunately, they are also well known for the unwanted moulds in our houses,

for causing food to rot and for causing diseases to crops and animals.

1.2.2 Fungal diseases

Fungal infections can range from simple superficial skin infections to severe invasive
infections (3). The superficial infections are best known, as fungi most commonly
cause various types of superficial infections to the skin and nails. These kinds of
infections are usually caused by dermatophytes (7richophyton, Microsporum and
Epidermophyton), yeasts (Candida and Malassezia furfur) or non-dermatophytic
moulds (Neoscytalidium, Scopulariopsis and Aspergillus). Examples include: athlete’s
foot, ringworm of the groin and scalp and nail infections (4, 5). The incidence of these

infections is high with more than 20 — 25% of the human population suffering from
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skin and nail infections (5). Athlete’s foot occurs in 20% of the adult population,
ringworm of the scalp is thought to affect more than 200 million people and about 10%
of the world population suffers from nail infections. Superficial mucosal infections of
oral and genital tracts are mostly caused by Candida species, causing oral candidiasis
and vaginal and vulvovaginal candidiasis. These kinds of infections are also very
common with for example 50 — 75% of young women likely to suffer at least once
from vulvovaginitis (4). Even though many people suffer from superficial infections,
they are usually easily treatable, which is not the case for systemic fungal infections.
Although cases of systemic fungal diseases have been known for some time, such as
the first described cases of aspergillosis in animals and humans in the 19" century,
there has been an increase in occurrence since the 1980s (6-8). Several factors have
contributed to this, such as the increase in organ transplantations, the development of
aggressive therapies and drugs to fight cancer and autoimmune diseases, the insertion
of medical devices, the rise of immunocompromised individuals because of
immunosuppressive infections like HIV/AIDS, the increase in people’s life
expectation, etc (4, 7-10). Many people are affected by mycoses and the mortality rate
is high, with an estimated 1.5 million people dying each year due to a fungal infection
(4).

Systemic fungal infections can occur in both healthy (endemic infections) and in
immunocompromised individuals (opportunistic infections). Examples of fungi
causing endemic mycoses are Histoplasma capsulatum, Coccidioides immitis and
Blastomyces dermatitidis (3). Opportunistic mycoses can be caused by several species
and recently more and more fungal species are emerging as pathogens, such as
Fusarium spp., Scedosporium spp. and Rhizopus spp (11, 12). However, more than
90% of deaths due to fungal infections are caused by a species belonging to either the

Pneumocystis, Cryptococcus, Candida or Aspergillus genus (4, 8).

1.2.2.1 Pneumocystis
Individuals with impaired immunity, especially HIV/AIDS patients, are very
susceptible to pneumonia caused by Pneumocystis jirovecii (PCP) (4). PCP is an AIDS
defining disease, although there are other groups at risk as well, such as individuals
with hematologic diseases, transplant patients and individuals on prolonged
immunosuppressive therapy (4). As PCP is difficult to diagnose, it is not known

exactly how many cases arise every year. An estimation based on the number of HIV-
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infected individuals worldwide suggests that there are at least 400,000 cases each year,
with a mortality rate between 20 and 80%. In addition to the number of HIV-infected
individuals with PCP, Pneumocystis spp. are also likely to contribute to the deaths

attributed to chronic obstructive pulmonary disease (COPD) (4).

1.2.2.2 Cryptococcus
Nearly all cases of cryptococcosis are caused by Cryptococcus neoformans and C.
gattii (4). Cryptococcosis is caused by C. mneoformans in immunocompromised
individuals, C. gattii causes cryptococcosis in individuals that are seemingly healthy,
not having any or hardly any deficiencies of the immune system (4, 13). When
Cryptococcus cells are inhaled, and colonise the lungs, they can cause lung infection
and pneumonia and without a proper immune reaction the Cryptococcus cells can
spread to the brain and cause meningoencephalitis (4, 13). C. neoformans especially
causes cryptococcosis in people suffering from AIDS. In fact, since the start of the
HIV/AIDS epidemic, numbers of cases of cryptococcosis caused by C. neoformans
have risen (13, 14). Estimates indicate that there are nearly 1 million cases of

meningoencephalitis in AIDS patients annually, leading to about 624,700 deaths (14).

1.2.2.3 Candida
Species of the Candida genus cause both superficial and invasive infections in humans.
Some Candida species are present on epithelial surfaces of most people as
commensals, not causing any infections (4, 5, 15). Only when the host is weakened or
immunocompromised can some Candida spp. become pathogenic and cause various
kinds of infections. These infections range from superficial infections that affect skin
or the mucous membrane, to life-threatening invasive infections when this yeast
invades the bloodstream and spreads to internal organs (15). Individuals who are
susceptible to contracting a form of candidiasis are individuals who are
immunocompromised, have had surgery, have burns, were hospitalised for a long time
and people that have used broad-spectrum antibiotics and immunosuppressants (4, 15).
Other factors that have contributed to fungal invasion and colonisation of Candida are
medical advances in for example chemotherapy, organ transplantation, hemodialysis
and central venous catheters (15). 90% of Candida related invasive infections are

caused by Candida albicans, C. glabrata, C. tropicalis, C. parapsilosis and C. krusei
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(15). Because these infections are often misdiagnosed and treatment options are

limited, mortality rates of candidiasis are high, possibly as high as 45% (15).

1.2.2.4 Aspergillus

Some species of the Aspergillus genus can cause life-threatening diseases in humans,
which are collectively called aspergillosis (16). Pathogenic aspergilli include 4. flavus,
A. terreus, A. niger, A. nidulans, but the most common pathogen in the Aspergillus
genus is Aspergillus fumigatus, causing about 90% of the aspergillosis cases (6, 10).
Aspergillus species belong to the phylum of Ascomycota and are a widespread and
diverse group of filamentous fungi, comprising over a hundred species. They grow as
saprotrophs, living on dead and decaying matter, degrading organic compounds by
producing and secreting proteins (17). This characteristic is exploited by
biotechnology, where Aspergillus and other filamentous fungi are used to produce
proteins, from either fungal origin or non-fungal origin (2). Several Aspergillus
species, including A. niger, A. terreus, A. oryzae and A. phoenicis, are used in
biotechnology, not only producing proteins, but also secondary metabolites that are of
commercial importance and are used for various industrial processes (2). In the field
of fungal genetics, Aspergillus species such as A. nidulans and A. niger, are utilised to
study several genetic and cellular processes, such as regulation of metabolic pathways,
growth, division and genetic recombination.

For a long time, it was thought that 4. fumigatus only reproduced asexually, however,
in a recent study they discovered that this fungus does also has a sexual life cycle (18).
The asexual life cycle is far more common and is very simple (Figure 1.1). It all starts
with conidiophores producing spores called conidia. The conidia are very small, only
2 -3 um in diameter, and disperse easily through the air (10). In favourable conditions
the conidia will germinate; the conidia will first undergo isotropic growth and when
the right size is reached, a germ tube will emerge, in this stage they are called
germlings. The germ tube in the germlings will continue to extend and become a
hypha. Along hyphae branches will appear and together the hyphae will form a dense
hyphal network in which new conidiophores will be made, allowing for the asexual

life cycle to start over again.
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Figure 1.1 The asexual life cycle of Aspergillus fumigatus. Spores called conidia are
produced by conidiophores. In favourable conditions, a germ tube will emerge from
the conidia to form germlings, and they will extend further to form hyphae. A hyphal
network will form in which new conidiophores are made, producing new conidia.

When the conidia are dispersed from the conidiophores into the air, they can invade
our lungs when they are inhaled, which is why A. fumigatus related diseases usually
start in the lungs, but they can disseminate throughout the body (10). Usually, inhaling
conidia causes no harm to humans, because our immune system effectively removes
these conidia. However, in atopic individuals, individuals with an underlying disease
and immunocompromised individuals, 4. fumigatus can cause allergies and severe
infections (10, 19). Atopic individuals with asthma are susceptible to contracting
allergic bronchopulmonary aspergillosis (ABPA) or severe asthma with fungal
sensitisation (SAFS) (19). Between 3.5 and 15 million adults with asthma are thought
to be affected by SAFS worldwide and 4.8 million people with asthma and cystic
fibrosis are estimated to suffer from ABPA (20). In individuals with an underlying
pulmonary condition or disease, such as tuberculosis, ABPA, COPD or SAFS, A.
fumigatus can cause chronic pulmonary aspergillosis (CPA), with mortality rates of 20
- 33% in the short term and up to 50% in the long term (16, 19, 21). About 1.2 million

individuals worldwide are affected by CPA after having suffered from pulmonary
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tuberculosis and even more people suffer from CPA in general (21). In
immunocompromised individuals, especially individuals with decreased neutrophils,
solid organ transplant recipients, patients on immunosuppressants and patients with
chronic obstructive pulmonary disease (COPD), A. fumigatus can cause severe
invasive aspergillosis (4). It is estimated that each year there are more than 200,000
new cases of aspergillosis and if undiagnosed or untreated, the mortality rate is nearly

100% and even if treated, the mortality rate is still about 50% (4, 22).

1.2.3 Antifungal drugs

Currently, there are five major classes of antifungal drugs that are used for treatment
of fungal infections: the polyenes, the azoles, the pyrimidine analogues, the
echinocandins and the allylamines/thiocarbamates (8, 22). The first four classes are
used for the treatment of invasive fungal infections, whereas the latter class is mostly
used for treating infections caused by dermatophytes (23). In addition to the five
mentioned classes, there is another class called the morpholines (agriculture) and the
antifungal compound griseofulvin (dermatophytes).

The limited availability of antifungal drugs is a problem in treating fungal infections,
but another increasing problem is the emergence of resistance to these available drugs
(9, 23-25). Fungal species can be either naturally resistant (intrinsic) to an antifungal
compound or resistance can be acquired by constant exposure during therapy.
Additionally, agricultural use of these antifungal drug classes also contributes to the
increasing emergence of resistance (26). For example, azoles are commonly used in
agriculture; over 25% of fungicide sales are azoles and most are triazoles (20).
Fungicides difenoconazole, propiconazole, epoxiconazole, bromuconazole and
tebuconazole have a structure similar to the three medical triazoles itraconazole,
voriconazole and posaconazole and they bind CYP51A in a similar manner (20, 27).
A double mutation resistance mechanism called TR34/L98H, is found in many resistant
isolates from patients worldwide, and is also found in isolates from the environment
(20, 27). Itis very unlikely that clinically used azoles are responsible for environmental
azole resistance, because the annual use of fungicides is much higher than the annual
use of clinically used azoles (20). Furthermore, before the introduction of the
mentioned azole fungicides, no TR34/L98H resistance isolates were found (20). All
this evidence strongly suggests that agricultural used azoles are at least partly

responsible for azole resistance found in clinical isolates. Besides azoles, it has also
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been suggested that agricultural use of polyenes has also led to medical polyene
resistance (28).
The following sections describe the mode of action of the available antifungal drug

classes and the resistance mechanisms that fungi have developed against them.

1.2.3.1 Polyenes
Drugs of this class interact with ergosterol in the fungal cell membrane, leading to the
formation of pores through which the cells leak their cellular constituents (Figure 1.2)
(8, 15,29-31). The first polyenes were discovered in the fifties and they are produced
by Streptomyces bacteria (8, 15, 22, 29). The most commonly used polyenes are
nystatin, produced by Streptomyces noursei and amphotericin B, produced by S.
nodosum (8, 22). Systemic toxicity, especially nephrotoxicity, caused by polyenes
when administered in humans, used to limit their use, but novel drug delivery systems
have been developed (8, 22, 29). Amphotericin B, for example, is now administered
as a lipid formulation, which is less toxic, but the drug does not lose its efficacy (29).
Amphotericin B is used for treating candidiasis, aspergillosis and cryptococcosis (22).
Amphotericin B was the main antifungal drug for a long time, but several fungal
pathogens are now showing microbiological resistance. Resistance in Candida spp.
remains rare (15), but in filamentous fungi resistance is more frequent. Mutations in
the FRG3 and possibly in the ERG6 gene, which prevents the conversion of 14a-
methylfecosterol to 14a-methyl-3,6-diol, replacing ergosterol with other sterols, which
results in a functional membrane with a lower ergosterol content, leading to less
interaction of polyenes with the membrane so no pores are formed (9, 15, 30-33).
Another mechanism might be increasing the catalase activity, which decreases

susceptibility to oxidative damage caused by polyenes (30, 31).

1.2.3.2 Azoles
Most commonly prescribed antifungal drug class that act by causing a decrease in
sterol content, which leads to loss of viability. Azoles target lanosterol 14a-
demethylase (CYP51), a cytochrome p450 dependent enzyme in the ergosterol
biosynthesis pathway, inhibiting ergosterol synthesis (Figure 1.2) (8, 15, 29-31, 34).
The first developed azoles were the imidazoles, for example clotrimazole, miconazole
and ketoconazole (8). Later on, modifications were made to the imidazole ring in the

structure, which led to the introduction of the triazoles (8, 22). The most commonly
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clinically used triazoles include fluconazole, itraconazole, voriconazole, posaconazole
and isavuconazole, the newest triazole. Azoles are useful in preventing and treating
both superficial and systemic fungal infections caused by Candida spp. and
Aspergillus spp., but are also used for cryptococcal infections and infections caused
by dermatophytes (22).

Drugs in this antifungal drug class are the most widely prescribed drugs and this has
led to resistance (26). In Candida spp. resistance is usually due to one or a combination
of the following four mechanisms: (1) decreased intracellular drug concentrations,
achieved by activating efflux pumps and by altering permeability of the fungal cell,
(2) target site alteration, by mutations in CYP51, (3) overexpression of target enzyme,
achieved by gene amplification, increased transcription or decreased degradation of
CYP51 and/or (4) development of bypass pathways by mutations in ERG3, leading to
a fungal cell membrane with other sterols than ergosterol, so that the effect of azoles
on ergosterol is no longer a problem (9, 15, 30-32). The structural similarity of
clinically used azoles has led to cross-resistance among Candida species, which is thus
yet another way to acquire resistance (15, 31-33). In Aspergillus spp., resistance to
azoles 1s achieved by expression of efflux pumps, modification of 14a-sterol
demethylase enzyme by mutations in CYP5/ and overexpression of this enzyme (30,

33).

1.2.3.3 Pyrimidine analogues

Flucytosine is the only antifungal compound in this class of antifungal drugs (30, 31).
In fungi, flucytosine is converted to S-fluorouracil by cytosine deaminase (15, 22, 29).
Phosphorylation of this compound produces toxic fluorinated nucleotides that interfere
with DNA/RNA synthesis (Figure 1.2) (15, 22). The enzymes needed for this
conversion, are not present in the human genome, so this antifungal agent is not toxic
to humans (29). Flucytosine is mostly used to treat cryptococcal meningitis (29).

Resistance to flucytosine has also been reported. Microbiological resistance to
flucytosine is associated with mutations in three enzymes: Purine-cytosine permease,
responsible for taking up the drugs into the fungal cell, cytosine deaminase, conversion
to S-fluorouracil and uracil phosphoribosyl transferase, conversion of 5-fluorouracil
to 5-fluorouridine monophosphate (15, 30, 31). Because of the development of
resistance to flucytosine, this drug is now usually administered in combination with

another antifungal drug (31-33).
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1.2.3.4 Echinocandins

The echinocandins were the last new class of antifungal drugs to be approved for
clinical use, which was in 2000. They are semi-synthetic lipopeptides derived from
secondary metabolites produced by fungi (8, 22, 29). They are the only clinically
approved antifungal drug class that target the fungal cell wall, by inhibiting the B-1,3-
D-glucan synthase complex (Figure 1.2) (8, 15, 22, 29-31). Currently, three
echinocandins are in clinical use: caspofungin, derived from pneumocandin B (Glarea
lozoyensis), micafungin, a semi-synthetic lipopeptide synthesized by chemically
modifying a fermentation product of Coleophoma empetri and anidulafungin, derived
from echinocandin B (4spergillus nidulans) (8). Echinocandins are used for fighting
Candida spp. and Aspergillus spp. infections (15, 22, 29).

Resistance to echinocandins has been reported and has been rising in recent years.
Mutations in the genes encoding the elements of the 1,3-B-D-glucan synthase complex
are likely the main mechanism through which echinocandin resistance is established,

especially point mutations in the FKSI and FKS2 genes (15, 24, 30, 31, 33).

1.2.3.5 Allylamines/thiocarbamates

Allylamines/thiocarbamates are antifungal drugs that blocks ergosterol synthesis by
inhibiting squalene epoxidase, an enzyme that catalyses the conversion of squalene to
squalene 2,3-epoxide in the ergosterol biosynthesis pathway (Figure 1.2) (8, 15, 22,
34). The first discovered allylamine was naftifine, later on terbinafine was derived
from this compound (22, 29). Terbinafine is used to fight infections caused by
dermatophytes (8, 29). Tolnaftate is an example of a thiocarbamate and is used to
prevent fungal nail infection (8).

For thiocarbamates, no resistance has been reported. For allylamines, resistance has
not been reported either, but strains of Candida and Aspergillus, resistant to
terbinafine, have been genetically generated in laboratories. A C. glabrata strain,
resistant to fluconazole, became cross resistant to terbinafine (32). ATP-binding
cassette (ABC) transporter genes called Candida Drug Resistance (CDR) genes appear
to be reactive to terbinafine, which could be a potential mechanism of resistance to
allylamines (32). An 4. fumigatus strain, transformed with multiple copies of a plasmid
harbouring ERG 1, was resistant to terbinafine (35). UV mutated A. nidulans strains
that showed resistance to terbinafine, had multiple copies of SALA, a salicylate 1-

monooxygenase (36). An. A. fumigatus strain with an altered squalene epoxidase gene,
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was also resistant to terbinafine (37). So even though no resistance to allylamine has
been reported, the mechanisms to acquire resistance appear to be present in the

genomes of Candida and Aspergillus.

1.2.3.6 Other antifungals
Griseofulvin was one of the first compounds found to selectively inhibit fungal growth
(29). It is produced by the fungus Penicillium griseofulvum and the only antifungal
known to block microtubule assembly in susceptible fungi and it does not block
assembly of microtubules in humans (Figure 1.2) (15, 29). Griseofulvin is used to fight
dermatophytes (29, 32).
Resistance to griseofulvin has been reported, but the precise mechanism is not known.
Griseofulvin is transported into dermatophytes via an energy dependent transport
process. Fungi that are not sensitive to griseofulvin, lack this kind of energy dependent
transport system (32). This could be one of the mechanisms through which
griseofulvin resistance is conferred.
Another antifungal drug class is called the morpholines. Although most morpholines
are used in agriculture, there is one that is approved for clinical usage, it is called
amorolfine and is used topically (29). Morpholines target sterol Cs-C; isomerase
(ERG?2) and sterol reductase (ERG24) (Figure 1.2) (34).
There are no reports for clinical resistance to amorolfine. But the C. glabrata strain
that became cross resistant to terbinafine after exposure to fluconazole, also became
cross resistant to amorolfine (32). Again, CDR genes also seem to be reactive to

amorolfine (32).
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Figure 1.2 Overview of the modes of action of the antifungal drug classes. Polyenes
interact with ergosterol, creating channels through which cell contents leak out.
Morpholines, azoles and allylamines/thiocarbamates inhibit steps in the ergosterol
synthesis pathway. The echinocandins inhibit 1,3-B-glucan synthase. Pyrimidine
analogues insert toxic pyrimidines into DNA during replication. Griseofulvin inhibits
the formation of microtubule assembly.
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1.2.4 Treatment of invasive fungal infections

The high mortality rate of invasive fungal infections can be attributed to several
factors, such as limited treatment options (amphotericin B, azoles, echinocandins and
flucytosine), toxicity and resistance. Another contributing factor is the difficulty in
diagnosis of these kinds of infections (38). Early diagnosis and determination of the
fungal pathogen is important for correct treatment as the activity of antifungal drugs
is dependent on the fungal species. A common way to determine the susceptibility of
antifungal compounds against fungal pathogens, is by determining the minimal
inhibitory concentration (MIC). However, this test is merely a determination of the
concentration at which growth is completely inhibited, it does not distinguish between
fungistatic or fungicidal compounds. Therefore, the minimal fungicidal concentration
(MFC) is commonly determined (39). The conidia from clear wells of an MIC test are
transferred to plates, where they are left to form colonies. The lowest concentration
where >99.9% of colony formation is inhibited, is the MFC of the compound.
However, an antifungal compound is usually not specifically either fungistatic or
fungicidal, it rather depends on a variety of factors, such as fungal species,
concentration of the drug and the exposure time. In general, amphotericin is regarded
as a fungicidal drug and the echinocandins are regarded as fungicidal against Candida
species, but fungistatic against Aspergillus species. The azoles are more complicated,
as some azoles are fungistatic, where others are fungicidal against the same species,
which is also dependent on the exposure time. For example, voriconazole is fungicidal
against Aspergillus, but only when exposed for a sufficient amount of time (40, 41).
Additionally, for filamentous fungi the determination of MICs and MFCs are carried
out with conidia, but an antifungal compound may have a different effect against the
germinated forms of the fungus (42). Therefore, it is important to take all these factors
into consideration when determining the course of treatment for invasive infections.
Azoles are commonly prescribed as antifungal treatment, however, for various reasons
such as drug-drug interactions, resistance and acute and chronic side effects, other
treatment options could be required (43). Alternatives are amphotericin B and the
echinocandins, but they can only be administered intravenously (IV), requiring the
patient to be hospitalised. Another downside to these antifungals is that amphotericin
is very toxic and the echinocandins have a relatively narrow spectrum, being mostly
active against Candida spp. Very often combinations of antifungal drugs are used, for

example, for cryptococcal meningitis the combination of amphotericin and flucytosine
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works quite well (11, 25, 44). For invasive aspergillosis that combination is also used
on occasion, but combinations of azoles and amphotericin; echinocandins and
amphotericin; and echinocandins and azoles are also used (11, 44, 45).

To try and prevent the development of invasive fungal infections in patients that are at
risk, antifungal drugs are sometimes administered as prophylactic agents.
Amphotericin B is usually not considered for prophylaxis due to its toxicity. Several
studies have examined the use of echinocandins and azoles (posaconazole,
fluconazole, itraconazole, and voriconazole) for prophylaxis (46, 47). Although
especially posaconazole has been recommended as a prophylactic agent, the ideal
prophylactic drug differs from patient to patient (46, 47). It depends on the underlying
disease the patient is suffering from, but also on several individual toxicity factors,
therefore some patients may be better off with an echinocandin instead of an azole for
prophylaxis (46). Several studies have shown that antifungal prophylaxis is beneficial
and can prevent the development of invasive fungal infections. There is, however, a
concern that prophylaxis may contribute to the increasing emergence of resistant

fungal pathogens (11, 46, 47).

1.2.5 Development of new antifungals

Over the years, advances have been made in antifungal drug development and
improvements have been made in diagnostics, however, the mortality rate remains
high and the increasing emergence of resistance to the available antifungals means
there is a high need for new antifungals acting on novel targets.

Developing new fungal specific drugs is quite challenging, because humans and fungi
are evolutionarily closely related, both being eukaryotes. The echinocandins represent
the only class of antifungal drugs that act on a fungus-specific target, namely 1,3-p-
glucan synthase. Other problems with antifungal development include issues with their
spectrum of activity, pharmacokinetic profile, bioavailability, adverse effects, in vivo
activity, drug-drug interactions etc. Potentially an antifungal compound could cause
unacceptable levels of toxicity in the patients or the compound may not be effective as
a treatment at all. These issues are all reasons why the development of novel antifungal
drugs often fails. Many newly developed antifungals therefore don’t even make it to
clinical trials or if they do make it, the trial is stopped early on due to either one or a

combination of these issues.
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The last novel antifungal drug class with a novel mode of action, are the echinocandins
and this class was licenced for clinical use in 2001 (44). New antifungal drugs still
enter the market occasionally, but they usually belong to one of the existing classes.
Especially new azoles are being developed regularly. The most recent clinically
approved azole is isavuconazole and has the advantage that it is less toxic than other
azoles and it has a higher efficacy (48, 49). Besides developing structurally similar
antifungals, existing antifungals can also be reformulated. Amphotericin B is a highly
toxic antifungal, causing nephrotoxicity in humans, but it is very effective against
invasive fungal infections (11). It has been reformulated to make it less toxic and work
to improve the formulation is still ongoing (50).

The disadvantage of developing antifungal drugs that belong to the existing classes is
that fungal pathogens that are already resistant to a structurally similar compound, can
develop resistance to these new compounds relatively fast. It is thus also very
important that new antifungal drugs with novel targets are being developed. New
antifungal compounds are often discovered by screening compound libraries or natural
products, but this often leads to rediscovery of known compounds or compounds with
high toxicity (51). Recently, big pharmaceutical companies are not very active in
developing new antifungals because it is more lucrative to develop treatments against
chronic diseases such as diabetes (44). Antifungal drug discovery is mostly done by
small biotech companies and individual research labs, but if they find a potential
antifungal, they will have difficulty in finding enough funds to get the compound
through to clinical development, which is very expensive (44). Even when a compound
has entered clinical development, there are still many things that can go wrong. It is a
lengthy process that needs to be thoroughly regulated in order to be granted the final
approval for clinical use.

Some small companies have been successful and have a compound in early clinical
development (52-55). One example is T-2307, an arylamidine compound that causes
a loss of mitochondrial membrane potential and has broad-spectrum activity against
pathogenic fungal species such as Candida and Aspergillus species and Cryptococcus
neoformans (56). Another example is APX001 (formerly E1210), inhibiting the 4™
enzyme (Gwtlp) in the glycosylphosphatidylinositol (GPI) anchoring pathway and has
broad-spectrum activity against Candida and Aspergillus species, but also against
Fusarium and Scedosporium species (57). Haemofungin is another example that has

good activity against various pathogenic fungi. Targeting haem synthesis, this
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compound causes severe cell wall damage, possibly due to porphyrin poisoning (58).
Another recently described new class of antifungals target the fungal sphingolipid
glucosylceramide, the two compounds in this class showed promising MICs against
Cryptococcus species (59). Other compounds in clinical development include CD101
(Cidara Therapeutics), a new echinocandin for treatment of invasive Candida
infections (60) and SCY-078 (Scynexis), a glucan synthase inhibitor active against
several Candida and Aspergillosis species (61). A company called Viamet currently
have three CYP51 inhibitors in development; VT-1161, VT-1129 and VT-1598 which
are being developed for the treatment of several invasive fungal infections (62).
Another compound worth mentioning is Nikkomycin Z, a chitin synthase inhibitor
discovered in the 1990s, but now in clinical development by Valley Fever Solutions
for treatment of coccidioidomycosis (valley fever) caused by Coccidioides species
(63).

Another way to improve antifungal drugs is to find combinations with other
(antifungal) drugs that work in synergy (25). A screen of compounds in combination
with sublethal doses of known antifungals led to the discovery of non-antifungal drugs
that can be used for antifungal therapy. Especially inhibitors of heat shock protein 90
(hsp90) and calcineurin are found to increase the effectivity of caspofungin (64).
Hsp90 activates calcineurin phosphatase, which plays a key role in stress responses
and cell wall repair mechanisms.

Natural compounds can also exhibit antifungal activities, an example of this is
griseofulvin. In nature when organisms are competing against each other, some
organisms produce compounds that exert antifungal activities. Compounds like that
could be developed into a clinically used antifungal drug. Another approach is
antifungal immunotherapy, though still in development, in the future this might be a

promising way to treat fungal infections (65, 66).

1.2.6 The orotomides; a new antifungal drug class

This PhD project has focused on the new antifungal drug F901318, which was
discovered and developed by F2G Ltd, a small biotech company that started in 2000
as a spin-out company from the University of Manchester. This new antifungal
compound is currently in clinical development for treatment of invasive aspergillosis.
F901318 is the lead compound of the so called F3 series, which was initially

discovered via screening a library of small compounds for antifungal activity. The
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initial compound showed good activity against some Aspergillus species and was
further developed to improve spectrum and activity. F901318 was chosen as the lead
compound as it showed excellent in vitro activity against all pathogenic Aspergilli,
including azole resistant strains, with a minimal inhibitory concentration (MIC) of
<0.1 pg/ml (67, 68). Furthermore, FO01318 has also showed potent activity against
Scedosporium species including Lomentospora prolificans (69)

The mode of action was identified by performing a genetic screen, using 4. nidulans
strains that had been transformed with Autonomously Maintained in Aspergillus
(pAMAL1) plasmids that carried the A. nidulans genomic library (67). As pAMAI1
plasmids are autonomously maintained in the transformed strain, multiple copies of
the genes present on the plasmid are expressed, creating a higher level of expression
of these genes than in the wild type. Target overexpression should lead to resistance
to the drug, so by exposing the pAMAI transformed strains to F901318, genes could
be identified that provide resistance to F901318. Resistant clones were obtained and
the gene that was found to provide resistance to F901318 was pyrE, encoding for
dihydroorotate dehydrogenase (DHODH) (67). DHODH catalyses the fourth step in
the pyrimidine biosynthesis pathway and is a novel antifungal drug target (Figure 1.3).

The class of antifungals to which this drug belongs has been named the orotomides.
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Figure 1.3 The de novo pyrimidine biosynthesis pathway. F901318 inhibits the
enzyme that catalyses the fourth step: dihydroorotate dehydrogenase.
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1.2.6.1 DHODH
The de novo pyrimidine biosynthesis pathway is a highly conserved pathway among
prokaryotes and eukaryotes (70). DHODH is a flavoenzyme that catalyses the fourth
of six steps in the pyrimidine biosynthesis pathway (Figure 1.4). It is a redox reaction
where dihydroorotate (DHO) is oxidised to orotate, while FMN is reduced to FMNH;
(71). FMNH; is recycled via re-oxidation by a cofactor, which is ubiquinone in the

case of A. fumigatus.

Dihydroorotate Orotate
DHODH
FMN FMNH,
COQH2 CoQ

Figure 1.4 Redox reaction catalyzed by DHODH. Dihydroorotate is oxidised to
orotate, while FMN 1is reduced. FMN is recycled by Coenzyme Q10 (CoQ,
ubiquinone) in 4. fumigatus.

Based on sequence similarity, subcellular location and cofactor used, DHODHs are
divided into two classes, i.e., Class 1 and Class 2. Class 1 DHODHs are cytosolic,
homodimeric proteins (Class 1A) or heterotetrameric proteins, dimers of two
heterodimers (Class 1B). Class 1A and Class 1B DHODHs are found for example in
gram positive bacteria and yeast, some possess both classes of DHODH. Class 2
DHODHs are membrane bound monomeric proteins. In eukaryotes DHODH is
inserted in the inner mitochondria membrane, facing the intermembrane space. In
some prokaryotes, such as Escherichia coli, DHODH is bound to the cytosolic
membrane. Class 1A DHODH use fumarate as a cofactor to re-oxidise FMNH; and
class 1B uses NAD" while class 2 DHODH use ubiquinone, linking pyrimidine
synthesis to the electron transport chain. Although not previously studied, as
Aspergillus fumigatus is a eukaryote, it is likely that it has a class 2 DHODH (pyrE),
bound to the mitochondria. From its sequence, it appears a mitochondrial targeting

sequence could be present.
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There is no crystal structure for A. fumigatus DHODH, but to gain some insight, a
homology model was created using structures of other class 2 DHODH enzymes (67).
As DHODH catalyses two redox reactions, two redox sites are present in the structure,
one for the oxidation of DHO to orotate and one for the oxidation of FMNH> to FMN.
DHODH contains an N-terminal sequence that targets the enzyme to the inner
mitochondrial membrane. The long N-terminal extension forms a hydrophobic tunnel
that leads into the FMNHz-ubiquinone redox site (71). It is here that human DHODH
inhibitor teriflunomide binds and it also believed to be the location where FO01318
binds (67, 71). It is suggested that F901318 is a competitive inhibitor for ubiquinone
binding, preventing re-oxidation of FMNH,. This channel is also a location where
most variation exists between DHODH of different species, explaining why F901318
only targets DHODH of amongst others Aspergillus and Scedosporium species, but
not human DHODH or Candida DHODH for example.

1.2.6.2 Pyrimidine biosynthesis as a drug target

Studies in various pathogenic fungi have shown that mutants in the pyrimidine
biosynthesis pathway leads to a decrease in virulence. In C. albicans a URA3 mutant
showed attenuated levels of virulence (72). In Histoplasma capsulatum a URAS5 mutant
was avirulent in murine and human cells (73). In C. neoformans a URA4 mutant was
affected in various virulence factors (74).

Besides de novo synthesis, pyrimidines can also be acquired via salvage pathways.
Studies with human lymphocytes have shown that in a resting state, the de novo
pyrimidine biosynthesis is virtually inactive, the metabolic requirements are met by
the salvage pathways (75). In proliferating cells, however, the salvage pathways do
not provide the cells with sufficient pyrimidines and so the pyrimidine de novo
biosynthesis pathway becomes fully active.

The pyrimidine salvage pathway in A. fumigatus does not appear to be sufficient
during treatment with F901318. MICs for F901318 carried out in presence of
increasing concentrations of uridine and uracil show that at least 5 mM of each is
required to reverse the antifungal effect of F901318 (67). This was confirmed by in
vivo infection studies, in which F901318 increased the survival rates, indicating that
sufficient pyrimidines cannot be taken from the host. Furthermore, in a murine model
of invasive aspergillosis with an A. fumigatus pyrG mutant strain, it was shown that

this strain was non-pathogenic and unable to germinate (76). Their results suggest that
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the concentration of uridine and uracil required to restore wild type growth is higher
than the concentration present in the human body. Thus, 4. fumigatus pyrimidine
biosynthesis mutants cannot be supplied with sufficient uridine and uracil for the
pyrimidine salvage pathways. All these results show that the enzymes in the
pyrimidine biosynthesis pathway, including DHODH, could be promising antifungal
drug targets.

Inhibitors of DHODH are already used to treat rheumatoid arthritis, multiple sclerosis,
psoriasis and cancer, but also infections caused by viruses, bacteria and Plasmodium
falciparum (77, 78). Even though the function of DHODH is conserved among
eukaryotes, Aspergillus DHODH and mammalian DHODH share only about 30%
homology (67). Leflunomide is a prodrug that is metabolised into teriflunomide that
is active against human DHODH, but not against Aspergillus DHODH. FO01318 was
confirmed to be inactive against human DHODH by determining its half maximal
inhibitory concentration (ICso) against human and 4. fumigatus DHODH. Redox
indicator 2,6-dichloroinophenol (DCIP) was used as an artificial electron acceptor
when DHO is oxidised to orotate. F901318 was found to inhibit A. fumigatus DHODH
>2,200-fold more potently than human DHODH (67). Teriflunomide was active
against human DHODH, but not against 4. fumigatus DHODH.

1.2.6.3 Pyrimidines are important for several processes
Pyrimidine biosynthesis is required for synthesising three out of the five nucleobases
of DNA and RNA, but the products formed in the pyrimidine biosynthesis pathway

are essential for other processes in the cell as well (79)(Figure 1.5).
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Figure 1.5 Products of pyrimidine synthesis are required for several processes. UTP
is required for the synthesis of UDP-sugars which are required for synthesis of cell
wall components. CTP is required for phospholipid synthesis. Cytosine, thymine and
uracil are nucleobases for DNA and/or RNA.

UTP is important for the synthesis of UDP-sugars that in turn are important for the
synthesis of cell wall components in 4. fumigatus (79). The cell wall forms a protective
layer around the fungal conidia and hyphae. As can be seen in figure 1.2, the cell wall
mainly consists of chitin, B-glucans and galactomannan (80). Conidia additionally also
have a rodlet and a melanin layer (80). Melanin is what gives the 4. fumigatus conidia
their distinctive black green colour. The two main components 1,3-B-glucan and chitin
both require UTP for their production (Figure 1.6).

The direct precursor of chitin is UDP-N-acetyl-glucosamine (81). Not only is this
compound required for the synthesis of chitin, it is also involved in glycosylation of
proteins, glycolipid synthesis and GPI-anchored protein synthesis. Due to the
importance of this compound, UDP-N-acetylglucosamine pyrophosphorylase has been
suggested as a potential drug target, inhibiting the formation of UDP-N-acetyl-

glucosamine (82).
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Figure 1.6 Biosynthesis pathway of the two main components of the cell wall chitin
and 1,3-B-glucan, which require UTP for their synthesis.

The CTP pathway is important for the synthesis of membrane phospholipids. They are
the major components of the cellular and organelle membranes, but they are also
involved in regulatory processes. Though mostly studied in other fungi, a
transcriptome analysis recently showed that 4. fumigatus has similar phospholipid
pathways to the other fungi (83). CTP is the direct precursor of the phospholipid
pathways for CDP-diacylglycerol (CDP-DAG), CDP-choline and CDP-ethanolamine
(the latter two are known as the Kennedy pathway) (84). CDP-DAG is the precursor
for the biosynthesis of other phospholipids, such as glycophosphatidylinositol (GPI)
and the sphingolipids (84). The latter are involved in a number of processes, which
include transport, calcium signalling, cell cycle control and nutrient uptake (85). For
this reason, they have been considered as a potential promising target for antifungal
drugs. In general, due to the importance of the cell membrane, it has been suggested
that it could be a promising antifungal drug target (86).

Pyrimidine biosynthesis leads to the formation of the three pyrimidine nucleobases
cytosine (DNA and RNA), thymine (DNA) and uracil (RNA). A study showed that a
significant increase in available pyrimidines was correlated with the transition of the

G1 to the S phase (75), meaning that proper pyrimidine synthesis is required before a
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cell can go into S-phase. In filamentous fungi, the cell cycle is often called duplication
cycle, as the cells do not separate after mitosis. When in favourable conditions, A.
fumigatus uninucleate conidia will start to grow isotropically until they reach a certain
size and then the first mitosis takes place, which is after 4h 15 min (87). A germ tube
will then emerge from the conidia and this is the start of polarised growth. Subsequent
mitosis rounds take place approximately every 45 minutes and occurs synchronously,
meaning that all nuclei in a germling/hypha undergo mitosis at the same time (87).
Mitosis is also important for septation, indeed septum inhibitors diepoxyoctane and
hydroxyurea are also known to inhibit mitosis (88). In 21% of the 4. fumigatus
germlings, the first septum was formed after having undergone four rounds of mitosis
(87). After each subsequent round of mitosis, septa are formed at regular distances,
dividing the hypha into compartments that each contain roughly 8 nuclei (87).

Cells do not seem to undergo mitosis until they are of a certain size, so it seems that
cell size is an important trigger in the cell cycle. Vacuoles are very important
contributors to the size of a cell. Indeed, in C. albicans they found that the hyphal cell
cycle was affected by genes that control the volume of the vacuoles (89). Also, cell
cycle mutants were found to have changes in vacuole volume (90). The timing of the
cell cycle thus seems to be strongly influenced by the size of vacuoles. Studies in C.
albicans have led to the belief that it is actually the volume of the cytoplasm that is an
important trigger for cell cycle progression. In its filamentous form, cell division is
asymmetrical and the growth arrested subapical compartment is left with a small
cytoplasmic volume and large vacuoles. Therefore, it is the ratio of cytoplasm volume
to vacuole volume that is important for cell cycle progression (91). Other suggestions
have been that large vacuoles play a role in nutrient limited conditions, as large
vacuoles decrease the need for nutrients (92).

Sufficient pyrimidines are required for normal cell proliferation and depletion of
pyrimidines leads to growth defects. An A. fumigatus strain with a mutation in the
pyrG gene was unable to germinate; while the conidia were swelling, a germ tube
never emerged (76). Addition of sufficient uridine and uracil restored growth. A C.
neoformans strain with a URA4 mutation displayed growth defects at high
temperatures (74). In rapidly proliferating human lymphocytes, a greater increase in
pyrimidine synthesis than purine synthesis was found, implying the greater role in cell

proliferation for pyrimidines (75).
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As shown in this section, pyrimidines are required for several processes, including
DNA replication, RNA synthesis, protein and lipid synthesis, polysaccharide synthesis
etc. Inhibition of pyrimidine biosynthesis in 4. fumigatus by targeting DHODH with
F901318 will affect all these processes and will most likely have a significant effect

on growth, morphology and viability.

1.2.6.4 Pyrimidine synthesis and programmed cell death

In mammalian cells, it has been shown that inhibition of the pyrimidine biosynthesis
pathway via DHODH, leads to the activation of tumor suppressor protein p53 (93, 94).
This protein is a regulator in damaged cells, inducing apoptosis in cells too damaged
to avoid their proliferation. Possibly, inhibition of DHODH by F901318 in A.
fumigatus also causes apoptosis. An important read out for the possible induction of
apoptosis is the mitochondrial membrane potential: a decrease has been associated
with apoptotic cells. Furthermore, the onset of apoptosis involves several markers such
as the cleavage of DNA, internalization of phosphatidylserine, activation of
metacaspases and production of reactive oxygen species (95).

Apoptosis is a form of programmed cell death, of which other forms include necrosis
and autophagy. The latter 1s known for the formation of so called autophagosomes:
vesicles that take up toxic waste from the cytoplasm and then fuse with the vacuoles,
where their contents are degraded (96). As a result of this, large vacuoles are often
observed in autophagic cells.

An important regulator in these programmed cell death pathways is calcium. It serves
as a second messenger and spikes of intracellular calcium levels often coincides with

induced cell death (97, 98).

1.3 Aims of the project

1.3.1 FungiBrain

This project is part of a EU Marie Curie Initial Training Network (ITN) called
FungiBrain. FungiBrain is a €3.9 million multi-centre training network grant funded
by the EU to establish a detailed understanding of the conserved fungal signalling
networks that regulate polarised and directed fungal cell growth in a wide range of
fungal models and pathogens. This training network is a collaboration in fungal

biology between eight European Universities and research institutes, and three leading
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industrial partners. The project integrates genetic, biochemical, biophysical, cell
biology and systems biology approaches to define common patterns of signal
integration that regulate fungal cell growth and tropisms.

One of the overall aims of the FungiBrain project is to find novel antifungal drug
targets. The FungiBrain project will also focus on establishing a detailed
understanding of conserved fungal signalling networks that regulate polarised and
directed fungal cell growth in a wide range of fungal models and pathogens.
Furthermore, novel high throughput, live cell fungal tropism screens of mutant and

chemical libraries will be developed.

1.3.2 Importance of the research area

The need for new antifungals is great. Resistance to the existing antifungal drugs,
toxicity and spectrum of the existing drugs, the high mortality rates of invasive fungal
infections, all indicate the need for new antifungals. Potential antifungal targets might
be found in the fungal signalling networks, which is why these networks should be
studied to establish a detailed understanding of them. A full understanding of these
signalling networks will help finding novel targets.

In this project, specifically the inhibition of the pyrimidine synthesis pathway, via
targeting DHODH was investigated in 4. fumigatus using the new antifungal FO01318.
The effect on growth, cell morphology and intracellular structures was studied by
confocal microscopy. Gaining knowledge of the effects of this drug on A. fumigatus
will help to understand the consequences of inhibiting pyrimidine biosynthesis.
Potentially new candidates for antifungal drug targets can be identified, in the de novo
pyrimidine biosynthesis pathway itself or possibly in one of the pathways/structures
affected by pyrimidine biosynthesis. Furthermore, ways to enhance the effects of this
drug by for example combining it with another (antifungal) drug will help to improve

antifungal therapy.

1.3.3 Main aims
The main aims that will be addressed in this PhD project are:
e Determine the effect of F901318 on growth and viability of 4. fumigatus
e Determine the effects of DHODH inhibition, i.e., pyrimidine biosynthesis
inhibition, on A. fumigatus intracellular morphology

e Study uptake and localization of F901318
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e Investigate how F901318 induces cell death (i.e. apoptosis, autophagy etc.)

1.3.4 Aim per chapter

Chapter 3:

Determine the effect of F901318 on growth and viability of conidia
Determine the effect of F901318 on growth and viability of germlings
Determine the effect of F901318 on growth and viability of hyphae

Chapter 4:

Tag DHODH with a GFP to determine its localization in A. fumigatus
Determine the effect of F901318 on cell wall structure and septation
Determine the effect of F901318 on vacuoles

Determine the effect of F901318 on nuclei

Chapter 5
Obtain a fluorescent FO01318 analogue

Studying localization and uptake of F901318

Chapter 6
Investigate presence of apoptotic markers in F901318-treated hyphae

Investigate presence of autophagic markers
Investigate mitochondrial membrane potential

Measure intracellular calcium levels after F901318 addition
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CHAPTER 2

Materials and methods



2.1 Strains, culture and growth conditions

2.1.1 Aspergillus strains

All the Aspergillus strains that were used in this PhD project are listed in table 2.1.
AF293 is a clinical isolate of 4. fumigatus and was used to study the effect of F901318
on A. fumigatus morphology and growth. The genetically engineered strains that were
used in this study were created in a AKUBXY8 background. KUSO is a protein that is
required for non-homologous end joining and is encoded by akuB in A. fumigatus.
Knocking out akuB has resulted in a strain with an increased frequency of homologous
recombination, making it ideal for genetic manipulations. The AKUBXY¥ knock-out
was created in the 4. fumigatus CEA17 strain (1).

DHODH is the target of F901318 and to study its localization, it was tagged with green
fluorescent protein (GFP). As DHODH was assumed to have an N-terminal
mitochondrial targeting sequence, it was tagged C-terminally with GFP. Two
DHODH-GFP strains were generated; under control of the native promoter or the
constitutive gpdA promoter. The Pgpd4A-DHODH-GFP strain gave the clearest GFP
signal and was used to study localization. The DHODH-GFP strains were created in
DHODH knock-out strain 11.1.1 that was previously created by Dr. Jason Oliver.
The cytoplasmic GFP strain was used to study the size ratio between the cytoplasm
and the vacuoles, the H1-GFP strain to study nuclear morphology and the AEQCFA!?
strain to study intracellular calcium levels of A. fumigatus when exposed to F901318.
All three strains were kindly given by Dr. Alberto Mufioz from the Manchester Fungal
Infection Group (MFIG) at the University of Manchester.

Aspergillus flavus was utilized to study uptake and distribution of the fluorescent

analogue F901848.
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Table 2.1 Overview of all used and created Aspergillus strains. Apart from the A. flavus wildtype, all strains mentioned are A. fumigatus.

Strain Function Genotype Parent strain Source
AKUBKU80 Non-homologous Aku80 CEA17 (1)
recombination mutant

DHODH-GFP DHODH-GFP, native AakuB::[pyrE-gfp] 11.1.1 This work
promoter

GFP-pyrG Cytoplasmic GFP AakuB::tub::gfp::pyrG* AKUBXU80
Aequorin expressing his2A"::[PgpdA-aeqS-ptrA] CEAI10
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2.1.2 Conidia preparation and storage

A. fumigatus conidia from a -80 °C glycerol stock were inoculated in T25 culture flasks
(Thermo Scientific Nunc) containing sabouraud dextrose agar (SAB agar, Oxoid) with
the addition of supplements such as uracil and uridine when required. The conidia were
incubated at 35 °C for 48 — 96 h. Conidia were harvested in phosphate buffered saline
with 0.1% v/v Tween 80 (PBST). They were then filtered through sterile glass wool
to remove any residue from the conidia. Conidia were quantified using an improved
Neubauer hemocytometer. For long term storage, conidia were harvested and filtered
as described and then mixed with sterile glycerol to a final concentration of 15% and

stored at -80°C in cryovials.

2.1.3 Media and culture conditions
2.1.3.1 Aspergillus

Aspergillus strains were grown on either SAB agar, in SAB broth (Bacto) or on
Vogel’s minimal media (VMM) with, if appropriate, the addition of 10 mM uracil
(added before autoclaving) and 10 mM uridine (added after autoclaving, filter
sterilized). Contents for 50x Vogel’s salts and Vogel’s trace elements solution can be
found in tables 2.2 and 2.3 (4). The final concentration of the Vogel’s salts in VMM
is 1x. Glucose was added to VMM to a final concentration of 1% w/v. Media used for
transformations additionally contained 1.2M sorbitol. For solid VMM 1.5% agar
(Bacto) was added. For hygromycin B selection, drug was added after autoclaving at

250 pg/ml.

Table 2.2 Contents of 1 L 50x Vogel’s salts

Salts Quantity
Sodium Citrate 125 g
KH:PO, anhydrous 250 g
NH4NO3, anhydrous 100 g
MgSO04, TH,0 10g
CaCl, 2H,0 S5¢
Vogel’s trace elements solution | 5 ml
Biotin Solution (0.1 mg/ml) 1.5ml
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Table 2.3 Contents of 100 ml Vogel’s trace elements solution

Elements Quantity
Citric acid, 1H,O S5¢g
ZnS04, TH2O0 5¢g
Fe(NH4)2(SO4)4, 6H,O | 1 g
CuSO4, SH20 025¢g
MnSO4, 4H,0 0.05¢
H3BOs3, anhydrous 0.05¢g
Na;MOOy, 2H,0 0.05¢

2.1.3.2 Escherichia coli
E. coli strains were maintained at 37 °C on LB media supplemented with 100 pg/ml
ampicillin. For blue/white colony screening, the LB media was supplemented with
0.13 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) and 76.5 nM 5-bromo-4-
chloro-3-indolyl-beta-D-galacto-pyranoside (X-GAL).

2.1.4 Transformation

A protocol for Polyethylene Glycol (PEG)-mediated protoplast transformation was
used. 50 ml liquid SAB media (with uridine and uracil added if appropriate (SABUU))
was inoculated with 10° conidia/ml, this was distributed over 5 90 mm petri dishes and
wrapped with parafilm. The cultures were incubated overnight at 37 °C. Next day,
biomass was collected over a J cloth and washed with sterile water. A 20 ml 5%
glucanex (Novozymes) in KClI buffer (0.6M KCI, 50mM CacCl;) solution was prepared
and filter sterilized. Approximately 1 g of biomass was added to the glucanex-KCl
mix. This was incubated at 30 °C, shaking at 100 rpm.

Protoplast formation was checked under a microscope after one hour. When enough
protoplasts had formed, the protoplasts were filtered through lens tissue and collected
in a 50 ml falcon tube. KCI buffer was added to 45 ml. This was then centrifuged at
1800 rpm at 4 °C for 9 min. Supernatant was discarded and the protoplasts were
resuspended in 1 ml cold KCl and then topped up with KClI to 25 ml. Cold STC buffer
(10 mM Tris HC1 pH 7.5, 50 mM CacCla, 1.2 M Sorbitol) was then slowly added to 50
ml. This was centrifuged at 1900 rpm at 4 °C for 10 min. The pellet was re-suspended
in 100-500 pl STC.
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Protoplasts were counted with an improved Neubauer counting chamber. >10°
protoplasts were mixed with STC buffer and the appropriate DNA (1 — 3 pg) in 100
ul total volume. 200 pl sterile 60% PEG 6000 (in STC buffer) was added. This was
incubated for 5 minutes at room temperature, then vortexed and plated directly onto
VMM supplemented with 1.2 M Sorbitol. The transformation plates were incubated at
37 °C for 3 — 7 days.

2.1.5 Radial growth assay Aspergillus flavus

The radial growth assay of A. flavus in presence and absence of F901318 and F901848
was carried out on VMM and VMM with the addition of 10 mM uracil and 10 mM
uridine. 10* spores were inoculated in the middle of each plate and the plates were
incubated for 3 days at 35 °C, after which colony diameter was measured. Photos were

taken with an Olympus SP-350.

2.2 Nucleic acid extraction and amplification

2.2.1 Genomic DNA isolation

Aspergillus strains were grown overnight in 10 ml SAB or SABUU broth at 35°C,
shaking at 150 rpm. Next day, biomass was centrifuged for 20 minutes at 4°C at 3000
RCF in a falcon 6/3000. Supernatant was removed and mycelia was left to dry on
Whatman (GE Healthcare) filterpaper for 0.5 to 1 hour. Genomic DNA was then
extracted using the Fast DNA Spin Kit from MP Biomedicals. Afterwards, DNA

integrity was checked by loading it onto an agarose gel (described in section 2.2.6).

2.2.2 RNA isolation

Spores were inoculated at a concentration of 10° spores/ml in 10 ml SAB broth and
incubated at 37°C. Next the mycelium was harvested and 100 mg was used for RNA
isolation. RNA was extracted mostly according to the FastRNA Pro Red Kit protocol
from MP Biomedicals. The reagents provided by the kit were not used., RNApro
Solution was replaced with Tri Reagent (Fluka) and instead of Lysing Matrix C tubes
2 ml cryo vials filled with small glass beads were used. To remove any DNA

contamination in the RNA, the turbo DNA-free kit by Ambion was used.
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Afterwards RNA integrity was analyzed by loading 5 ul RNA onto an agarose gel
(described in section 2.2.6). RNA concentration was measured with a

spectrophotometer, measuring the OD2so.

2.2.3 Polymerase chain reaction

Amplification of DNA fragments was carried out with Phusion Hot Start II High-
Fidelity DNA polymerase (Thermo Scientific). The reaction mix consisted of 1%
Phusion HF buffer, 200 mM dNTPS, 1 pM-400 nM of each primer, 10 — 1000 ng
DNA, 0.4 U Phusion Hot Start II High Fidelity DNA polymerase.

To analyze plasmid and genomic DNA DreamTaq Green PCR Master Mix (Thermo
Scientific) was used. The reaction mix contained the following components: 1x master
mix, 400 nM for each primer and genomic or plasmid DNA.

All primers used were synthesized by Eurofins. PCR reactions were carried out in a
T3 thermocycler (Biometra) or a Bio-Rad-I-cycler. Cycling parameters were set up
according to the manual, annealing temperature and extension time was adjusted
accordingly for each set of primers and the length of the amplicon.

PCR products were either purified with AxyPrep PCR Clean-Up kit (Axygen) or the
PCR products were extracted from an agarose gel with QIAquick Gel Extraction Kit

(Qiagen).

2.2.4 Fusion PCR
Fusion PCR was used to create the DHODH-GFP fusion constructs. The protocol used
was based on the protocol previously described by Szewczyk et al 2007 (5). The

procedure is explained in Figure 2.1.
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Figure 2.1 Protocol for fusion PCR to create the DHODH-GFP constructs. A)
Construction of the DHODH-GFP construct. B) Construction of the PgpdA-DHODH-
GFP construct. Note that the 5° flanking region of PgpdA was upstream of the
DHODH promoter (DHODH — promoter 5°).

Approximately 1.5 kbp long 5° and 3° DHODH flanking regions were amplified as
described above with Phusion Hot Start II High Fidelity Polymerase. GFP was
obtained from plasmid pFNO3, a reporter gene plasmid from the Fungal Genetics
Stock Center (FGSC) kindly given by Dr. Mike Bromley from the University of
Manchester. Constitutive promoter gpdA4 was amplified from pAN7.1. Linkers were
used to facilitate homologous recombination between the fragments during fusion
PCR. A Gly-Ala linker between DHODH and GFP was included to avoid interference
of GFP with the DHODH protein structure. Nested primers were used for the actual

fusion PCR, to increase the specificity and efficiency of the reaction.
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The primers and the PCR cycling parameters for fusion PCR are listed in Table 2.4
and 2.5 respectively. The fusion PCR reaction mix contained the following
component: 1x Phusion HF buffer, 200 uM dNTPs, 400 nM of each primer, 0.5 ul
DNA templates, 2U Phusion Hot Start Il DNA polymerase.

Table 2.4 Primers used for fusion PCR. Sequences in lower case represent the linker
sequences.

Primer Sequence (5’ to 3°) DNA

caccggctccagegectgeaccagcetee
Sp2 ggeacegg gegecelg g pGTD2
TTGACGGTTTTTCTTTTCCTCTCG

atccacttaacgttactgaaatccta
SP4 pFNO3
TTTGTATAGTTCATCCATGCC

SP6 CCAAGTGCGTATTGTCCATTCATC pGTD2

SP8 CTGGAGCTGACTCTTGACTCC DHODH-GFP

agcatatcgttcagagc
SP10 segageaalcaticagas KUS0 gDNA
CTATTCGTCACTCATCTTGTCTTCG

ccgocte aacagaacta
SP22 gecicegtaacag pAN7.1
GGTTCTTGGATGGGAAGATG

JOD3’R3 ACTCAAGCCGAACGATCAAT PgpdA-DHODH-GFP
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Table 2.5 Cycling parameters for the fusion PCR
1% 98 °C for 30 s

5x 98 °C for 10 s 70°Cfor1s;to TM for 30 s; to 72 °C for 30 s/kb,
TM at 0.1 °C 72 °C at 0.1 °C/s increase 5 s every

cycle

1x 72 °C for 10 min 4 °C o«

2.2.5 Agarose gel electrophoresis

Agarose gel electrophoresis was carried out in a Horizon 58 Horizontal Gel
Electrophoresis apparatus powered by a Biometra Power Pack P25. Electrophoresis
was performed in 1x TAE (2 M TrisAcetate, 100 mM Na;EDTA, pH 8.3), freshly
made from a 50% stock solution (Flowgen Bioscience Ltd.). 1% (w/v) agarose gels
(Agarose I, Amresco) in 1x TAE with the addition of ethidium bromide. Hyperladder

I (Bioline) was used as a marker. Gels were imaged on a BioRad geldoc 2000.

2.3 Molecular cloning

2.3.1 pGEM-T easy vector cloning

Fusion PCR fragments were ligated into a pGEM-T easy vector (Promega). Because
Phusion Hot Start II High-Fidelity DNA polymerase generates blunt ends, a poly-A
tail was added to blunt ends. The A-tailing reaction was carried out by adding an equal
amount DreamTaq Green DNA polymerase to the fusion PCR product and incubating
the mixture for 20 min. at 72°C. The ligation mix consisted of 1x Rapid Ligation
Buffer, 25-50 ng pGEM-T easy vector, 1:1 to 3:1 molar ratio of A-tailed fusion PCR
product to the vector and 3 Weiss units of T4 DNA ligase. The reaction mix was

incubated overnight at 4 °C.

61



2.3.2 E. coli transformation

Ligations and plasmids were either transformed into NEB 10-beta competent E. coli
cells (New England BioLabs) or into MegaX DH10B T1 electrocompetent E. coli cells
(Invitrogen).

From the chemically competent cells, 25 ul of thawed cells and 1 pl of plasmid DNA
was added to the cell mixture. The mixture was placed on ice for 30 min, then the cells
were heat shocked at 42 °C for 30 s and then placed on ice again for 5 minutes. The
cells were then recovered in SOC outgrowth medium by placing them at 37 °C for 1
h, shaking at 250 rpm. Cells were then spread out on LB plates with 100 pg/ml
ampicillin and incubated 16 h at 37 °C.

From the electrocompetent cells, 20 ul of thawed cells were added to 1 ul of plasmid
DNA. This mixture was transferred to a 0.1-cm cuvette and electroporated under the
following conditions: 1.75 kB, 200 Q and 25 pF. Then 1 ml of recovery medium was
added to the cells in the cuvette and this was then transferred to a 15-ml culture tube.
The tube was incubated at 37 °C for 1 h, shaking at 225 rpm. Cells were then spread
on LB plates containing 100 pg/ml ampicillin, X-GAL and IPTG for selection and
incubated 16 h at 37 °C.

2.3.3 E. coli DNA isolation

Individual E. coli colonies were picked from the E. coli transformation plates and
transferred into a tube liquid LB medium supplemented with ampicillin (100 pg/ml).
Tubes were incubated 16 h at 37 °C in a shaker (225 rpm). Plasmid DNA was then
purified from the bacterial cultures using the AxyPrep Plasmid Miniprep kit (Axygen).

An overview of the used plasmids is listed in Table 2.6.

2.3.4 Restriction enzymes

Plasmid DNA was analyzed by digestion with restriction nucleases. Either the
conventional enzymes by Fermentas or the FastDigest enzymes by ThermoScientific
were used. The reaction mix was composed of 1 x buffer, 1 U enzyme and the
appropriate amount of DNA. Incubation time was 1 h, except for the FastDigest
enzymes, which were incubated for 15 min. Mix was incubated at 37 °C.

If the restriction analysis was positive, the plasmids were sent for sequencing to Source
Bioscience Sequencing. Plasmids with pGEM-T easy vector as backbone were

sequenced with T7 and SP6 RNA polymerase promoters.
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The pGEM-T easy vectors containing transformation cassettes were digested with
Xmnl to linearize the plasmid for optimal homologous recombination during

transformation into A. fumigatus.

2.3.5 Plasmids

An overview of all the plasmids used throughout this thesis are listed in table 2.6.
Plasmid pGTD2 was previously created by Dr. Jason Oliver and is a pGEM-T easy
vector in which DHODH and its flanking regions were cloned. Plasmid pFNO3 was
kindly given by Dr. Mike Bromley from the MFIG at the University of Manchester. It
contains a GFP gene, which was used for the construction for DHODH-GFP strains.
Plasmid pAN7.1 was utilized to clone PgdpA from, which was fused to DHODH-GFP.
Plasmids pDGFP and pPDGFP are pGEM-T easy vectors in which the DHODH-GFP
and the PgpdA-DHODH-GFP fusion cassettes were cloned.

Table 2.6 Plasmids used in this thesis project.

Plasmid name Content Source
pGTD2 DHODH with flanking regions Dr. Jason Oliver
pFNO3 Vector containing GFP Dr. Mike Bromley, (6)
pPANT7.1 Vector containing PgdpA (7)
pDGFP DHODH-GFP fusion cassette This thesis
pPDGFP PgpdA-DHODH-GFP fusion cassette This thesis
pET-44-AFD  pET-44 vector A.flavus DHODH This thesis

2.4 DHODH assay

2.4.1 Protein isolation

A. fumigatus DHODH was prepared as described in Oliver et al (8). A. niger DHODH
was prepared in a similar fashion. The protein was cloned into a pET-44 vector (pET-
44 Ek/LIC vector kit, Novagen), which adds a soluble Nus-tag and two His-tags to the
protein and then transformed into E. coli NovaBlue GigaSingles (Novagen). The
plasmid was sequenced to confirm the cloning had worked and no mutations had been
introduced by PCR. The pET-44 vector, containing the 4. niger DHODH, was
transformed into E. coli BI121 DE3 for protein expression, and grown in LB medium

plus 100 uM FMN, 1% glucose and 100 pg/ml ampicillin at 37 °C until the OD600
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reached approximately 0.5 when expression was induced by addition of 0.5 mM IPTG
and incubation at 20 °C overnight. Protein was extracted using Bugbuster protein
extraction reagent (Novagen), and the soluble fraction obtained after centrifugation at
16000 g, 20 min, 4 °C was then transferred to Ni-NTA His-bind resin (Novagen) for
an hour with mixing on ice. The His-bind resin was transferred to a column, washed
with 50 mM Na phosphate pH 8, 500 mM Na Cl, 20 mM imidazole 0.1% (w/v) Tween
20 and eluted with the same buffer except with the addition of 250 mM imidazole. A
PD-10 column (GE healthcare) was used to exchange the buffer to DHODH assay
buffer (50 mM Tris pH 8, 150 mM KCl, 10% (w/v) glycerol, 0.1% (w/v) Triton X100.

Protein was stored at -80 °C.

2.4.2 DHODH enzyme assay

The redox indicator dye 2,6-dichloroindophenol (DCIP) was used as an artificial
electron acceptor to follow the DHODH-catalysed oxidation of dihydroorotate to
orotate. The reaction contained 1 mM DHO, 0.05 mM coenzyme Q2 and 0.1 mM
DCIP in assay buffer. After addition of recombinant DHODH, DCIP reduction was
followed by measuring the decrease in absorbance at 600 nm in clear 96-well
microplates (Nunc) on a spectrophotometric plate reader (Tecan Safire). To measure
the 1Cso of F901848 against DHODH a range of drug concentrations were added to the
assay wells and the decrease in activity plotted using XL-fit (IDBS), to calculate the
concentration of drug giving 50% inhibition of DHODH.

2.5 Antifungal drugs

2.5.1 F901318 and other antifungals

F901318 was manufactured as previously described (8). Final concentration used in
the microscopy experiments was 0.1 pg/ml, unless otherwise stated. Other antifungals
were used at the following final concentrations: 1 pg/ml voriconazole, 4 pg/ml
Amphotericin B and 0.5 pg/ml caspofungin. All antifungals were dissolved in

dimethylsulfoxide (DMSO, Sigma).
2.5.2 Fluorescent F901318 analogues

To study uptake, distribution and localization of F901318, five fluorescent analogues

of FO01318 were synthesized. F902465, F902459, F901848 and F901821 were
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labelled with 7-nitrobenzofurazan (NBD). F902430 was labelled with 6-
Dimethylamino-napthalene. Compounds were dissolved in DMSO at a stock
concentration of 5 mg/ml. Fluorescent scans were carried out on a Tecan Saffire plate
reader to determine the excitation/emission peaks. The fluorescence spectra of the

potentially fluorescent analogues were read at a concentration of 1.95 pg/ml.

2.6 Microscopy

2.6.1 Culture preparation

Conidia were incubated in Vogel’s Minimal Media in a hydrophobic, uncoated p-Slide
8 well (Ibidi). To obtain germ tubes or hyphae, conidia were pre-incubated for 8 h or
16 h respectively. Unless otherwise noted, inoculum for conidia and germ tubes was

103 conidia/ml and for hyphae 10° conidia/ml. The cultures were incubated at 37 °C.

2.6.2 Conidial diameter

Freshly harvested AF293 conidia were exposed to 0.1 pg/ml F901318 or 0.02%
DMSO as a control. After 24, 48, 72, 96 and 120 h exposure, brightfield and
Differential Interference Contrast (DIC) images of the treated and untreated conidia
were acquired on a Nikon Eclipse TE2000-E widefield microscope, using a 60%/1.2
NA water objective. A Hamamatsu Orca-ER (C4742-80 camera (Hamamatsu
Photonics UK Ltd.) with Metamorph software (Molecular Devices) was used for

acquisition.

2.6.3 46 h time lapse of F901318 treated germ tubes

AF293 germ tubes were treated with 0.1 pg/ml F901318. A brightfield time-lapse was
acquired immediately after the addition of F901318, where z-stacks of 6 images 1 pm
apart were taken every 10 min for 46 h on a Nikon Eclipse Ti widefield microscope
with a 40x%/0.6 NA dry objective using a 12-bit QI Cam cooled mono camera
(QImaging, Canada) with Image Pro-Plus 7.0 (Media Cybernetics). The time lapse

was acquired at 37 °C.
2.6.4 Confocal microscopy

A Leica TCS SP8X confocal laser microscope was used for live-cell imaging and for

studying viability and morphology. Imaging took place at 37 °C in a temperature
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controlled box (CUBE & BOX by Life Imaging Services). External light source was
provided by a Leica EL6000, excitation light source was provided by a UV laser,
SuperK White Light Laser or an argon laser. Either a 40%/0.85 NA dry objective, a
63%/1.2 NA water objective or a 63%/1.4 NA oil immersion objective was used. Leica
Application Suite Advanced Fluorescence (LAS AF) was the image acquisition
software. The FIJI image distribution of Image] was utilized for segmentation,

measurements, quantification and processing (9).

2.6.4.1 16 h time lapses of growing germ tubes and hyphae
Germ tubes and hyphae were treated with 0.1 pg/ml F901318 or 0.02 % DMSO. Time
lapses were started immediately after addition of F901318 or DMSO. Z-stacks of 6

images 1 um apart were acquired every 10 min for 16 h.

2.6.4.2 H1-GFP
To observe nuclear morphology and mitosis, H1-GFP hyphae, either untreated or with
F901318 (immediate or after 24 h treatment) were imaged for 2 h, taking a z-stack
every min. Nuclei were counted in H1-GFP hyphal tips, over distance of 100 um, that
were either untreated or treated for 24 h with FO01318.

2.6.4.3 Viability staining

Conidia, germ tubes and hyphae were treated with 0.1 pg/ml F901318 at 37 °C and
viability was assessed after 24, 48, 72, 96 and 120 h of exposure using viability dye
Bis-(1,3-Dibutylbarbituric Acid)Trimethine Oxonol (DiBAC, Molecular Probes).
DiBAC was dissolved in DMSO and used at a final concentration of 2 ug/ml. Samples
were incubated for 5 min at 37 °C prior to imaging. Excitation was set to 488 nm,
emission was detected over a range of 500-590 nm. For conidia and germ tubes, the
percentage of DiBAC staining was quantified. For hyphae, the area of DiBAC stained
hyphae was quantified in FIJI by measuring the area of fluorescence/image.

Other viability dyes that were tested are Evans blue (Sigma), FUN-1 (Molecular
Probes) and propidium iodide (PI, Sigma). PI and FUN-1 were dissolved in DMSO,
Evans blue in water. Evans blue was used at a final concentration of 0.1%, FUN-1 at
5 uM and PI at 5 pg/ml. The excitation for FUN-1 was set to 488 nm and the emission
to 500 — 550 nm and 580 — 630 nm. The excitation/emission for PI was set to 535/550-
630 nm.
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2.6.4.4 Apoptosis

To study F901318-treated hyphae undergo apoptosis, the presence of two apoptotic
markers, production of reactive oxygen species (ROS) and activation of metacaspases,
were studied. Dihydrorhodamine-123 (DHR-123, Sigma) was utilized to detect ROS
and activation of metacaspases was observed with CaspACE™ (Promega). DHR-123)
is normally non-fluorescent, but it becomes fluorescent when oxidized to rhodamine-
123 by ROS. Rhodamine-123 is a green fluorescent mitochondrial dye. CaspACE
FITC-VAD-FMK 1is a fluorescent analogue of caspase inhibitor Z-VAD-FMK
(carbobenzoxy-valyl-alanyl-aspartyl-[ O-methyl]-fluoromethylketone) conjugated to
fluoroisothiocyanate (FITC). The inhibitor becomes fluorescent when it binds to
activated caspases.

Hyphae were treated with F901318 for 24 h, after which DHR-123 and CaspACE™
were applied. DHR-123 was dissolved in DMSO and used at a final concentration of
5 pg/ml. The marker was incubated for 2 h at 37 °C prior to imaging. CaspACE™ was
supplied as a 5 mM solution in DMSO and used at a final concentration of 10 pM.
Dye was incubated for 20 min at 37 °C prior to imaging. Excitation/Emission for both

dyes was set to 488/500-570 nm.

2.6.4.5 Fluorescent analogue imaging

F901848 was the fluorescent analogue utilized to study uptake and distribution in A.
flavus. A final concentration of 0.8 ug/ml F901848 was added to hyphae after which
a 1 h time lapse was acquired, taking images every 2 min, to study uptake of the
fluorescent analogue. Excitation/emission was set to 488/500-560 nm.

To study uptake of F901848 when ATP synthesis is inhibited, 4. flavus was pre-treated
with sodium azide (NaN3). Sodium azide was dissolved in water at a stock
concentration of 0.3 M and used at a final concentration of 3 mM. After a 15-min
incubation at 37 °C, 0.8 pg/ml F901848 was added and the fluorescence intensity was
measured 15 min after addition.

To study uptake of F901848 after F901318 pre-treatment, 0.1 pg/ml F901318 was
added to A. flavus hyphae for 2 or 24 h, after which 0.8 pg/ml F901848 was added.

The fluorescence intensity was measured 15 min after addition.
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2.6.4.6 Microscopy dyes
Various dyes were utilized to study the intracellular morphology after treating AF293
hyphae for 24 h with F901318. An overview of the dyes used is given in Table 2.6,
which describes what the dye stains, the final concentration and excitation/emission
spectrum. All dyes were dissolved in DMSO, except for the following; Aniline Blue
was dissolved in 50 mM phosphate buffer (pH 8) as described by Beauvais et al 2001
(10), Calcofluor white was dissolved in water and Wheat germ agglutinin
tetramethylrhodamine (WGA-orange) was dissolved in Phosphate Buffered Saline
(PBS). Dyes were acquired from Sigma or Thermo Fisher Scientific (Molecular
Probes). All dyes were incubated in the cultures for 30-60 min at 37 °C prior to

imaging.

Table 2.7 All the dyes used in this thesis, including their solvents, the final

concentration used and the excitation/emission.

Dye Target [Final] Excitation/Emission
Aniline Blue 1,3-B-glucan 25 ng/ml 405/420-470 nm
Calcofluor white Chitin 0.1 pg/ml 405/420-470 nm
CMAC Vacuoles 1 uM 405/420-470 nm
Concanavalin A Mannose 10 pg/ml 488/500-550 nm
Filipin Ergosterol 1 pg/ml 405/420-470 nm
FM4-64 Membranes 5 uM 515/550-700 nm
Nile red Lipid droplets 10 pg/ml 514/530-600 nm
MitoTracker Red FM | Mitochondria 500 ng/ml 581/595-650 nm
Rhodamine-123 Mitochondria 10 uM 507/520-570 nm
WGA-orange Chitin 5 ng/ml 555/570-630 nm

2.6.5 Transmission electron microscopy

Conidia (107 conidia/ml) and hyphae (pre-grown for 16 h) were treated with 0.1 pg/ml
F901318 for 24 h in VMM at 37 °C. Controls were untreated freshly harvested conidia
and 40 h untreated hyphae. Cultures were centrifuged and pellets fixed by high
pressure freezing in a Leica EM PACT2 (Leica Microsystems, UK). Ultrathin sample
sections were stained with lead citrate and uranyl acetate. Samples were examined
with a JEM-1400 plus electron microscope and images were captured using AMT

Image Capture Engine software.
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2.7 Calcium measurements

The protocol used for the aequorin measurements is described in Mufioz et a/ 2015
(3). Conidia of the AEQCFA? strain (10° conidia/ml) in presence of 2.5 uM
coelenterazine were incubated in 96-well plates, wrapped in foil, for 21 h at 25 °C. A
multimode plate reader (Berthold Technologies TriStar LB 941 was used for the
measurement of the luminescence after injection of the antifungal drug. 3 M CaCl,

was used for the discharge control.

2.8 Statistics

Statistical analysis was performed in GraphPad Prism 7. For the conidial diameter, a
two-way analysis of variance and Bonferroni’s multiple comparison tests with 99%
confidence intervals were performed. For the post-exposure effect biomass assay, a
Student’s T-test was performed with 99% confidence intervals. All experiments were

performed in triplicate. Bars represent the Standard Deviation (SD).
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3.1 Abstract

F901318 is a novel antifungal drug that is highly active against Aspergillus species.
Belonging to a new class of antifungals called the orotomides, F901318 targets
dihydroorotate dehydrogenase (DHODH) in the de novo pyrimidine biosynthesis
pathway. In this study, the antifungal effects of FO01318 against Aspergillus fumigatus
were investigated. Live-cell imaging revealed that at a low concentration of 0.1 pg/ml,
F901318 completely inhibited germination, but conidia continued to expand by
isotropic growth for >120 h. When this low F901318 concentration was applied to
germ tubes or vegetative hyphae their elongation was completely inhibited within 10
h. Staining with the fluorescent viability dye bis-(1,3-dibutylbarbituric acid)
trimethine oxonol (DiBAC) showed that prolonged exposure to F901318 (>24 h) led
to vegetative hyphal swelling and a decrease in hyphal viability through cell lysis. The
time-dependent killing of F901318 was further confirmed by measuring fungal
biomass and growth rate in liquid culture. Compared to the untreated control, the
ability of hyphal growth to recover in drug-free medium after 24 h exposure to
F901318 was strongly impaired. A longer treatment of 48 h further improved the
antifungal effect of F901318. Together, the results of this study indicate that F901318
initially has a fungistatic effect on A. fumigatus by inhibiting germination and growth,

but prolonged exposure is fungicidal through hyphal swelling followed by cell lysis.

3.2 Introduction

F901318 is a new class of antifungal drug that acts through a novel mechanism and is
currently in Phase I clinical development. It is highly active against all pathogenic
Aspergillus species, with a low minimal inhibitory concentration (MIC) of < 0.1
pg/mL (1-3). F901318 is the first drug candidate from the new orotomide class of
antifungals. Its cellular target is dihydroorotate dehydrogenase (DHODH), the fourth
enzyme in the de novo pyrimidine biosynthesis pathway (4). Pyrimidine biosynthesis
is vital for many cellular processes, including DNA/RNA synthesis (nucleobases
cytosine, thymine and uracil), the cell cycle (DNA), protein synthesis (RNA), cell wall
synthesis (via uridine triphosphate (UTP), which forms uridine diphosphate (UDP)-
glucose) and phospholipid synthesis (via cytosine triphosphate (CTP)) (5).
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The aim of this study was to investigate the antifungal effects of F901318 against the
infective conidial form and the invasive hyphal form of 4. fumigatus. Antifungal
compounds are traditionally distinguished as being either fungistatic or fungicidal, the
latter being preferred as fungistatic antifungals could allow the pathogen to regrow
after cessation of treatment. However, it is not always straightforward to determine
whether a compound is fungistatic or fungicidal, particularly for fungi that produce
hyphae. The standardized method for in vitro antifungal susceptibility testing is the
determination of the MIC, the lowest concentration of the antifungal which completely
inhibits growth. For filamentous fungi, standardized methods for MICs were first
developed for azoles by the European Committee on Antibiotic Susceptibility Testing
(EUCAST 9.1) and the Clinical Laboratory Standards Institute (CLSI M38-A).
However, these tests do not distinguish between fungistatic and fungicidal compounds,
which is why other tests need to be employed to determine this (6). Over the years
many methods have been developed to determine the degree of the fungicidal effect
of antifungal compounds (reviewed in Pfaller ef a/ 2004) (6). A common test is the
determination of the minimal fungicidal concentration (MFC) where the clear wells of
the MIC test are subcultured and colonies are counted. The lowest concentration with
> 99.9% growth reduction is the MFC. More recently, fluorescent viability staining

has been used to determine the fungicidal effect of antifungal compounds (7-9).

A further difficulty is that not every antifungal drug can be specifically classed as
either fungistatic or fungicidal, as some are fungistatic against one species but
fungicidal against another (10). Additionally, this can depend on the developmental
stage of the fungus. For filamentous fungi, the MIC and MFC tests are typically carried
out using conidia, even though it has been shown antifungals can have a different effect
against ungerminated conidia, germinated conidia (germlings) or hyphae ((11), this
study). Another factor in determining whether an antifungal compound is fungicidal,
is the exposure time. For example, voriconazole was found to be fungistatic when
exposed to 4. fumigatus for 2 h (12). However, fungicidal effects were seen when the
exposure time was increased to 24 h (13). Of the antifungal drug classes in clinical
use, amphotericin B is usually considered to be a fungicidal drug, whereas azoles and
echinocandins are either fungicidal or fungistatic depending on the species.
Voriconazole, for example, is fungistatic against Candida species but shows fungicidal

activity against the Aspergillus species (13). The three marketed echinocandins have
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been widely considered fungicidal against Candida species, but fungistatic against
Aspergillus species. However, recently it has been shown in vitro using high
resolution, time-lapse, live-cell imaging that the effects of the echinocandin
caspofungin on A. fumigatus is more complicated than previously appreciated. This
latest study has shown that caspofungin causes hyphal hyperbranching coupled with
repeated hyphal tip lysis followed by regenerative intrahyphal growth. This results in
very compact colonies which continue to expand slowly. At high caspofungin
concentrations after 40 h exposure to the drug, 4. fumigatus intriguingly undergoes

paradoxical growth (reversal of growth inhibition) by some unknown mechanism (14).

In this study, the fungicidal effect of F901318 towards three developmental stages of
A. fumigatus - conidia, germlings and hyphae - was studied using time-lapse, live-cell
imaging and viability staining. Additionally, the biomass and growth rate of F901318-
treated hyphae shifted to drug-free medium were assessed to further analyze viability.
Together, the results of this investigation have demonstrated that F901318 has a time-
dependent killing effect on A. fumigatus of which the extent is dependent of the
developmental stage to which the drug is exposed.

3.3 Materials and methods

3.3.1 Strain and cultures

Aspergillus fumigatus clinical isolate AF293 was used in this study. Conidia were
either incubated in standard Vogel’s Minimal Medium (VMM) (15) or Sabouraud
(SAB) medium. Inoculum concentration varied from 103-107 conidia/ml (see relevant
section). For microscopy, cultures were grown in VMM at 37 °C in uncoated p-Slide

8 well chambers (Ibidi).

3.3.2 Antifungal drugs

F901318 was synthesized as previously described (2). Caspofungin, voriconazole and
amphotericin B were acquired from Sigma-Aldrich. Stock solutions were prepared in
dimethyl sulfoxide (DMSO, Sigma-Aldrich) and diluted to the required concentration

in growth media.
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3.3.3 Conidial diameter

Freshly harvested conidia were exposed to 0.1 pg/ml F901318 or 0.02% DMSO as a
control. After 24, 48, 72, 96 and 120 h exposure, brightfield and differential
interference contrast (DIC) images of the treated and untreated conidia were acquired
on a Nikon Eclipse TE2000-E widefield microscope, using a 60x water immersion
objective. A Hamamatsu Orca-ER C4742-80 camera (Hamamatsu Photonics UK Ltd.)

with Metamorph software (Molecular Devices) was used for image acquisition.

3.3.4 Transmission electron microscopy

Conidia (107 conidia/ml) and hyphae (10° conidia/ml pre-grown for 16 h) were treated
with 0.1 pg/ml F901318 for 24 h in VMM at 37 °C. Controls were untreated freshly
harvested conidia and 40 h untreated hyphae. Cultures were centrifuged and pellets
cryofixed by high pressure freezing in a Leica EM PACT?2 (Leica Microsystems, UK)
as described previously (16, 17). The pellets were subsequently embedded in Spurr’s
(epoxy) resin and ultrathin sample sections were stained with lead citrate and uranyl
acetate. Samples were examined with a JEM-1400 plus electron microscope and

images were captured using AMT Image Capture Engine software.

3.3.5 16 h time lapse, live-cell imaging of growing germ tubes and vegetative
hyphae

Germ tubes were obtained by pre-incubating conidia for 8 h and vegetative hyphae
were obtained by pre-incubating conidia for 16 h. The inoculum size was 10°
conidia/ml, except for time-lapses of hyphae, in which case the inoculum size was 10°
conidia/ml. Germ tubes and hyphae were treated with 0.1 ug/ml F901318 or 0.02 %
DMSO (controls).

The 16 h brightfield time-lapse image series were acquired on a Leica SP8X confocal
microscope with a 40x/0.85 NA dry objective, using an argon laser for illumination
and transmitted light detector. Time lapse imaging was started immediately after the
addition of F901318 or DMSO. Z-stacks of 6 images 1 um apart were acquired every
10 min for 16 h using Leica Application Suite software (LAS-AF).
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3.3.6 46 h time lapse imaging of F901318-treated germ tubes

Conidia were pre-incubated for 8 h at 37 °C to obtain germ tubes (germinated conidia)
which were treated with 0.1 pg/ml F901318. Brightfield time-lapse, live-cell imaging
was performed on a Nikon Eclipse Ti widefield microscope with a 40x/0.6 NA dry
objective using a 12-bit QI Cam cooled mono camera (QImaging, Canada) with Image
Pro-Plus 7.0 software (Media Cybernetics). The first image in the series was acquired
immediately after the addition of F901318 with z-stacks of 6 images 1 um apart
captured every 10 min for 46 h.

3.3.7 Viability staining

Conidia, germlings and hyphae incubated in VMM were treated with 0.1 pg/ml
F901318 at 37 °C and their viability assessed after 24, 48, 72, 96 and 120 h exposure
with DIBAC (Molecular Probes) dissolved in DMSO and used at a final concentration
of 2 pg/ml. Samples were incubated for 5 min at 37 °C prior to imaging.

Images of conidia, germlings and hyphae stained with DIBAC were acquired on a
Leica SP8X confocal microscope with a 40%/0.85 NA dry objective using an argon or
a white light laser for illumination. Excitation was set to 488 nm, emission was
detected over the range of 500-590 nm. For conidia and germlings, the percentage of
DiBAC staining was quantified. For hyphae, the area of DIBAC stained hyphae in
images was quantified using the FIJI distribution of ImagelJ (18) where images were

segmented and the area of fluorescence/image was selected and measured.

3.3.8 Post-exposure recovery biomass assay

To obtain hyphae for this assay, 10° conidia/ml were grown in VMM for 18 h at 37 °C
in flasks shaking at 200 rpm. Hyphae were treated with 0.1 ug/ml F901318, 1.0 pg/ml
F901318 or 1 % DMSO for 24 h, after which they were harvested and washed. 0.3 g
of wet weight was then transferred into fresh, drug-free VMM and incubated for 48 h,
after which the hyphae were dried and their weight determined.

3.3.9 Post-exposure recovery growth rate assay

Hyphae were obtained for this assay by pre-growing 10* conidia/ml in SAB for 16 h
at 35 °C in 96-well plates. Hyphae were treated with Phosphate Buffered Saline (PBS)
or PBS containing 0.1 pg/ml F901318, 0.5 pg/ml caspofungin, 1 pg/ml voriconazole,

4 png/ml amphotericin B or 1 % DMSO (control). Drug concentrations represented 2%
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MIC. Plates were incubated for 24 h or 48 h at 35 °C. Hyphae were washed 3x with
PBS Tween and placed in fresh SAB containing 10 uM uridine and 10 uM uracil.
Plates were sealed with Breathe-Easy® sealing membrane (Sigma). The ODa4osnm was

determined every 10 min for 24 h.

3.3.10 Statistics

Statistical analyses were performed using GraphPad Prism 7. For the analysis of
conidial diameter, a two-way analysis of variance and Bonferroni’s multiple
comparison tests with 99% confidence intervals were performed. For the post-
exposure effect biomass assay, a Student’s T-test was performed with 99% confidence
intervals. All experiments were performed in triplicate. Bars represent the standard

deviation (SD).

3.4 Results
3.4.1 F901318 inhibits germination, but not isotropic growth, of A. fumigatus

conidia

To analyze the effects of 0.1 pg/ml F901318 on germination, A. fumigatus conidia
were treated with the drug for up to five days and observed under the microscope every
24 h (Figure 3.1A). Within 24 h, untreated conidia had grown isotropically from an
initial diameter of 3 um to a final diameter of 8.7 um with 100% germination. The
F901318-treated conidia did not germinate, but continued to grow in diameter at a
linear rate of ~1.5 pm/day. At day 5, germination was still not observed and the
conidial diameter had increased to 10.5 pm. This was significantly larger than the 8.7
um diameter of the germinated control conidia (p<0.05, Figure 3.1B). After exposure
to F901318 for 8 days, there had been further isotropic growth of the conidia, without
germination (data not shown).

Transmission electron microscopy (TEM) was utilized to determine whether exposure
to F901318 had caused changes in their ultrastructure. Sections of freshly-harvested
ungerminated conidia and conidia treated for 24 h were studied (Figure 3.1C). Treated
conidia were larger than fresh ungerminated conidia, consistent with previous
microscopy observations and measurements (Figure 3.1A and 3.1B), and contained

highly enlarged vacuoles.
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Figure 3.1 Conidia undergo isotropic growth but do not germinate when exposed to
0.1 pg/ml F901318. Conidia were imaged and their diameters measured 24, 48, 72, 96
and 120 h after addition of 0.1 ug/ml F901318. A) DIC images of untreated and treated
conidia over time. Bar = 5 um B) Conidial diameters of treated versus untreated
conidia over time. Error bars represent SD. C) TEM images of an untreated conidium
and 24 h treated conidium. Bar = 500 nm.

3.4.2 F901318 inhibits polarized hyphal growth

Time-lapse, live-cell imaging was used to study the effects of 0.1 pg/ml F901318
applied for 16 h to germ tubes and more mature vegetative hyphae of 4. fumigatus
(Figure 3.2A and supplementary movies S1-S4). The hyphal elongation rate in both
germ tubes and hyphae slowed down after addition of F901318. A slight growth
recovery was then observed, although the elongation rate of treated germ tubes was 6-
fold slower than untreated germ tubes. For treated more mature vegetative hyphae, this
was reduced by 12-fold compared to untreated hyphae. Hyphal elongation ceased
completely 10 h addition of F901318 in both growth forms (Figure 3.2B).
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Figure 3.2 FO01318 inhibits hyphal elongation in growing germlings and hyphae. 16
h time lapse sequences were captured of germ tubes and vegetative hyphae treated
with 0.1 pg/ml F901318. A) Representative time points are shown from 16 h time
lapse sequences of germ tubes and vegetative hyphae following treatment with
F901318. Bar = 10 um B) Hyphal elongation of germ tubes and vegetative hyphae
after addition of F901318. Error bars represent SD.

3.4.3 F901318 causes isotropic growth and lysis of A. fumigatus hyphae

To investigate the effects of prolonged F901318 exposure, germlings exposed to 0.1
pug/ml F901318 were observed over a period of 46 h under the microscope. The images
in Figure 3.3 represent different stages of a representative time lapse sequence (time
lapse shown in video S1). In the first 8 h after adding the drug, germ tube width
increased from approximately 4.5 pm to a more variable 5-7 pm. After 16 h the first
septum had formed and a second formed after 32 h, dividing the germling into three
compartments (Figure 3.3, black arrows). In the time lapse sequence shown, one
hyphal compartment continued to swell and lysed to release its cellular contents 34 h
after the addition of the drug (white arrows). However, lysis of hyphal compartments
occurred at various times after the initiation of treatment, with the earliest occurring at
24 h. The occurrence of lysis may indicate significant and localized internal pressures
and/or a site of weakening in the cell wall within this hyphal compartment. In Figure

3.3, the apical germling compartment had undergone considerable isotropic growth by
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the 46 h time point (outlined arrow). These observations suggest that prolonged

F901318 exposure leads to dysregulation of normal polarized growth and cell-wall

deposition or cross-linking, accompanied by an inability to maintain cell wall integrity.

o ) |
N o /.“ .
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Figure 3.3 F901318 causes hyphal swelling and cell lysis. Representative images at
time points of one of the 46 h time lapse sequences of germlings exposed to 0.1 pg/ml
F901318. Arrows highlight the formation of two septa (black arrows), a lysed
compartment and the consequent release of cellular contents (white arrows) and an
apical swollen compartment (white arrow surrounded by black line). Bar = 10 pm.

TEM imaging of hyphae treated with F901318 for 24 h showed hyphal swelling
(Figure 3.4A) and highly enlarged vacuoles (Figure 3.4B). Ruptured hyphal
compartments lacking significant contents and possessing broken cell walls were

evident following cell lysis in drug-treated samples (Figure 3.4C).

A

Figure 3.4 A) TEM image of an untreated hypha and a hypha treated for 24 h with 0.1
pg/ml F901318. Images show the increased diameter of the treated hypha. Bar = 0.5
um. B) TEM image showing enlarged vacuoles in a hypha treated for 24 h with 0.1
pg/ml F901318. Bar = 2 um. C) TEM image showing ruptured cell walls in a hypha
treated for 24 h with 0.1 pug/ml F901318. Bar = 2 um.
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3.4.4 F901318 Kills A. fumigatus in a time-dependent manner

As cell lysis was observed with prolonged treatment with 0.1 pg/ml F901318, the
viability of A. fumigatus after exposure to F901318 was determined by staining with
the fluorescent viability dye, DIBAC, which is an oxonol dye. Only dead cells were
permeable to DIBAC, in which it binds to intracellular phospholipids to become
fluorescent (19). No staining was observed in untreated cells.

Conidia, germlings and hyphae were treated with F901318 for up to 120 h, and their
viability was measured every 24 h. Each of these three developmental stages lost their
viability, but to varying extents, following treatment with F901318 (Figure 3.5).
Germlings and vegetative hyphae were found to be more sensitive to drug treatment
than conidia. Reduced viability in germlings and vegetative hyphae was observed after
24 h and in conidia after 48 h. After 120 h, 95% of the germlings were dead, whilst
only 9.4% of conidia had lost viability at this stage. Microscopic examination showed
that exposure to F901318 caused seemingly random cell lysis of individual apical and
subapical compartments within a hypha. Direct quantitation of lysed compartments
was difficult to determine, so for this purpose the total area of individual hyphae that
exhibited DiBAC fluorescence in an image, was determined. Using this method, it was
found that the area of dead hyphal compartments increased 25-fold from 77 pm? to
1922 pm? between the 24 h and 120 h time points. Together, these results suggest that
the disruption of hyphal growth and homeostatic machinery by F901318 cannot be

mitigated by A. fumigatus; it leads not only to a failure in growth but also to cell death.
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Figure 3.5 F901318 causes time-dependent cell lysis. The viability of conidia,
germlings and hyphae treated with F901318 was quantified using DiBAC staining.
Images show a representative conidium, germ tube and hypha stained with DiBAC.
Histograms show the quantification of DiBAC staining (viability) of conidia,
germlings and hyphae treated with F901318 over time. For conidia and germlings the
percentage of DiBAC stained conidia and germlings was quantified. For hyphae, the
area of DIBAC fluorescence in the images was quantified. Error bars represent SD.
Bar =10 pm.

3.4.5 A. fumigatus hyphae recover poorly following F901318 exposure

We next investigated whether the remaining drug-treated hyphal compartments that
had not lysed, retained the ability to regrow once exposure to F901318 had ceased.
After 24 h of treatment with 0.1 pg/ml or 1 pg/ml F901318, 0.3 g (wet weight) of
hyphae were washed and transferred into drug-free growth medium for 48 h and their
dry weights ascertained (Figure 3.6A). Regrowth of hyphae exposed to 0.1 pg/ml
F901318 was reduced by 82-fold and almost completely inhibited when treated with
1.0 pg/ml F901318. The results suggest that 4. fumigatus cannot substantially recover
from the morphological changes induced by F901318.

3.4.6 Prolonged exposure to F901318 improves its antifungal effect

As staining with DiBAC had shown that longer F901318 treatment leads to a greater
decrease in viability, growth recovery of hyphae treated for 24 h and 48 h with 0.1
pg/ml F901318 were compared. These results were compared with the ability of 4.

fumigatus to recover from exposure to other commonly-used antifungal drugs. For this
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purpose, hyphae were treated with 0.1 pg/ml F901318, 0.5 pg/ml caspfungin, 1 pg/ml
voriconazole or 4 pg/ml amphotericin B as comparators. After treatment for 24 h or
48 h, hyphae were washed to remove drug residues and transferred to SAB medium
containing 10 pM uridine and 10 pM uracil (to mimic pyrimidine concentrations in
human blood). The OD4os was then measured every 10 min for 24 h on a plate reader.
As shown previously (20), regrowth following treatment with amphotericin B was
almost undetectable, independent of the duration of treatment (Figure 3.6B). After 24
h of treatment, the F901318, caspofungin and voriconazole-treated hyphae, produced
74%, 69% and 89% respectively of the biomass produced by the control (Figure 3.6B,
left graph). After 48 h of treatment this was reduced to 24%, 63% and 65% respectively
(Figure 3.6B, right graph). These results show that prolonged treatment with these
three antifungals leads to an increase of their antifungal effect. Compared to the 24 h
treatment, the 48 h treatment led to a 1.06-fold increase in the antifungal effect of
caspofungin and a 1.37-fold increase in the antifungal effect of voriconazole. An even
stronger effect was observed for the 48 h F901318 treatment, with a 3.09-fold increase
of its antifungal effect compared to the 24 h treatment. This result demonstrates that
prolonged exposure increased the detrimental effect of FO01318 on A. fumigatus
hyphae, to a greater extent than prolonged exposure of caspofungin and voriconazole

did.
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Figure 3.6 Recovery of F901318-treated hyphae in drug-free medium. A) Post-
exposure recovery biomass assay of hyphae exposed to 0.1 pg/ml or 1.0 pg/ml
F901318. Histograms show the reduction in dry weights of mycelia after being shifted
to drug-free medium for 48 h. A higher concentration improved the antifungal effect
of F901318. Error bars represent SD. B) Post-exposure recovery growth rate assay of
hyphae treated with FO01318, voriconazole, caspofungin and amphotericin B for 24
or 48h before being shifted to drug-free medium. Graphs show the growth recovery,
which was measured by reading the OD at 405 nm on a plate reader every 10 min over
24h. Prolonged exposure to F901318 improved its antifungal effect.

3.5 Discussion

In this study, the inhibitory effects of the novel antifungal drug, F901318, on the
growth and morphogenesis of different developmental stages (conidia, germ tubes and
vegetative hyphae) was studied in the human pathogenic fungus, Aspergillus
fumigatus. Additionally, the ability of hyphae to recover after treatment was

investigated.

Conidia exposed to F901318 were not able to germinate, but they continued to grow
isotropically (Figure 3.1). This result is similar to that reported in a previous study by
d’Enfert ef al (21) in which a pyrimidine biosynthesis mutant of 4. fumigatus (pyrG-)
was observed to swell isotropically, without germinating. This is an important
observation because the hyphal morphology is the penetrative form in invasive fungal
infections, including invasive aspergillosis (22). Since F901318 also inhibits this

pathway, it indicates that pyrimidine synthesis is vital for germination. However, it
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also indicates that new synthesis of pyrimidines is not required for conidial isotropic
growth, highlighting a possible fundamental difference between this process and
hyphal tip growth, which may be associated with the mode of cell wall synthesis.

During germination, several metabolic processes are upregulated to allow conidia to
transition from a dormant to an active state which is followed by the emergence of a
germ tube and initiation of polarized hyphal growth (23—26). Proliferating cells require
active de novo pyrimidine biosynthesis to meet the increased demand for pyrimidines
for DNA/RNA synthesis, cell cycle regulation, protein synthesis, cell wall synthesis
and phospholipid synthesis (27-30). When actively growing germ tubes and
vegetative hyphae were exposed to F901318 for more than 10 h, tip growth was
inhibited (Figure 3.2). Therefore, in ungerminated conidia, germ tubes and vegetative
hyphae of 4. fumigatus, it seems that polarized hyphal growth cannot be maintained
when insufficient pyrimidines are present. /n vivo infection studies with A. fumigatus,
demonstrated that F901318 significantly improves survival, which indicated that

hyphae cannot scavenge sufficient pyrimidines from the host (2).

Treatment of germ tubes or vegetative hyphae for less than 10 h resulted in a
fungistatic effect of hyphal growth arrest. Prolonged exposure to F901318 caused
excessive isotropic expansion of conidia in the absence of germination (Figure 3.1),
and isotropic growth of individual hyphal compartments (Figure 3.2A), that
subsequently underwent cell lysis (Figure 3.3). DiBAC staining demonstrated that
extended exposure to F901318 led to a decreased viability of conidia, germlings and
vegetative hyphae, indicating a time-dependent killing effect of F901318 (Figure 3.5).
The extent of the killing effect was dependent on the developmental stage of A.
fumigatus. Only 9.4% of conidia were killed after five days, showing that FO01318
had mostly a fungistatic effect on these spores. This is in line with our unpublished
data of MFC tests, also carried out with conidia, in which F901318 was concluded to
have fungistatic effects. As conidia do not germinate in the presence of F901318
(Figure 3.1), there is no active hyphal growth, reducing the need for pyrimidines,
allowing the conidia to survive for longer in presence of the drug than actively growing
germlings and hyphae. Nevertheless, the isotropic growth of conidia still continued,
which is interesting as inhibition of DHODH would be expected to lead to a reduced
availability of UDP-sugars, which are essential during hyphal cell wall synthesis. This

suggests that there are sufficient stores of pyrimidines to allow this growth, while

85



insufficient to support germination, or that the UDP-glucose requirements of the
conidial cell wall are altered. The inhibition of conidial germination could imply a role
for F901318 as a prophylactic drug by preventing conidia from germinating in the
lungs of at risk patient populations. The number of DiBAC-stained germlings and
hyphae increased more dramatically with time, demonstrating that F901318 has a
stronger effect on these developmental stages. It seems likely that germlings and
vegetative hyphae have a store of pyrimidines, allowing them to survive until this store
is exhausted, after which the effects of pyrimidine starvation from F901318 exposure
impact cell viability. This could explain the time-dependent killing effect of FO01318

on germ tubes and vegetative hyphae.

The DiBAC staining results showed that only a small decrease in viability was
observed 24 h after FO01318 exposure. A biomass assay was performed to study
whether 24 h treated hyphae could recover from F901318 treatment when placed in
drug-free medium. The results show that growth recovery is strongly impaired after
treatment with 0.1 pg/ml F901318 and even more so after treatment with 1.0 pg/ml
(Figure 3.6A). So, even though the viability was only slightly decreased after treatment
for 24 h, the hyphae were not able to fully recover from F901318, suggesting that the
antifungal effect of F901318 is mostly irreversible. A post-exposure recovery growth
rate assay showed that prolonged F901318 treatment increased the antifungal effect of
F901318 (Figure 3.6B). Regrowth of the 48 h F901318-treated hyphae was 3.09-fold
reduced when compared to the regrowth of 24 h treated hyphae. In line with the
DiBAC staining results, this result again demonstrates that F901318 exposure

decreases the viability of A. fumigatus in a time-dependent manner.

F901318 causes 4. fumigatus hyphal compartments to swell, eventually leading to cell
lysis. Hyphal swelling was also observed in a study in which A. nidulans hyphae were
exposed to the DNA synthesis inhibitor hydroxyurea (25), suggesting that swelling
could be a direct result of inhibiting DNA synthesis and/or downstream global effects
on cell metabolism and regulation. Hyphal swelling and lysis has also been reported
in caspofungin-treated A. fumigatus hyphae. However, the inhibitory effects of
caspofungin cause increased septation, hyphal width and hyperbranching coupled with
repeated hyphal tip lysis followed by regenerative intrahyphal growth (14).

Interestingly, the continuous presence of caspofungin promotes excessive isotropic

86



growth of ungerminated conidia and a delay in germination (Moreno-Velasquez and
Read, unpubl.). Caspofungin belongs to the echinocandins and drugs in this class
inhibit 1,3-B-glucan synthase, which is required for the formation of B-glucans in the
fungal cell wall. One of the products of the pyrimidine synthesis pathway is uridine-
5’-triphosphate (UTP), which is required for the formation of UDP-sugars, which are
the substrates for the formation of the fungal cell wall polysaccharides chitin and 1,3-
B-glucans (5, 31). Inhibition of pyrimidine synthesis could therefore have downstream
effects on the structure of the cell wall, ultimately resulting in cell lysis. Ruptured cell
walls were frequently observed under the confocal microscope (Figure 3.5) and in
TEM images of F901318 treated conidia (Figure 3.1C) and treated vegetative hyphae
(Figure 3.4D). TEM also revealed apparently enlarged vacuoles in treated conidia
(Figure 3.1C) and treated vegetative hyphae (Figure 3.4C). Vacuolar size has been
linked to the cell cycle in Candida albicans (32), so it is possible that the larger
vacuoles are a result of cell cycle disruption caused by inhibiting pyrimidine synthesis.
It is likely that the formation of these large vacuoles play a role in the swelling that
was observed in conidia, germlings and hyphae exposed to F901318 in combination
with the isotropic growth that occurs. The vacuolar swelling may be due to an
increased osmotic pressure that facilitates the lysis of the cell wall that has become
weakened by F901318 treatment due to being starved of UDP-sugar precursors.
Further work is required to investigate the effect of F901318 on the relationship
between the formation of these large vacuoles, the osmotic homeostasis in the treated

cells and the lysis of their cell walls.

The results of this study have demonstrated that although F901318 has a mostly
fungistatic effect on conidia, it has more dramatic effects on germ tubes and hyphae.
Prolonged exposure to the drug causes hyphal swelling and isotropic growth which
leads to cell lysis, releasing cellular contents. It was therefore concluded that FO01318
has a time-dependent killing effect against 4. fumigatus. This study demonstrates that
superficial observations of the effects of antifungal compounds do not always provide
a straightforward distinction between whether the drug has fungistatic or fungicidal
effects. Using classical methods of observation, F901318 would usually be regarded
as a fungistatic agent. However, we have shown in this study by using time-lapse
imaging that prolonged exposure to F901318 allows conidia to continue undergoing

isotropic growth, but inhibits conidial germination whilst resulting in lysis of hyphal

87



cells. These results indicate that F901318 should be considered as a fungicidal agent

against Aspergillus species.
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4.1 Abstract

The first in class orotomide antifungal F901318 targets the de novo pyrimidine
biosynthesis pathway by inhibiting dihydroorotate dehydrogenase (DHODH). The
pyrimidines uracil, thymine and cytosine are building blocks of DNA and RNA, thus
inhibition of their synthesis is likely to have multiple effects, including affecting cell
cycle regulation and protein synthesis. Additionally, uridine-5’-triphosphate (UTP) 1s
required for the formation of uridine-diphosphate glucose (UDP-glucose), which is an
important precursor for several cell wall components. In this study, the effect of
F901318 treatment on A. fumigatus hyphae was studied by microscopically
investigating intracellular structures. Treatment with F901318 led to increased chitin
content in the cell wall, increased septation, enlargement of vacuoles and inhibition of
mitosis. Furthermore, a co-localization study of DHODH and MitoTracker Red FM
confirmed for the first time that A. fumigatus DHODH is localized in the mitochondria.
The results of this study show that FO01318 treatment affects the morphology of

several intracellular structures in Aspergillus fumigatus.

4.2 Introduction

Invasive fungal infections are threatening the lives of millions of people each year (1).
Although progress has been made, infections of these kind remain difficult to diagnose
and treat and mortality remains unacceptably high (2). Only four classes of antifungal
drugs are currently available on the market (3). F901318 is a novel antifungal drug
belonging to a new class of antifungal drugs, called the orotomides. F901318 inhibits
the de novo pyrimidine biosynthesis by targeting dihydroorotate dehydrogenase
(DHODH) (4).

DHODH catalyzes the fourth step in the pyrimidine biosynthesis pathway: a redox
reaction in which dihydroorotate is oxidized to orotate, while the enzyme’s flavin
mononucleotide (FMN) prosthetic group is reduced to FMNH; (Figure 4.1) (5-8).
FMNH; is re-oxidized to FMN by a cofactor of which the nature is different depending
on the class of DHODH. There are two classes of DHODH recognized, class 1 and
class 2, based on subcellular location and the cofactor used to re-oxidize FMNH-.
Class 1 DHODHs are cytosolic and are subdivided into class 1A and class 1B. Class
1A DHODHs are homodimeric proteins and use fumarate as cofactor. Class 1B

DHODHs are heterotetrameric proteins, dimers of two heterodimers, and use NAD*
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as cofactor. Class 1 DHODHs are found for example in gram positive bacteria and
some yeast, with some organisms possessing both class 1A and class 1B DHODHs.
Class 2 DHODHs are membrane bound monomeric proteins and use ubiquinone
(coenzyme Q (CoQ)) as a cofactor. In eukaryotes, the class 2 DHODH is inserted in
the inner mitochondrial membrane, facing the intermembrane space, whereas in some
prokaryotes that have a class 2 DHODH, including Escherichia coli, the enzyme is

bound to the cytosolic membrane.
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Figure 4.1 The de novo pyrimidine biosynthesis pathway. DHODH catalyzes a redox
reaction where dihydroorotate is oxidized to orotate, while FMN is reduced to FMNH>,
which is then re-oxidized by CoQ (ubiquinone). DHODH = dihydroorotate
dehydrogenase.

MITOCHONDRIAL MATRIX

Although the class of DHODH in A4. fumigatus has not yet been confirmed, it is likely
to be a class 2 DHODH, due to the likely presence of a mitochondrial targeting
sequence (MTS) and a transmembrane domain in its sequence. It has been suggested
that F901318 inhibits DHODH by blocking the ubiquinone binding site (4). Previous
research has shown that although F901318 is initially a static drug, based on accepted
MFC assays, prolonged exposure leads to rupture of hyphae and the subsequent killing
of A. fumigatus. Various morphological changes were observed upon exposing
conidia, germ tubes and hyphae to F901318, most notably swelling which leads to cell

lysis (chapter 3). As a result of this, ruptured cell walls were frequently observed
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during transmission electron microscopy (TEM) and confocal microscopy of treated
A. fumigatus hyphae.

Inhibiting DHODH and pyrimidine biosynthesis, leads to the inhibition of uridine-5’-
monophosphate (UMP) and uridine-5’-triphosphate (UTP), which are important for
several processes (Figure 4.2) (6, 7, 9). They are required for the formation of
DNA/RNA building blocks uracil (UMP) and cytosine and thymine (UTP). UTP is
also required for the formation of UDP-glucose and UDP-N-acetyl-glucosamine,
respectively the substrates of 1,3-B-glucan synthase and chitin synthase. The products
of these reactions, 1,3-f-glucan and chitin, form the main components in the structure
of the fungal cell wall (10). Furthermore, UTP is the precursor for CTP (cytidine
triphosphate), which is required for phospholipid synthesis.

UDP-sugars Phospholipids
@ - CDP e CMP = cytidline DNA/RNA
|
dCDP
dCMP
UDP deoxycytidine
deoxyuridine

dUMP =y A TMP mmmmpp-thymidine DNA
UMP — uridine RNA

Figure 4.2 Pyrimidines are required for several cellular processes. They are required
for cell cycle regulation (DNA), protein synthesis (RNA), cell wall synthesis (UDP-
sugars and phospholipids synthesis (CTP). UMP = uridine monophosphate, UDP =
uridine diphosphate, UTP = uridine triphosphate, CTP = cytidine triphosphate, CDP =
cytidine diphosphate, CMP = cytidine monophosphate, dCDP = deoxycytidine
diphosphate, dCMP = deoxycytidine monophosphate, dUMP = deoxyuridine
monophosphate, - TMP = deoxythymidine monophosphate.

Uracil, cytosine and thymine are required to maintain the cell cycle (also known as the
duplication cycle in filamentous fungi because cells are not actually separating). In the
G1 phase, new cellular content is synthesized that is required to accommodate a new
round of mitosis. A requirement of this is a significant increase in the availability of

pyrimidines (11). Subsequently, the cell size starts to increase and when a threshold
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size is reached and sufficient new cell material is present, the cell commits to a new
round of mitosis, which was reported to take place synchronously, approximately
every 45 min in A. fumigatus (12). After mitosis, new septa are usually formed
depending on the size of the hyphal compartments.

Vacuoles are important contributors to cell size and vacuole dynamics are believed to
play a role in cell cycle regulation (13). In the pathogenic dimorphic yeast Candida
albicans, mutants in vacuole development were also found to be affected in the hyphal
cell cycle (14). For C. albicans, it is believed that the volume of the cytoplasm is
important for cell cycle progression through G1 (15). Asymmetrical cell division
leaves the apical compartment with a larger cytoplasmic volume than the subapical
compartments, which contain a larger vacuolar volume. Where the apical compartment
continues to grow and divide, the subapical compartments are delayed. Therefore, it
seems that the cytoplasm/vacuole ratio is important for cell cycle progression (16).
The aim of this study was to gain a better understanding of the effect of F901318 by
investigating the intracellular morphological changes that take place in 4. fumigatus
upon exposure. The localization of DHODH was investigated as well as the cell wall
contents of 1,3-B-glucan and chitin, septation, vacuolar volume and the effect on the
cell cycle by utilizing a strain in which the nuclei are tagged with GFP (H1-GFP
strain). An improved understanding of the intracellular rearrangements caused by

F901318 could potentially lead to interesting suggestions for future work.

4.3 Materials and methods

4.3.1 Strains and cultures

Clinical isolate AF293 was used to study the cell wall, septation and the vacuoles. An
A. fumigatus strain in which histone 1 was labelled with GFP (HI-GFP) was used to
study nuclei and mitosis (17). For the purposes of this study, a GFP labelled DHODH
strain was constructed under control of a constitutive gpd4 promoter (PgpdA-
DHODH-GFP). To obtain hyphae, 10° conidia/ml were pre-incubated for 16 h at 37

°C in Ibidi uncoated 8 well chambers (Thistle Scientific) for microscopy.

4.3.2 Construction of the PgpdA-DHODH-GFP strain
From its sequence, it appears that A. fumigatus DHODH has an N-terminal

mitochondrial targeting sequence. To avoid interference with the targeting sequence,
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DHODH was C-terminally tagged with GFP. The DHODH (pyrE) gene was deleted
from an A. fumigatus KU8O0 strain and replaced by a hygromycin resistance cassette
for selection (strain 11.1.1). A PgpdA-DHODH-GFP construct was created by fusion
PCR, based on the method published by Szewczyck et al 2006 (18). This construct
was then transformed into the DHODH knock-out strain, replacing the hygromycin
resistance cassette, to obtain a GFP labelled DHODH strain, in which the native
DHODH promoter was replaced by a constitutive gpd4 promoter to enhance the GFP

signal.

4.3.3 Antifungal drugs
F901318 was manufactured as previously described (4). F901318 was dissolved in
dimethylsulfoxide (DMSO) at a stock concentration of 0.5 mg/ml and was used at a

final concentration of 0.1 pg/ml.

4.3.4 Microscopy dyes

MitoTracker Red FM (Molecular probes) was dissolved in DMSO and used at a final
concentration of 500 ng/ml. Aniline blue (Sigma) was dissolved in 50 mM phosphate
buffer (pH 8) and used at a final concentration of 25 pg/ml (19). Calcofluor white
(CFW, Sigma) was dissolved in water and used at a final concentration of 0.1 pg/ml.
Cell tracker blue CMAC (7-amino-4-chloromethylcoumarin, Molecular Probes) was
dissolved in DMSO and used at a final concentration of 1 uM. All dyes were added to

the A. fumigatus cultures for at least 30 min at 37 °C prior to imaging.

4.3.5 Microscopy

All images were taken on Leica confocal SP8X microscope, using LAS AF for
acquisition. Images were acquired using either a 40%/0.85 NA dry objective or a
63%/1.2 NA water objective. An argon laser was used for the excitation of the PgpdA-
DHODH-GFP strain, the cytoplasmic GFP strain and the H1-GFP strain (excitation at
488 nm, emission at 500-550 nm) and a white light laser was used to excite
MitoTracker Red FM (excitation at 581 nm, emission at 595-650 nm). A UV laser was
used for the excitation of aniline blue, CFW and CMAC (excitation 405 nm, emission
420-470 nm). The FIJI distribution package of ImageJ was utilized for processing and

measurements (20).
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4.3.6 Statistics

Statistical analysis was performed in GraphPad Prism 7. Student’s t-tests were
performed with 99% confidence intervals. All experiments were performed in
triplicate. * indicates a significant difference to control, p<0.01. Bars represent the

standard deviation (SD).

4.4 Results

4.4.1 A. fumigatus has a class 2 DHODH located in the mitochondria

It had not been previously confirmed what class of DHODH A4. fumigatus possesses.
As most eukaryotes have a class 2 DHODH bound to the mitochondria, bioinformatics
tools Predotar (21), TargetP (22) and MitoFates (23) were utilized to predict whether
an N-terminal mitochondrial targeting sequence (MTS) is present in the protein
sequence of DHODH (Afu2g11010). All three of these applications predicted that 4.
fumigatus DHODH possesses an MTS, suggesting it is a class 2 DHODH. To confirm
that DHODH is localized in the mitochondria, a co-localization study was carried out
in which MitoTracker Red FM was used to stain mitochondria in an 4. fumigatus strain
in which DHODH was labelled with GFP under expression of a constitutive gpdA4
promoter. The MitoTracker Red FM and the DHODH-GFP signal showed co-
localization patterns consistent with the GFP tagged DHODH being present in the
mitochondria (Figure 4.3). This confirms that A. fumigatus has a class 2 DHODH,

bound to the mitochondria.

DHODH-GFP MitoTracker Red FM Colocalization

Figure 4.3 Co-localization of a PgpdA-DHODH-GFP strain with MitoTracker Red
FM indicates that A. fumigatus has a class 2 DHODH that is localized in the
mitochondria. Scale bar =5 um.

4.4.2 F901318 treatment leads to cell wall remodeling

As pyrimidines are involved in the formation of cell wall components 1,3-B-glucan
and chitin, the cell wall content of these two components was investigated. Aniline
blue was used to stain 1,3-B-glucan and chitin was stained with CFW. Hyphae were

obtained by pre-incubating conidia for 16 h, after which they were treated with 0.1
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pg/ml F901318. After 24 h, treated and untreated hyphae were stained with aniline
blue or CFW and the relative fluorescence intensity of the dyes was measured. The
fluorescence intensity represents the amount of 1,3-B-glucan and chitin in the cell wall.
After 24 h of FO01318 exposure no significant decrease in overall 1,3-B-glucan content
was observed in the cell wall (Figure 4.4A). However, a significant decrease was
observed specifically at the hyphal tips of the treated hyphae, with a 2.24-fold decrease
in aniline blue fluorescence (Figure 4.4B). Chitin content was significantly increased,
with a 3.75-fold increase in CFW fluorescence after 24 h treatment with F901318
(Figure 4.4C). This result demonstrates that FO01318 treatment leads to cell wall

remodeling by affecting the 1,3-B-glucan and chitin content.
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Figure 4.4 F901318 causes cell wall remodeling. Contents of cell wall components
1,3-B-glucan and chitin were investigated by aniline blue and CFW staining
respectively. Error bars represent the SD. A) No difference in overall fluorescence
intensity for aniline blue. Scale bar = 40 um. B) Specific reduction in aniline blue
fluorescence intensity at the hyphal tip of treated hyphae. Scale bar = 10 pm. C) Chitin
content was increased in the treated hyphae. Scale bar = 40 um.
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4.4.3 F901318 exposure increases hyphal septation

As previously reported (chapter 3), it appeared that additional septa were formed in
F901318 treated germ tubes and hyphae. To investigate this further, the interseptal
distance was measured in hyphae that were stained with aniline blue and CFW.

In the untreated hyphae, septa were 45 um apart, whereas in 24 h treated hyphae this
distance was 19 um, which translates to 2.2 septa/100 um in untreated hyphae and 5.3
septa/100 pm in F901318-treated hyphae, an increase of > 2-fold in the number of
septa after drug treatment (Figure 4.5). This result indicates that although F901318

inhibits growth, formation of septa is not inhibited.
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Figure 4.5 Interseptal distance in FO01318-treated hyphae vs untreated hyphae. The
distance between septa in treated hyphae was decreased, suggesting that although
growth is inhibited by FO01318, septa formation is not. Scale bar = 20 um. Error bars
represent SD.

4.4.4 Vacuolar volume increases upon F901318 exposure

Exposure to F901318 causes hyphae to significantly increase in size by swelling
(chapter 3). Enlarged vacuoles were observed in F901318 treated conidia and hyphae.
To further investigate this, vacuoles were stained with CellTracker Blue CMAC in a
cytoplasmic GFP strain. The sizes of the cytoplasm and the vacuoles in subapical
compartments were measured and a vacuole/cytoplasm ratio was determined.

In the hyphae exposed to F901318 for 24 h, vacuoles took up significantly more
volume than the cytoplasm (Figure 4.6). In the untreated hyphae, vacuoles took up
39% of the cytoplasm, in the 24 h treated hyphae, this was nearly 68%. This is a 1.73-

fold increase in vacuolar volume in the treated hyphae.
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The vacuoles in the treated hyphae appeared to be fused together and form large lobes,
whereas in untreated hyphae, various shapes (tubular and round) and sizes of vacuoles
were observed. Furthermore, in untreated hyphae there were no vacuoles present in
the hyphal tips, whereas in treated hyphae vacuoles took up a significant amount of
space in the hyphal tips.

This data demonstrates that F901318 treatment leads to the formation of large vacuoles
that take up a significant proportion of the hyphal compartments, decreasing the

volume of the cytoplasm.
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Figure 4.6 Vacuolar volume in untreated and 24 h treated F901318-treated hyphae.
Vacuoles in a cytoplasmic-GFP strain were stained with CMAC and the
vacuole/cytoplasm ratio was measured. Vacuolar volume was significantly enlarged
after exposure to F901318, consequently reducing the volume of the cytoplasm. Scale
bar = 10 pm. Error bars represent SD.

4.4.5 Prolonged F901318 exposure leads to inhibition of mitosis

Pyrimidine biosynthesis i1s important for DNA/RNA synthesis and cell cycle
regulation. Therefore, the effect of F901318 on nuclei was studied using an 4.
fumigatus strain in which the nuclei were tagged with GFP (H1-GFP strain). Nuclei
were observed over a course of 2 h to observe the effect on nuclear morphology and
mitosis after adding F901318.

In the untreated control, nuclei were regularly shaped during interphase and would
decrease in size during nuclear division, after which normal size was regained (Figure
4.6A left column, supplementary movie S6). Nuclei moved at a steady rate, which was
slightly increased just after mitosis. When F901318 was added, a clear effect was seen

on nuclear motility from 15-20 min after addition. The nuclei started to display rapid
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movements, but ‘normal’ motility was restored 1-3 h after the drug was added (Figure
4.7A middle column, supplementary movie S7). In hyphae that had been treated for
24 h, nuclei were almost static and mitosis appeared to be inhibited (Figure 4.7A right

column, supplementary movie S8).

To investigate whether mitosis was indeed inhibited, the number of nuclei over a
distance of 100 um from the hyphal tip was quantified. As hyphal elongation is
inhibited by F901318, the result could be roughly translated to the number of rounds
of mitosis that had taken place after the addition of F901318.

Over a distance of 100 um from the hyphal tip, 8.4 nuclei were counted in the untreated
hyphae and 27.3 nuclei in the 24 h treated hyphae (Figure 4.7B). This translates to an
average of 1.5 (i.e. 1 or 2) rounds of mitosis that had taken place in the 24 h after the
addition of F901318. It was previously reported that mitosis normally takes place
every 45 min (12), however, under our conditions mitosis took place approximately
every 60-75 min in the untreated hyphae. This means that normally over a period of
24 h at least 19 rounds of mitosis should take place.

These results show that over 24 h the number of rounds of mitosis is decreased from
19% to 1-2x in the F901318-treated hyphae. This result indicates that F901318 inhibits
mitosis, which possibly suggests that F901318 treatment leads to cell cycle arrest.
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Figure 4.7 Effect of F901318 on nuclear morphology. A) In untreated hyphae, nuclei
move at a steady rate, which increased 15-20 min after addition of F901318. In 24 h
treated hyphae, nuclear motility was almost static. Scale bar = 10 pum B) Number of
nuclei in 100 um from the hyphal tip. Number of nuclei in the treated hyphae was
increased, but as growth was inhibited, this number could be translated to the number
of rounds of mitosis. Normally 19 rounds of mitosis should take place over 24 h. In
the 24 h after addition of F901318 this was decreased to 1-2x. Scale bar = 10 um.
Error bars represent SD.
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4.5 Discussion

In this study, the effect of the novel antifungal drug F901318 on the intracellular
structure of the human pathogen A. fumigatus was investigated. Although the target of
F901318 has been described (4), the downstream consequences for the cell, following
exposure, are unknown. Therefore, the effect of F901318 treatment on several
structures was investigated by either fluorescently staining or tagging with GFP to be

able to microscopically investigate their morphology.

The exact nature of the DHODH class was also unknown. It was presumed that the 4.
fumigatus DHODH was a class 2 type located in the mitochondria and this was
supported by bioinformatics tools that predicted a high probability of an MTS being
present in the sequence. Co-localization of a PgpdA-DHODH-GFP strain and the
mitochondrial dye MitoTracker Red FM confirmed that A. fumigatus DHODH is
indeed localized in the mitochondria (Figure 4.3), confirming the initial theory of a
Class I DHODH. Inhibition of DHODH by F901318 may therefore also have an effect
on mitochondrial functioning. The mitochondrial membrane potential is an important
measure of proper mitochondrial functioning and it would be interesting to investigate

whether it is affected by F901318 exposure.

Pyrimidines are known to be incorporated into the cell wall via the intermediary UDP-
glucose (10). In order to investigate the effects of UDP-glucose depletion on the cell
wall structure following exposure to F901318, 1,3-B-glucan and chitin were stained
with aniline blue and CFW respectively and the fluorescence intensity was measured
(Figure 4.4). No significant difference was found in overall aniline blue fluorescence,
but specifically at the hyphal tip, the site of active growth, a significant decrease was
found. In active growing hyphae addition of new cell wall material is constantly
needed. F901318 inhibits pyrimidine biosynthesis, which presumably leads to a
reduction in the availability of UTP. UTP is required for the synthesis of UDP-glucose,
the substrate of 1,3-B-glucan synthase. A decrease in 1,3-B-glucan synthesis could
explain the absence of aniline blue accumulation in the tips of the treated hyphae and

possibly inhibition of hyphal growth.
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In contrast to 1,3-B-glucan, chitin content was significantly increased upon exposure
to F901318. Potentially this chitin upregulation is a rescue mechanism of the fungus
to avoid cell lysis. It does appear to be contradictory as UTP is required for the
formation of chitin. Possibly, chitin upregulation is a relatively quick stress response
after the addition of F901318 when sufficient pyrimidines are still available or perhaps
it is regulated by an alternative cell wall salvage mechanism.

Interestingly, increased chitin content was also previously reported in A. fumigatus
treated with caspofungin, an echinocandin which targets 1,3-B-glucan synthase. Other
similarities with caspofungin treated hyphae include hyphal swelling and (tip specific)
cell lysis. Additionally, increased septation, observed in caspofungin-treated hyphae,
was also observed in F901318-treated hyphae (Figure 4.5). Again, this could be a
potential stress response, but also, more compartments allow for a better chance of

some compartments avoiding cell lysis.

The similarities in morphology between FO01318 and caspofungin treated hyphae lead
to the interesting question if possibly F901318 and caspofungin can act synergistically
and together exert a stronger antifungal effect against A. fumigatus. The echinocandins
are regarded as fungistatic against Aspergillus species, as the hyphae are able to
recover to some extent via intrahyphal growth (24, 25). As F901318 inhibits hyphal
elongation, intrahyphal growth may be inhibited when both antifungals are combined.
Additionally, as both antifungals cause cell lysis, together caspofungin and F901318
may have a faster fungicidal effect. Furthermore, it may also be interesting to combine

F901318 with chitin synthase inhibitors such as Nikkomycin Z.

F901318-treated hyphae were found to contain enlarged vacuoles (Figure 4.6). In
filamentous fungi, vacuolar appearance is highly dynamic and depends on the state of
the fungus. Older hyphal compartments usually contain enlarged vacuoles, while
younger compartments contain long tubular vacuoles that play a role in cell signaling
and cell biogenesis, hyphal tips usually do not contain any vacuoles. It is believed that
in nutrient limited conditions, large vacuoles are formed to decrease the volume of the
cytoplasm, which decreases the need for nutrients and protein synthesis (26).
Furthermore, compartments containing large vacuoles were previously found to be cell
cycle arrested. The cytoplasmic volume is believed to be an important trigger in the

Gl start event. As large vacuoles decrease the volume of the cytoplasm, highly
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vacuolated compartments are therefore believed to be arrested in G1. When F901318
was added to an H1-GFP strain, nuclear motility became increased for 1-3 h after
addition of the drug, before returning to previous levels (Figure 4.7A). In the 24 h after
the addition of FO01318, only 1 or 2 rounds of mitosis take place and it appears that
no further mitosis occurs after 24 h treatment (Figure 4.7B). F901318 blocks the
formation of pyrimidines found in DNA and RNA — cytosine, thymine and uridine. It
is reasonable to assume that a decrease in the cellular levels of pyrimidines may lead
to an inability to replicate the full set of DNA, which blocks the onset of mitosis and

possibly causes a cell cycle arrest.

The results of this study have given an insight into the intracellular rearrangements in
A. fumigatus exposed to F901318. It is clear that pyrimidines are crucial for many
cellular processes and not just DNA/RNA. Hence, drugs that interfere with the

pyrimidine biosynthesis pathway could potentially be very promising.
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5.1 Abstract

To investigate how novel antifungal drug F901318 is taken up and distributed in
Aspergillus species, fluorescent analogues were synthesized. F901848 is a F901318
analogue labelled with 7-nitrobenzofurazan that gave a bright fluorescence signal.
Although it was not active against 4. fumigatus, it did demonstrate antifungal activity
against A. flavus, A. terreus and A. niger. An in vitro enzyme assay showed that 4.
niger DHODH activity was reduced by F901848, confirming that the fluorescent
analogue also targets DHODH. It was also confirmed for A. flavus that the pyrimidine
biosynthesis pathway is targeted by F901848: in a growth assay, excess uridine and
uracil reversed the inhibitory growth effect of F901848. Live-cell, time lapse
microscopy of F901848 with A. flavus showed that the analogue was taken up by
hyphae minutes after addition, with the fluorescence intensity increasing over time,
indicating the accumulation of the analogue. F901848 was distributed in the
cytoplasm, but accumulated at specific structures, that were identified as the
mitochondria, the site of DHODH. Sodium azide treatment did not lead to a delay in
uptake of F901848, indicating that the analogue is taken up via an energy-independent
transport mechanism such as diffusion. Finally, uptake of F901848 was decreased
when hyphae were pre-treated with F901318, but not when hyphae were pre-treated
with caspofungin, indicating that F901318 and F901848 compete for the same target
site and also possibly that F901318 treatment leads to decreased membrane
permeability. The design and synthesis of a fluorescent analogue of F901318 is a
useful tool for the investigation of the actions of the new orotomide class of antifungals

and particularly useful in studying drug uptake and distribution.

5.2 Introduction

Invasive aspergillosis is a life-threatening disease which is difficult to diagnose and
treat (1). Only a limited number of antifungal agents are available to treat this disease
and the development of antifungals acting on novel targets is difficult (2, 3). F901318
is a novel drug, from the brand new antifungal class, the orotomides, that is in clinical
development for invasive aspergillosis. It targets dihydroorotate dehydrogenase
(DHODH) in the pyrimidine biosynthesis pathway (4). Recently, studies have
employed the use of fluorescently labelled antifungals to assist in understanding how

antifungals are taken up and where they localize. Antifungal peptide PAF26 was
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fluorescently labelled and used to study its uptake and localization (5). It was found
that the peptide is taken up via active transport and either localizes to the vacuoles
until cell death is induced, when it is transported in the cytoplasm (low concentration)
or it localizes in the cytoplasm and then in the other organelles when cell death is
induced (high concentration). Another example is a fluorophore-conjugated
posaconazole, which was used to study its localization in both epithelial cells and A.
fumigatus (6). The fluorescent posaconazole was found to localize in epithelial cells
and was transferred into 4. fumigatus upon membrane contact. It concentrated within
cell membranes, especially the endoplasmic reticulum (ER), where it co-localized with
its target CYP51la. Finally, a fluorescently labelled version of caspofungin was
suggested to have potential as a diagnostic tool for invasive fungal infections, as it

fluorescently stained Candida and Aspergillus, but not bacteria, showing its specificity

(7).

The mechanisms of drug import are not known for every antifungal. In Candida
albicans it has been found that flucytosine is transported by facilitated diffusion, using
membrane transport proteins called permeases (8). It has been suggested that azoles
are also imported via facilitated diffusion in a number of pathogenic fungi (9, 10).

In this study, various fluorescent analogues of F901318 were synthesized and the
susceptibility of Aspergillus species to these analogues was tested. The most promising
fluorescent analogue was utilized to study its uptake and intracellular localization in
the Aspergillus species. The results demonstrate the advantage of a fluorescent drug

analogue as a tool to study antifungal drugs in vitro.

5.3 Materials and methods

5.3.1 Culture conditions

Strains of A. fumigatus (A¥293) A. flavus, A. terreus and A. niger were tested for their
susceptibility to FO01318 and the fluorescent analogues. For the growth assays of 4.
fumigatus and A. flavus with F901318 and F901848, 10° conidia were spotted onto the
centre of the agar and incubated for 48 h at 37 °C on petri dishes containing Vogel’s
Minimal Medium (VMM). Medium was supplemented with 10 mM uridine and 10
mM uracil when indicated (VMMUU). 4. flavus was utilized for microscopy with
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F901848. Hyphae were obtained by pre-incubating 103 conidia/ml in VMM for 16 h

at 37 °C in uncoated Ibidi 8-well chambers.

5.3.2 Antifungal compounds

F901318 was synthesized as previously described. F902465, F902459, FO01848 and
F901821 were labelled with 7-nitrobenzofurazan (NBD). F902430 was labelled with
6-Dimethylamino-naphtalene. Compounds were dissolved in dimethylsulfoxide
(DMSO) to a stock concentration of 5 mg/ml. For microscopy, F901848 was dissolved
in DMSO at a stock concentration of 2 mg/ml and used at a final concentration of 0.8
pg/ml. For the pre-treatments, F901318 was used at a final concentration of 0.1 pg/ml.
Caspofungin was dissolved in water at a stock concentration of 25 pg/ml and used at

a final concentration of 0.5 pg/ml.

5.3.3 Fluorescence spectra

The fluorescence spectra of the F901318 analogues were determined in black 96-well
plates (Nunc) on a fluorimetric plate reader (Tecan Safire) at a concentration of 1.95
pg/ml. Both the excitation and emission wavelength ranges were set at 230 nm to 850
nm with 10 nm steps to give an extensive scan of the fluorescence spectrum of each

compound.

5.3.4 Minimal inhibitory concentration (MIC)

The MICs of the fluorescent analogues against Aspergillus species was determined
according to a standard method by the Clinical & Laboratory Standards Institute
(CLSI). Conidia were inoculated in RPMI-1640 medium and exposed to the
compounds at concentrations ranging from 0.05 to 50 pg/ml. The MIC was determined

as the lowest drug concentration that prevented growth after 48 h incubation at 35 °C.

5.3.5 Protein isolation

A. fumigatus DHODH was prepared as described in Oliver et al (4). A. niger DHODH
was prepared in a similar fashion. The DHODH cDNA was cloned into a pET-44
vector (pET-44 Ek/LIC vector kit, Novagen), which adds a soluble Nus-tag and two
His-tags to the protein and then transformed into E. coli NovaBlue GigaSingles

(Novagen). The plasmid was sequenced to confirm the cloning had worked and no
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mutations had been introduced by PCR. The pET-44 vector, containing the 4. niger
DHODH, was transformed into E. coli BI121 DE3 for protein expression, and grown in
LB media plus 100 uM FMN, 1% glucose and 100 pg/ml ampicillin at 37 °C until the
OD600 reached approximately 0.5 when expression was induced by addition of 0.5
mM IPTG and incubation at 20 °C overnight. Protein was extracted using Bugbuster
protein extraction reagent (Novagen), and the soluble fraction obtained after
centrifugation at 16000 g, 20 min, 4 °C was then transferred to Ni-NTA His-bind resin
(Novagen) for an hour with mixing on ice. The His-bind resin was transferred to a
column, washed with 50 mM Na phosphate pH 8, 500 mM Na CI, 20 mM imidazole
0.1% (w/v) Tween 20 and eluted with the same buffer except with the addition of 250
mM imidazole. A PD-10 column (GE healthcare) was used to exchange the buffer to
DHODH assay buffer (50 mM Tris pH 8, 150 mM KClI, 10% (w/v) glycerol, 0.1%
(w/v) Triton X100. Protein was stored at -80 °C.

5.3.6 DHODH enzyme assays

The redox indicator dye 2,6-dichloroindophenol (DCIP) was used as an artificial
electron acceptor to follow the DHODH-catalyzed oxidation of dihydroorotate to
orotate. The reaction contained 1 mM DHO, 0.05 mM coenzyme Q2 and 0.1 mM
DCIP in assay buffer. After addition of recombinant DHODH, DCIP reduction was
followed by measuring the decrease in absorbance at 600 nm in clear 96-well
microplates (Nunc) on a spectrophotometric plate reader (Tecan Safire). To measure
the 1Cso of F901848 against DHODH a range of drug concentrations were added to the
assay wells and the decrease in activity plotted using XL-fit (IDBS), to calculate the
concentration of drug giving 50% inhibition of DHODH.

5.3.7 Pre-treatments and staining

To study the effect on FO01848 uptake in energy-depleted conditions, hyphae were
pre-treated with sodium azide (NaNj3), an ATP synthesis inhibitor. The inhibitor was
dissolved in water to a stock concentration of 0.3 M and used at a final concentration
of 3 mM. The hyphae were incubated for 15 min with sodium azide, after which either
F901848 or FM4-64 was added. FM4-64 (N-(3-triethylammoniumpropyl)-4-(6-(4-
(diethylamino) phenyl) hexatrienyl) pyridinium dibromide, Molecular Probes) is a

styryl dye with excitation/emission maxima of 515/640 nm and was used at a final
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concentration of 5 pM. MitoTracker Red FM was dissolved in DMSO and used at a

final concentration of 500 nM. The excitation/emission was set to 581/595-650 nm.

5.3.8 Microscopy

The fluorescent analogue was imaged on a Leica SP8X confocal microscope with a
63%/1.2 NA water immersion objective, using an argon laser for illumination. Images
were acquired with Leica Application Suite Advanced Fluorescence (LAS AF)
software at 37 °C. For F901848 the excitation was set to 488 nm and the emission was
detected over a range of 500-550 nm. The FIJI distribution of ImageJ was used for

image processing and measurements (11).

5.3.9 Statistics

Statistical analysis was performed in GraphPad Prism 7. One-way ANOVA was
performed with multiple comparisons. Tests were performed with 95% confidence
intervals. All experiments were performed in triplicate. * indicates a significant

difference to control, p<0.05. Bars represent the standard deviation (SD).

5.4 Results
5.4.1 Fluorescent analogues F901848 and F901821 exhibit fluorescence

As F901318 has no intrinsic fluorescence, it was decided to try and design new
compounds that were fluorescent for utilization as a tool to study uptake and
distribution of the orotomide antifungals. Five analogues for F901318 were
synthesized; F902465, F902459, F902430, F901848 and F901821.

To study whether the compounds exhibited any fluorescence, their relative
fluorescence was measured on a plate reader. Figure 5.1 displays the structures and
fluorescence spectra of F901318 (top left) and the five fluorescent analogues. As
mentioned before, F901318 did not exhibit any fluorescence. F902430, labelled with
6-dimethylamino-naphtalene, exhibited slight fluorescence and had an
excitation/emission peak of 360/490 nm, as was consistent with the fluorophore’s
spectral properties. The other four compounds were labelled with NBD, but only
F901848 and F901821 exhibited fluorescence, with an excitation/emission peak of
490/550 nm, consistent with NBD’s spectral properties. The structures of F902465 and
F902459 contain a ring between the fluorophore and the orotomide, whereas F901848
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and F901821 do not. Possibly, the ring in the structures of F902465 and F902459
decreases the flexibility of the compound and interferes with the fluorophores’ spectral
properties. In the structures of F901848 and F901821 this ring is replaced by a linear

linker, which possibly increases the flexibility of the compounds and thereby

facilitates their spectral properties.
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Figure 5.1 Fluorescence spectra and structures of F901318 and five analogues.
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5.4.2 F901848 is active against 4. niger and A. flavus

To assess the susceptibility of various Aspergillus species to the F901318 analogues,

the minimal inhibitory concentrations (MICs) were determined (Table 5.1).

Table 5.1 Minimal Inhibitory Concentrations (png/ml)

Compound | A. niger A. fumigatus | A. terreus A. flavus
F901318 0.015-0.06 | 0.008 —0.06 0.004 -0.03 | 0.015-0.06
F902465 >50 >50 >50 >50
F902459 >50 >50 >50 >50
F902430 >50 >50 >50 >50
F901848 0.8 >50 6.3 0.8
F901821 >50 >50 >50 >50

None of the compounds showed significant antifungal activity against A. fumigatus.
F901848 was the only compound that showed some activity against 4. terreus, but
especially against 4. niger and A. flavus with a sub 1.0 ug/ml MIC. It is likely that the
addition of a fluorophore changes the SAR (structure-activity relationship) in such a
way that the analogues cannot fit in their binding sites as efficiently as the original
compound, explaining the absence of potent antifungal activity of most of the
analogues. Of the five analogues, only F901848 and F901821 exhibited fluorescence.
F901848 contains a longer linker between the fluorophore and the orotomide and this
possibly creates a more flexible compound, which improves its SAR.

The inhibitory activity of FO01848 against DHODH was further tested by setting up
in vitro enzyme assays using recombinant DHODH protein from A. fumigatus and A.
niger. The half maximal inhibitory concentration (ICso) was determined for F901318

and F901848 (Table 5.2).

Table 5.2 ICso of F901318 and F901848 against DHODH from A. fumigatus and A.
niger (nM)

F901318 | F901848
A. fumigatus | 44 1042
A. niger 30 37
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The results show that the ICso of F901848 against 4. niger DHODH was similar to
F901318, showing that this analogue inhibits DHODH activity. Interestingly, the ICso
of FO01318 and F901848 against A. niger DHODH was similar, but the MIC of
F901848 was higher than the extremely potent FO01318, although it still had very good
potency compared to other antifungals. This possibly indicates that although the
fluorescent analogue efficiently binds its DHODH binding site, it is either being taken
up less well by 4. niger or is transported less efficiently across the mitochondrial
membranes (DHODH is located on the inner mitochondrial membrane). Taken
together the results show that F901848 exhibited fluorescence and had good activity

against A. niger and A. flavus.

5.4.3 F901848 targets the pyrimidine biosynthesis pathway in A. flavus

To further confirm that FO01848 is active against A. flavus and that it targets the
pyrimidine biosynthesis pathway, a growth assay was performed (Figure 5.2). Both 4.
flavus and A. fumigatus were not able to grow in presence of F901318. As expected
from the MIC results (Table 5.1), growth was observed for A. fumigatus in presence
of F901848, although growth was slightly deteriorated at a higher concentration of 1.0
pg/ml F901848. A. flavus grew slightly in presence of 0.1 pg/ml F901848, but at 1.0
pg/ml growth was hardly visible. When 10 mM uridine and 10 mM uracil (UU) was
added to the media, growth was restored for 4. flavus and A. fumigatus in presence of
F901318 and F901848. Exogenous addition of high concentrations of the pyrimidines
uridine and uracil reverses the effect of pyrimidine biosynthesis inhibition. Therefore,
this result indicates that, like F901318, F901848 inhibits the pyrimidine biosynthesis
pathway in 4. flavus.
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A. flavus
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F901318 F901318 F901848 F901848
Q0O .
A. flavus

Figure 5.2 Growth assay of 4. fumigatus and A. flavus in presence of F901318 or
F901848. Growth of 4. flavus was abolished in presence of FO01848, but could be
restored by the addition of uridine and uracil (VMMUU), indicating that F901848
inhibits the pyrimidine biosynthesis pathway in A. flavus. VMM = Vogel’s minimal
medium, VMMUU = VMM containing uridine and uracil.

5.4.4 F901848 is taken up at a linear rate

To investigate the uptake of FO01848 by A4. flavus, the fluorescent analogue was added
to hyphae, after which a 1 h time lapse, taking images every 2 min, was initiated to
monitor the uptake at 37 °C. Low levels of fluorescence were observed first, but the
intensity increased over time (Figure 5.3A, supplementary movie S9). The F901848
fluorescence intensity accumulated over time at a linear rate for approximately 40 min
after addition, after which increase ceased (Figure 5.3B). This result indicates that
F901848 uptake progresses linearly at 37 °C, with maximum uptake achieved after

approximately 40 min.
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Figure 5.3 FO01848 uptake in A. flavus. Fluorescence intensity was monitored over
time, which revealed that uptake took place at a linear rate, achieving maximum uptake
after approximately 40 min. Bar = 10 um. Error bars represent SD.

5.4.5 F901848 accumulates in the mitochondria

As can be seen in Figure 5.3, F901848 was distributed throughout the cytoplasm, but
over time accumulations at specific structures were evident. As DHODH is localized
in the mitochondria, it was investigated whether the sites of these F901848
accumulations were the mitochondria. A co-localization study was carried out with
MitoTracker Red FM and F901848, 30 min after its addition, which showed that the
accumulations indeed co-localized with the mitochondrial dye. This result indicates
that although the fluorescent analogue spreads throughout the cytoplasm, it

accumulates at the site of target DHODH (Figure 5.4).
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Fo01848 MitoTracker Red FM Co-localization

Figure 5.4 Co-localization of F901848 and MitoTracker Red FM. Although the
fluorescent analogue spreads throughout the cytoplasm, it accumulates in the
mitochondria. Bar = 5 pm.

5.4.6 F901848 is taken up by an ATP-independent process

To investigate the transport mechanism via which F901848 is taken up by 4. flavus,
hyphae were treated with sodium azide for 15 min prior to the addition of F901848.
As a control, the membrane dye FM4-64 was utilized, which is taken up via
endocytosis, a form of active transport. F901848 uptake was not inhibited in hyphae
pre-treated with sodium azide, whereas uptake of FM4-64 was (Figure 5.5A). The
fluorescence intensity of F901848 was measured 15 min after addition and this showed
that it was increased in the sodium azide pre-treated hyphae (Figure 5.5B). These
results indicate that F901848 is not being taken up via an energy driven transport

mechanism and that sodium azide pre-treatment enhances FO01848 uptake.
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Figure 5.5 Uptake of F901848 when ATP-synthesis is inhibited by sodium azide. Pre-
treatment with sodium azide did not lead to decreased F901848 uptake, whereas uptake
of FM4-64 was inhibited. This result suggests that F901848 is not being taken up by
an energy-driven transport mechanism. Bar = 5 pm. Error bars represent SD.

5.4.7 F901318 pre-treatment decreases F901848 uptake

To investigate whether F901318 treatment affects uptake of F901848, A. flavus hyphae
were pre-treated for 2 or 24 h with 0.1 pg/ml F901318. F901848 was then added and
the fluorescence intensity was measured after 15 min. Caspofungin was used as a
control as it has a similar effect on morphology as F901318, such as hyphal swelling,
increased chitin content and increased septation, even though it has a different target
(1,3-B-glucan synthase). Hyphae pre-treated with F901318 showed a decreased
F901848 fluorescence intensity, compared to uptake of hyphae that were not pre-
treated (Figure 5.6). F901848 fluorescence intensity was significantly decreased in
hyphae that were pre-treated with FO01318 for 24 h. F901848 fluorescence intensity

was not decreased in caspofungin pre-treated hyphae, in fact it was slightly increased
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(Figure 5.6). Increasing the pre-treatment to 24 h even further increased F901848
fluorescence intensity. These results suggest that F901318 occupying the DHODH
binding site prevents the accumulation of F901848 at the same binding site. Possibly,
F901318 treatment also leads to decreased membrane permeability, thereby also

preventing F901848 uptake.

F901848 uptake
80=
60
*
40 oL

_|

Fluorescence intensity (AU)

(e}
L
-
-
-

Figure 5.6 Fluorescence intensity of F901848 after pre-treatment with FO01318 and
caspofungin. F901318 pre-treatment leads to a reduced F901848 fluorescence
intensity, whereas it is slightly increased in caspofungin pre-treated hyphae. This
possibly indicates competition between F901318 and F901848 for the DHODH
binding site and possibly that F901318 treatment leads to inhibition of transport. Error
bars represent SD, n = 10.

5.5 Discussion

In this study, a fluorescent analogue of the novel antifungal drug F901318 was utilized
as a tool to study uptake and cellular localization in the Aspergillus species. Five
analogues were synthesized, of which the most promising, F901848, was labelled with
NBD-CL, a small green fluorophore, which was previously shown to be a good label
for PAF26 (12) (Figure 5.1). Although F901848 was not active against all of the
Aspergillus species, it showed potent activity against 4. niger and A. flavus (Table
5.1). An in vitro enzyme assay where the activity of F901848 against recombinant 4.
niger DHODH protein was tested showed that the analogue inhibits DHODH activity
(Table 5.2). It was also confirmed for A. flavus that F901848 targets the pyrimidine
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biosynthesis pathway by a growth assay in which uridine and uracil were shown to
reverse the effect of F901848 (Figure 5.2). A. flavus was utilized to investigate the
uptake and localization of FO01848.

Interestingly, although the MIC of F901848 against A. niger was higher than the MIC
of F901318, the ICso was similar for both compounds. This possibly indicates that the
fluorescent analogue has a similar level of activity against DHODH, but it is either
being taken up less well by 4. niger, or it is less efficiently transported across the
mitochondrial membranes to the site of DHODH. Another possibility is that the

analogue is being pumped out.

Table 5.1 shows that the MICs of the fluorescent analogues were significantly different
compared to the MIC of FO01318. It is reasonable to assume that the addition of a
fluorophore will affect the uptake of such compounds and their SAR. Additionally, the
fluorophores themselves might also display a degree of antifungal activity against the
Aspergillus species. Therefore, to investigate this, MICs should be carried out with the

fluorophores alone as well.

To investigate the uptake of FO01848 into 4. flavus hyphae, the fluorescence intensity
was monitored over an hour after addition of the analogue. The fluorescence intensity
increased at a linear rate, with maximum uptake detected after approximately 40 min,
after which the fluorescence intensity would no longer increase (Figure 5.3). A slight
decrease was measured, but this was not significant and is possibly because the
fluorescence was not equally distributed in the hyphae, affecting the measurement and
explaining the large error bars. Although the analogue appeared to spread throughout
the cytoplasm, from approximately 15 min after addition accumulations at specific
sites started to become evident. As the target DHODH is located in the mitochondria,
a co-localization study of F901848 and the mitochondrial dye MitoTracker Red FM
was carried out (Figure 5.4). The accumulations of F901848 indeed showed co-
localization with MitoTracker Red FM, indicating that F901848 spreads throughout
the cytoplasm and accumulates at the site of its target DHODH. To make sure the
accumulation of fluorescence in the mitochondria is not due to the conjugated
fluorophore, uptake of the fluorophore NBD-CL alone in 4. flavus needs to be studied

and a co-localization study with MitoTracker Red FM should be carried out.
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To investigate the transport mechanism via which F901848 is taken up the A. flavus
hyphae, ATP synthesis inhibitor sodium azide was utilized. Hyphae were treated with
3 mM sodium azide prior to addition of F901848 (13, 14). This treatment did not
decrease F901848 fluorescence intensity, instead it was 3-fold increased (Figure 5.5).
The styryl dye FM4-64 was used as a control as it is taken up via endocytosis, a form
of active transport. Indeed, in sodium azide pre-treated hyphae, no fluorescence was
visible inside the hyphae 15 min after addition of FM4-64, whereas in hyphae that had
not been pre-treated, the membranes of the vacuoles were stained (Figure 5.5A). These
results strongly suggest that F901848 is not being taken up via an energy driven
process, it is more likely that is taken up via diffusion. More work is needed to analyze
via what form of diffusion F901848 is being taken up. Possibly it is a form of ATP-
independent facilitated diffusion, as was found before for azole import in 4. fumigatus

and has been suggested to be a conserved mechanism across fungal species (10).

Interestingly, as mentioned, sodium azide pre-treatment seemed to increase the uptake
of F901848. Only one study was found where cell-to-cell diffusion was increased in
staminal hairs of Setcreasea purpurea after azide treatment (15). The authors
suggested that molecules that normally cannot pass the membrane, can pass under
stress conditions due to enlarged pores. Possibly, azide treatment in fungi increases

membrane permeability, allowing more compounds to enter the hyphae.

To study whether FO01318 affects F901848 uptake, F901848 was added to hyphae
that had been pre-treated with F901318 or caspofungin, which was used a control as it
has a similar effect as F901318, such as hyphal swelling, increased septation and
increased chitin content (chapter 4). When F901848 was added to hyphae that had
been pre-treated with F901318, the fluorescence intensity was decreased, but not in
hyphae that were pre-treated with caspofungin (Figure 5.6). This result possibly
indicates the competition between F901848 and FO901318 for binding the same target,
DHODH, with F901318 occupying the DHODH site, F901848 cannot accumulate
leading to a reduced fluorescence intensity. As caspofungin has a different target, 1,3-
B-glucan synthase, no decrease in F901848 fluorescence intensity was observed as it
is not competing for the same binding site. This was also found before in studies with
fluorescent caspofungin and posaconazole, where pre-treatment with the original

compounds prevented the accumulation of the fluorescently tagged analogues (6, 7).
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The decreased uptake of F901848 after F901318 pre-treatment may also suggest that
that F901318 treatment leads to decreased membrane permeability. F901318 targets
pyrimidine biosynthesis and pyrimidines play important roles in various processes
such as DNA/RNA synthesis, cell wall synthesis, but also lipid synthesis. It may be
that FO01318 treatment leads rearrangements in the membrane structure, thereby
decreasing its permeability, which leads to a decrease in uptake. As the F901848
fluorescence intensity wasn’t decreased in caspofungin-treated hyphae, it is unlikely
that the decreased uptake of F901848 in F901318 pre-treated hyphae is due to the
increased chitin in the cell wall, as caspofungin also causes increased chitin synthesis.
Interestingly, the fluorescence intensity of F901848 was slightly increased in
caspofungin-treated hyphae compared to hyphae that were not pre-treated, although
this difference was not statistically significant (Figure 5.6). This could be a result of
caspofungin affecting the cell wall and possibly increasing membrane permeability,
allowing for F901848 to be taken up more quickly. This is consistent with findings in
a previous study, where rhodamine-123 was utilized to measure uptake and an

increased fluorescence intensity was found in caspofungin-treated hyphae (16).

Taken together, the results with the fluorescent analogue of F901318, F901848 show

that such a tool is very useful to study the distribution and uptake of antifungal drugs.
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6.1 Abstract

F901318 is a novel antifungal drug that inhibits de novo pyrimidine biosynthesis by
targeting dihydroorotate dehydrogenase (DHODH). It causes time-dependent swelling
and cell lysis in A. fumigatus. In this study, the mechanism behind this F901318-
induced cell lysis was investigated. The possibility of it being regulated by
programmed cell death was investigated by looking for presence of markers for
apoptosis and autophagy in F901318-treated A. fumigatus hyphae. Apoptotic markers
of activated metacaspases and ROS production appear to be present in the lysed
hyphae, however, the morphological rearrangements and the presence of vesicle-like
structures in F901318-treated hyphae also suggest a cell death mechanism via
autophagy. Furthermore, the mitochondrial membrane potential, associated with
programmed cell death, appears to be decreased in F901318-treated hyphae. DHODH
localization in the mitochondria did not appear to be affected by F901318 treatment.
Finally, calcium levels, associated with regulated cell death, appeared to steadily
increase after addition of F901318, possibly indicating that FO01318-induced cell
death is indeed regulated. Together, the results in this study suggest that FO01318-
induced cell death in A. fumigatus is caused by a form of programmed cell death, but

further work is required to fully understand the mechanism of cell death.

6.2 Introduction

Invasive fungal infections are an increasing threat to our health, with an estimated 1.5
million deaths each year (1). Species from the Aspergillus genus are amongst the most
common of human fungal pathogens, but at the moment only four classes of antifungal
drugs are available for treatment of invasive aspergillosis (2). They either target the
cell wall (echinocandins), the cell membrane (azoles and polyenes) or DNA/RNA
synthesis (flucytosine). Newly approved antifungal drugs usually belong to one of the
existing classes and as a result of repeated prescription of drugs acting on the same
target, resistance to the existing antifungal drug classes has started to emerge, which

is why it is important that antifungal drugs are developed that act on different targets
3).

F901318 is a new orotomide antifungal drug that is currently in clinical development

for invasive aspergillosis (4). It works via a novel mode of action, blocking the de novo
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pyrimidine biosynthesis pathway by inhibiting dihydroorotate dehydrogenase
(DHODH) (5). When A. fumigatus is exposed to F901318, it initially has a static effect
by inhibiting hyphal growth, however, prolonged exposure eventually leads to cell
lysis (Chapter 3). Although the target of the drug was known, the exact mechanism
behind this cell lysis was not well understood. An investigation of various markers of
cell death was undertaken to attempt to elucidate the process leading to F901318-
induced cell lysis. Cell death can be caused by different mechanisms, such as
apoptosis, autophagy and necrosis; with the former two processes traditionally thought
of as programmed cell death (PCD). Although especially well described in higher
eukaryotes, it is now accepted that some forms of PCD also occur in yeast and

filamentous fungi and has been associated with development and stress response (6).

In mammalian cells, it has previously been reported that downregulation of the de novo
pyrimidine biosynthesis pathway, and also specifically DHODH, leads to an increase
of the p53 tumor suppressor, which plays an important role in cell growth regulation
and induces apoptosis (7, 8). This suggests the possibility that, when DHODH 1is
inhibited in A. fumigatus by F901318, apoptosis may be triggered. However, the
morphological rearrangements that have previously been shown to occur in response
to F901318 treatment, appear to point to autophagy. F901318-treated hyphae become
swollen due to the formation of large vacuoles (chapters 3 and 4), a typical hallmark
of autophagy, due to sequestering of vesicles (autophagosomes) that contain cytosolic
material, which is subsequently degraded in the vacuoles (9). Autophagy has been
associated with nutrient starvation (9), so perhaps it can be induced during any type of

deficiency, such as pyrimidine starvation.

In most eukaryotes, including 4. fumigatus (chapter 4), DHODH is localized in the
mitochondria (10). The functions of the mitochondria and DHODH are connected by
the use of ubiquinone. In the mitochondria ubiquinone is used in the electron transport
chain (ETC), where it plays a role as an electron carrier to cytochrome C, while
DHODH utilizes ubiquinone as a terminal electron acceptor to re-oxidize the flavin
mononucleotide co-factor, allowing further rounds of dihydroorotate oxidation (11,
12). Thus, the inhibition of DHODH by F901318 has the potential to affect
mitochondrial functioning. The mitochondrial membrane potential (MMP) is essential

for mitochondrial function as it is required for the ETC and a decrease in potential has
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been associated with apoptosis (13, 14). The MMP can be assessed by using
fluorescent mitochondrial dyes, such as Rhodamine-123 and JC-1. Fluorescence

intensity of the dye is directly related to the MMP.

Calcium plays an important role as an intracellular signal (second messenger) in
eukaryotes, including filamentous fungi, and is involved in various pathways,
including PCD-related processes (15). Cells commonly respond to cell death stimuli
with increased intracellular levels of calcium (16). Calcium levels can be measured
using a calcium sensitive photoprotein called aequorin (17). Aequorin is isolated from
the jellyfish Aequorea victorea and is a two-unit photoprotein composed of
apoaequorin and the prosthetic group coelenterazine, and has a high affinity for free
calcium. On binding calcium, the coelenterazine is oxidized to coelenteramide, which
releases energy in the form of blue light (469 nm). The amount of luminescence is
dependent upon the concentration of free calcium, which is why it can be used to report
the cytosolic calcium concentration. This way, it is possible to test whether an

antifungal agent causes an increase in intracellular calcium levels.

The aim of this study was to investigate how F901318 induces cell death in 4.
fumigatus. The presence of two apoptotic markers was investigated; production of
reactive oxygen species (ROS) and activation of metacaspases. To determine whether
autophagy plays a role, the presence of autophagosomes in F901318-treated hyphae
was investigated. Additionally, the mitochondrial membrane potential was
investigated, using the fluorescent mitochondria dyes MitoTracker Red FM and
Rhodamine-123. Finally, calcium levels in A. fumigatus were investigated upon

F901318 exposure using aequorin.

6.3 Materials and Methods

6.3.1 Strains and cultures

A. fumigatus clinical isolate AF293 was utilized for the apoptosis, autophagy and
mitochondrial membrane potential studies. A cytosolic-GFP strain was also utilized to
study presence of autophagic vesicles. A strain in which DHODH was C-terminally
tagged with GFP under expression of the constitutive gpd4 promoter was used for

studying localization of DHODH before and after F901318 treatment (PgpdA-
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DHODH-GFP strain, described in Chapter 4). The AEQ®FA!? strain (18) was used to
measure calcium levels after addition of FO01318. A. fumigatus was grown in Vogel’s
Minimal Medium (VMM) (19). For microscopy, hyphae were obtained by incubation
of A. fumigatus conidia (10 conidia/ml) for 16 h at 37 °C in uncoated p-slide 8 well
chambers (Ibidi).

6.3.2 Antifungal drugs
F901318 was synthesized as previously described (4). The drug was dissolved in
dimethylsulfoxide (DMSO) at a stock concentration of 0.5 mg/ml and used at a final

concentration of 0.1 pg/ml.

6.3.3 Apoptotic markers

Dihydrorhodamine-123 (DHR-123, Sigma) was utilized to detect ROS and activation
of metacaspases was observed with CaspACE™ (Promega). Dihydrorhodamine 123
(DHR-123) is normally non-fluorescent, but becomes fluorescent when oxidized to
rhodamine-123 by ROS. CaspACE™ FITC-VAD-FMK is a fluorescent analogue of
caspase inhibitor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[ O-methyl]-
fluoromethylketone) conjugated to fluoroisothiocyanate (FITC). The inhibitor
becomes fluorescent when it binds to activated caspases.

The markers were added to hyphae that had been exposed to F901318 for 24 h.
CaspACE™ was supplied as 5 mM solution in dimethylsulfoxide (DMSO) and used
at a final concentration of 10 uM. DHR-123 was dissolved in DMSO and used at a
final concentration of 2 pg/ml. CaspACE™ and DHR-123 were incubated for 20 min

and 2 h respectively prior to imaging.

6.3.4 Fluorescent dyes

CellTracker™ Blue CMAC (7-amino-4-chloromethylcoumarin, molecular probes),
staining the vacuoles was used at a final concentration of 1 uM. Filipin (Sigma), a
polyene staining phospholipids in the cell membrane, was used at a final concentration
of 1 pg/ml. Nile red (Sigma), a lipophilic stain for detection of intracellular lipid
droplets, was used at a final concentration of 10 pg/ml.

To stain the mitochondria, MitoTracker Red FM (Molecular probes) and rhodamine-
123 (Sigma) were used. They were dissolved in DMSO and used at a final
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concentration of 500 nM and 10 uM respectively. Dyes were incubated for 45 — 60

min at 37 °C prior to imaging.

6.3.5 Microscopy

A Leica confocal SP8X microscope was utilized for the imaging, using Leica
Application Suite Advanced Fluorescence (LAS AF) software for acquisition. Imaging
took place in a temperature-controlled box (CUBE & BOX, Life Imaging Services).
Excitation light source was provided by a UV laser, SuperK White Light Laser or an
argon laser. A 40%/0.85 NA dry objective was utilized for the apoptosis marker
experiments. A 63%/1.2 NA water objective was used for the vesicle and mitochondria
staining. The FIJI distribution of ImageJ was utilized for processing (20).

The excitation for CaspACE™ and the GFP strains was set to 488 nm and emission
was detected over a range of 500-570 nm. For Nile red, DHR-123 and rhodamine-123
it was set to 514/530-600 nm. The excitation/emission for MitoTracker Red FM was
581/595-650 nm and for CMAC and filipin 405/415-450 nm.

6.3.6 Calcium aequorin measurements

The protocol used for the aequorin measurements is described in Mufioz et a/ 2015
(18). Conidia of the AEQFA!? strain (1x 10° conidia/ml) in presence of 2.5 uM
coelenterazine were incubated in 96-well plates, wrapped in foil, for 21 h at 25 °C. A
multimode plate reader (Berthold Technologies TriStar LB 941) was used for the
measurement of the luminescence after injection of the antifungal drug. 3 M CaCl,

was used for the discharge control.

6.4 Results
6.4.1 Apoptotic markers appear to be present after F901318 exposure

To study whether FO01318 induces apoptosis, the presence of apoptotic markers,
namely metacaspase activation and ROS production, was investigated. DHR-123 or
CaspACE™ were applied to hyphae that had been exposed to F901318 for 24 h. In the
treated hyphae, fluorescence of both DHR-123 and CaspACE™ was detected in only
a few hyphal compartments (Figure 6.1). This result suggests that after 24 h of

treatment, F901318 does not widely induce apoptosis.
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Fluorescence

Brightfield

DHR-123

CaspACE

Figure 6.1 Presence of apoptotic markers for ROS production (DHR-123) and
activation of metacaspases (CaspACE) in 24 h F901318-treated hyphae. Only few
hyphal compartments were stained by the dyes, suggesting no significant induction of
apoptosis after 24 h of F901318 treatment. DHR-123 = dihydrorhodamine-123. Bar =
50 pm.

6.4.2 F901318-treated hyphae contain vesicle-like structures

F901318-treated hyphae were studied for presence of autophagosomes. In hyphae that
had been treated with F901318, distinctive vesicle-like structures could be observed,
which were absent from untreated hyphae (indicated with arrows in Figure 6.2, top
image). When vacuoles were stained with CMAC, the vesicle-like structures remained
unstained and appeared to be distinct from the vacuoles (Figure 6.2, second row).
Likewise, when a cytosolic-GFP (Cyto-GFP) strain was treated with F901318, no
fluorescence was observed in the vesicles, suggesting the vesicles were discontinuous
from the cytosol (Figure 6.2, third row). The vesicular structures were not stained by
filipin, indicating that their membrane does not contain any sterol (Figure 6.2 fourth
row). Neither did they co-localize with Nile red, excluding the possibility of the
structures being lipid droplets (Figure 6.2, fifth row). The results show that the vesicle-

like structures are distinct from both the cytoplasm and the vacuoles, and although
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their exact nature remains to be confirmed, there exists the possibility that they are

autophagosomes.

Brightfield Fluorescence

F901318

CMAC

Cyto-GFP £

Fillipin 24

Nile Red

Figure 6.2 In F901318-treated hyphae vesicle-like structures were observed as
indicated in the top DIC image (bar = 10 pum). The structures were excluded from the
vacuoles (CMAC) and the cytosol (cyto-GFP), they were also not stained by filipin
(sterol) or Nile red (lipid droplets) (bars = 5 pm).

6.4.3 F901318 appears to reduce the mitochondrial membrane potential
The MMP is important for mitochondrial functioning due its role in the ETC and a
change in the potential has been associated with apoptosis. To assess the mitochondrial

membrane potential after 24 h treatment with F901318, MitoTracker Red FM and
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Rhodamine-123 were utilized. For both dyes fluorescence was observed in the
untreated hyphae, but the fluorescence intensity was decreased in the F901318-treated
hyphae (Figure 6.3). MitoTracker Red FM appeared to be accumulating at the cell
wall, suggesting that it is not able to enter treated hyphae (Figure 6.3, top row). A faint
rhodamine-123 was observed in the treated hyphae, suggesting the MMP was
decreased (Figure 6.3, second row). However, as the fluorescence signal was very low
with 10 uM rhodamine-123, it was repeated with a higher amount of 100 uM. This
time, fluorescence was observed in the treated hyphae (Figure 6.3, third row).
Although the results with MitoTracker Red FM and a low amount of rhodamine-123
appear to indicate a decrease in MMP, the result with a higher amount of the latter dye

seems to contradict this.

Untreated Treated

MitoTracker Red FM

10 pM
Rhodamine-123

100 uM
Rhodamine-123

Figure 6.3 The MMP was investigated by utilizing the mitochondrial dyes
MitoTracker Red FM and rhodamine-123. MitoTracker Red FM and 10 uM
rhodamine-123 show reduced fluorescence in the treated hyphae, indicating the MMP
is reduced. However, a bright signal is detected with 100 uM rhodamine-123, making
the result unclear. Bar =5 pm.

6.4.4 DHODH appears to remain in the mitochondria after F901318 treatment

To study the localization of DHODH after F901318 treatment, the Pgpd A-DHODH-
GFP strain was treated for 24 h, after which localization was studied. As co-
localization with MitoTracker Red FM could not be carried out due to the dye not
being taken up by treated hyphae (Figure 6.3, top row), the morphology of the
DHODH-GFP signal was studied. The DHODH-GFP signal in both the untreated and
the treated hyphae was localized in long filamentous structures (Figure 6.4). The

structures and distribution of the signal appears to be similar to the rhodamine-123
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staining in Figure 6.3 (third row). Although more accurate assays need to be carried
out, this result appears to suggest that DHODH remains localized in the mitochondria

after FO01318 treatment.

Untreated Treated

PgdpA-DHODH-GFP

Figure 6.4 PgpdA-DHODH-GFP before and after F901318 treatment. After treatment,
DHODH appears to remain localized in long filamentous structures, which possibly
suggests that DHODH is still localized in the mitochondria after drug treatment. Bar
=5 pum.

6.4.5 F901318 does not cause immediate calcium spikes

To examine the effects of stress induced by F901318 on the intracellular calcium
concentrations ([Ca®>']c), A. fumigatus strain AEQCFA1? was utilized to measure
aequorin luminescence. Calcium levels were measured over a period of 2 h (7200 s),
starting when 1 or 5 pg/ml F901318 or no drug as a control was added (Figure 6.4). In
the no drug control, luminescence remained steady, indicating no change in
intracellular calcium levels. When F901318 was added, calcium levels appeared to
steadily increase. In the no drug control, after two hour the intracellular calcium
concentration ([Ca®"]c) was 0.052 uM. When 1.0 or 5.0 pg/ml F901318 was added,
this increased to 0.078 and 0.113 puM respectively, the latter concentration being a
significant increase from the no drug control. This result appears to suggest that the

intracellular levels of calcium increase over time when F901318 is added.

No drug 1.0 ug/ml F901318 5.0 ug/ml F901318
. 0.3

=2 =

¥ +

[o. Fo.

o )

0.0 T T T 1 0.0+ T T T 1 .0+ T T T J
0 1800 3600 5400 7200 0 1800 3600 5400 7200 0 1800 3600 5400 7200

Time (s) Time (s) Time (s)

Figure 6.5 Intracellular calcium levels in 4. fumigatus treated with 1 or 5 pg/ml
F901318 or no drug as a control. Levels appear to increase over time after addition of
the drug.
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6.5 Discussion

In this study, the mechanism behind the cell death caused by F901318 treatment in A.
fumigatus was investigated. Two forms of PCD, apoptosis and authophagy, were
investigated by detecting whether any apoptotic or autophagic markers were present

in the treated hyphae.

In mammalian cells inhibiting DHODH and disrupting de novo pyrimidine
biosynthesis leads to induction of apoptosis (7, 8), in a p53-mediated mechanism. To
investigate whether apoptosis was triggered in A. fumigatus, two apoptotic markers
were studied: the activation of metacaspases (CaspACE™) and the production of ROS
(DHR-123). In the treated hyphae, both CaspACE™ and DHR-123 fluorescence was
observed in a few hyphal compartments (Figure 6.1). This indicates that apoptosis is
not widely induced after 24 h of F901318 treatment. However, as there are several
apoptotic markers that are produced during apoptosis induction, it will be useful to
investigate these, such as DNA cleavage (TUNEL assay) and externalization of
phosphatidylserine (Annexin V) (6). Additionally, these results should be compared
to a control that is known to induce apoptosis, such as TPEN (N,N,N’,N’-Tetrakis(2-
pyridylmethyl)ethylenediamine).

Autophagy is another form of programmed cell death and its main hallmark is the
formation of vesicles called autophagosomes that contain cytoplasmic waste. They
fuse with the vacuoles, where the waste is degraded, which leads to hyper
vacuolization and large vacuolar. Previously it was described that in 4. fumigatus large
vacuoles were formed following treatment with F901318 (chapter 4), which may
suggest the activation of authophagy. During autophagy, toxic cytoplasmic contents
are sequestered in so called autophagic bodies (autophagosomes), which fuse with the
vacuoles, where the contents are released and subsequently degraded (9). This leads
to the formation of larger vacuoles, as seen in F901318-treated hyphae (Chapter 4).
Presence of autophagic bodies is an important hallmark for autophagy, which is why
treated hyphae were investigated for presence of such vesicles. Vesicle-like structures
were indeed observed in hyphae that had been exposed to F901318. To further
investigate these vesicles, treated hyphae were stained to highlight the vacuoles

(CMAQ), sterol (filipin) and lipid droplets (Nile red), and additionally, a cytosolic-

136



GFP strain was utilized (Figure 6.2). It was clear that the vesicles were excluded from
both vacuoles and the cytosol. The structures were also not stained by filipin or Nile
red. The latter dye excludes the possibility of the structures being lipid droplets. The
vesicles were also not stained by filipin, suggesting that their membranes do not
contain any sterol. It will be useful to stain with FM4-64, which stains up membranes.
To truly determine whether the vesicles are autophagosomes, a strain should be
utilized where autophagy-related protein 8 (ATGS) is tagged with GFP. ATGS is
associated with autophagosomes, so if the GFP tagged ATG8 would co-localize with
the vesicles, this would strongly indicate the activation of autophagy by F901318 (9,
21).

The MMP is essential for proper mitochondrial functioning and as DHODH and the
mitochondria are associated with each other by localization and their use of
ubiquinone, the MMP was investigated using fluorescent dyes MitoTracker Red FM
and rhodamine-123. Both dyes produce a fluorescent signal in the mitochondria that
is dependent on the MMP. MitoTracker Red FM did not produce a signal in the
F901318-treated hyphae, 10 uM rhodamine 123 did give a signal, but it appeared to
be decreased when compared to the untreated hyphae (Figure 6.3). However, when an
excess amount of 100 uM rhodamine-123 was applied, a bright fluorescence signal
was detected. Therefore, it is not entirely clear whether the MMP was decreased by
F901318. The reason why an excess amount of rhodamine-123 does give a signal, may
be due to the fact that more dye can accumulate at the mitochondria. It may be useful
to utilize another dye such as JC-1 to investigate the MMP and confirm whether or not

F901318 treatment leads to a decrease in the MMP.

The fact that MitoTracker Red FM did not give signal in the F901318-treated hyphae,
may indicate that the dye can simply no longer be taken up by hyphae exposed to the
drug. Possibly, this could be due to inhibition of transport. In a study where a
fluorescent F901318 analogue was utilized to investigate uptake of the drug, it was
suggested that F901318 possibly inhibits active transport, as the analogue was not
taken up in hyphae that were pre-treated with F901318 for 24 h (chapter 5).
Rhodamine-123 was able to enter the hyphae, but as this is a smaller molecule than

MitoTracker Red FM, it may be taken up via diffusion.
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Localization of DHODH was also investigated after treatment with F901318.
Although it could not be confirmed by co-localization with MitoTracker Red FM, it
appeared as though DHODH was still localized in long filamentous structures, that
could be the mitochondria (Figure 6.4). Sometimes target mislocalization is observed
after treatment with an antifungal, as is the case with 1,3-B-glucan synthase when 4.
fumigatus is treated with caspofungin (22). However, DHODH is anchored in the inner
mitochondrial membrane due to its mitochondrial targeting sequence, so it may be

expected to remain in situ.

Calcium also plays in a role in PCD, acting as a second messenger in associated
pathways. Therefore, calcium levels in response to F901318 treatment were measured
using aequorin. No change in calcium level was detected in the untreated control, but
when F901318 was added, the calcium level started to slowly increase in time (Figure
6.5). It was previously reported that other antifungals induce calcium spikes, but this
was not observed for F901318. However, these antifungals were cidal agents with a
more immediate killing effect, whereas F901318 does not immediately kill A.
fumigatus, rather it has a time-dependent killing effect, which possibly explains why
no calcium peaks were observed for F901318. The viability of 4. fumigatus exposed
to F901318 decreases with prolonged exposure. With aequorin the calcium level of a
population of germ tubes is measured. Therefore, it is possible that calcium peaks may
never be observed for F901318 treatment, but rather the calcium level keeps rising
steadily as an increasing number of germ tubes are killed. To confirm this, it would be
interesting to repeat the aequorin measurements over a longer period of time. It would
be even more interesting to utilize an 4. fumigatus GCaMP strain, which contains a
genetically encoded calcium indicator (GECI) (23). It could be used to monitor germ
tubes exposed to F901318 over time, similar to the 46 h timelapse in chapter 3, to
observe whether calcium spikes can be observed in individual germ tubes when they

undergo cell lysis.

Some initial evidence in this study suggests that a type of PCD may be induced in
F901318-treated hyphae. Although it appears as if markers for both apoptosis and
autophagy are present, a role for autophagy seems to be more likely with presence of
large vacuoles and possible autophagic bodies. Further investigation is required to

confirm the effectiveness of the apoptosis markers used and additionally, other
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apoptotic markers, such as DNA cleavage and phosphatidylserine internalization, can

be investigated. To further study autophagy, it would be useful to generate a ATG8-

GFP strain and use this strain to see whether ATGS8 localizes in the vesicle-like

structures found in treated hyphae.
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CHAPTER 7

General discussion and future work
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7.1 General discussion

Treatment options for invasive fungal infections are limited with only four classes of
antifungal drugs available on the market (1). The latest class to be approved for clinical
use were the echinocandins in 2001 (2). High mortality rates call for the urgent need
of new antifungal drugs acting on novel targets. F901318 is a novel antifungal drug
belonging to a new class of antifungals called the orotomides and is currently in
clinical development for invasive aspergillosis. F901318 inhibits de novo pyrimidine
biosynthesis by targeting DHODH, the fourth enzyme in this pathway (3). Pyrimidines
are required for DNA and RNA synthesis, which in turn are important for cell cycle
regulation and protein synthesis. Additionally, pyrimidines are involved in other
processes, such as phospholipid synthesis and cell wall formation. In this PhD project,
the effects of the novel antifungal drug F901318 on the human pathogenic fungus

Aspergillus fumigatus were investigated.

7.1.1 Chapter 3: the effect of the novel antifungal drug F901318 on the growth
and viability of Aspergillus fumigatus.

Chapter 3 focused on the effect of F901318 on growth and viability, discussing
whether the drug has a static or a cidal effect against A. fumigatus. According to the
determination of the MFC, F901318 is a fungistatic drug (not published). Live-cell,
time lapse microscopy indeed showed that FO01318 inhibits germination and tip
growth, but no immediate decrease in viability was observed (Figure 3.1 and 3.2).
However, when the exposure to F901318 was prolonged to >24 h, conidia, germ tubes
and hyphae became swollen and this would lead to cell lysis (Figure 3.3). DiBAC
staining revealed that the decrease in viability was especially evident for germ tubes
and vegetative hyphae, conidia were more resistant, which is consistent with the MFC
result (Figure 3.5). Additionally, it was found that the effect of F901318 in non-lysed
hyphae, was largely irreversible as little regrowth was observed after washing out the
drug (Figure 3.6). The results show that prolonged treatment with F901318 leads to
cell lysis and therefore it was concluded that F901318 should be regarded as a time-
dependent fungicidal drug against A. fumigatus. Furthermore, as F901318 inhibits

germination, the drug could be considered for prophylaxis.
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The results of this chapter show that an antifungal compound should not always be
distinguished as either fungistatic or fungicidal. It rather depends on various factors,
such as the concentration of the drug, exposure time and the developmental stage of
the fungus. In this chapter, the focus was mainly on the latter two factors and less on
the concentration of the drug. For all the experiments, a concentration of 0.1 pg/ml
F901318 was used (selected as it is roughly twice the MIC), but in section 3.3.5 a
biomass assay was performed in which hyphae were treated with either 0.1 or 1.0
pg/ml F901318. The results in this section show that the effect of 1.0 pg/ml was
stronger than the effect of 0.1 pg/ml, which possibly indicates that the antifungal effect
of F901318 is concentration dependent. Therefore, it may be interesting to investigate

whether higher concentrations of the drug have a stronger cidal effect on 4. fumigatus.

7.1.2 Chapter 4: the dynamic influence of F901318 on the morphology of
Aspergillus fumigatus.

In chapter 4, the localization of DHODH and the effect of F901318 on intracellular
structures were investigated. Co-localization of a PgpdA-DHODH-GFP strain with the
mitochondrial dye MitoTracker Red FM indicated that 4. fumigatus harbours a class
2 DHODH that is located in the mitochondria (Figure 4.3). Cellular structures
predicted to be affected by inhibition of pyrimidine biosynthesis, such as the cell wall,
the vacuoles and the nuclei, were studied using fluorescent confocal microscopy. In
the cell wall, the 1,3-B-glucan content was specifically decreased at the FO01318-
treated hyphal tips, while the overall chitin content and septation was increased (Figure
4.4 and 4.5). Vacuolar volume was increased in F901318-treated hyphae, while the
volume of the cytoplasm was decreased (Figure 4.6). Analyses with an HI-GFP strain
revealed that 15-20 min after addition of F901318, nuclear motility increased for 1-3
h and that F901318 inhibits mitosis (Figure 4.7). These results show that inhibiting
pyrimidine biosynthesis has a dynamic effect on the entire cell, affecting several key

Processes.

Taking together results from chapter 3 and 4, it appears that the effects of F901318
treatment have some similarities with the effects of caspofungin treatment. Both drugs
induce swelling, cell lysis, increased chitin synthesis and increased septation.
However, caspofungin is widely regarded as being static against 4. fumigatus, as it

does not completely inhibit growth. It causes tip specific cell lysis, from which the
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fungus recovers by regenerative intrahyphal growth, leading to small hyperbranched
colonies. F901318 does inhibit hyphal growth and additionally also causes cell lysis.
The similarities and differences in the effects exerted by F901318 and caspofungin on
A. fumigatus lead to the question whether these two antifungals can work together
synergistically and create a more direct loss in viability, with both F901318 and
caspofungin causing cell lysis and F901318 also inhibiting (intrahyphal) growth.

In this work, the two main components of the cell wall, 1,3-B-glucan and chitin, were
investigated. However, the cell wall also contains 1,6-8-glucan, 1,3-a-glucan,
galactomannan and galactosaminoglycan (GAG), additionally, conidia contain a
melanin and rodlet layer (4). It would be interesting to study these other components
by fluorescence microscopy and TEM, to fully understand the effect of F901318 on
other cell wall components. A start was made by investigating mannose by staining
with concanavalin A (Appendix). Furthermore, cell wall integrity is regulated by a
number of pathways, which includes the core protein kinase C pathway, but also the
Ca?*/calcineurin pathway and the HOG pathway (4). Together, the pathways maintain
cell wall integrity and regulate cell wall remodeling when the cell wall is
compromised. A common cell wall stress response is the upregulation of chitin, which
was also observed in F901318-treated hyphae (5). It would be interesting to investigate
this further with chitin synthase mutants, especially since UTP is required for chitin
synthesis. A potential role for transcription factor CrzA could also be investigated, as
it was shown to be involved in the caspofungin-induced chitin synthase upregulation
(6). Furthermore, the cell wall thickness can be measured, to assess whether the chitin
increase leads to a thicker cell wall. This can be done perhaps from TEM images,
alternatively, thickness can be measured using high resolution fluorescence
microscopy with a specific (outer) cell wall and membrane dye. Additionally, the
hyphal swelling and the consequent cell lysis observed in F901318-treated hyphae
leads to the assumption that this increases the pressure on the cell wall. Therefore, it
will be interesting to investigate this further, also whether the increased chitin content
allows the fungus to withstand more pressure, delaying the onset of cell lysis. Various
methods have been described to measure turgor pressure, either indirectly or directly,
such as utilizing a pressure probe (7). Another method is the utilization of
microchambers, by measuring the deformation of the plastic caused by hyphae (8, 9).

In this respect, it would also be interesting to investigate whether combining F901318
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with a chitin synthesis inhibitor, such as Nikkomycin Z, would increase the onset of
cell lysis.

An increased number of septa were measured in the F901318-treated hyphae. This has
also been observed in caspofungin-treated hyphae and it has been suggested that this
is to increase survival of the fungus. Increased compartmentalization increases the
length of a hypha that is left intact after one compartment lyses. To investigate this
further, it would be interesting to analyze the effect of F901318 treatment on hyphae
where the formation of septa is disrupted. This could be achieved for example by
treatment with hydroxyurea or by utilizing a Rho4 mutant, which was shown to contain
a reduced number of septa (10-12).

F901318 treatment was shown to lead to increased vacuolar volume. It has been
suggested that the vacuolar volume is indirectly important for cell cycle progression
as it affects cytoplasmic volume. Therefore, it will be interesting to investigate the
effect of F901318 treatment on vacuole development mutants. This will also be useful
to further understand the role of the vacuoles in cell cycle regulation.

Analyses with the HI-GFP strain has revealed an interesting phenomenon, where
nuclear motility was increased from approximately 15 min to 3 h after addition of
F901318. An explanation for this phenomenon was not found, but interestingly there
seems to be a correlation between this effect and the initial inhibition of growth found
in chapter 3 (section 3.3.2). Tip growth is halted about 15-30 min after addition of the
drug and approximately 2 h later, tip growth is initiated again, albeit at a far slower
rate. This suggests that during this increased motility, hyphal tip growth cannot
proceed. It will be interesting to further investigate this effect on the nuclei, perhaps
by analyzing the morphology and dynamics of actin and the microtubules, as the
cytoskeleton is important for both nuclear motility and mitosis. To further investigate
the effect on the cell cycle, it could be analyzed by flow cytometry with, for example,
propidium iodide (PI) DNA staining. The DNA content varies throughout the phases
of the cell cycle and PI binds in proportion to the amount of DNA present in a cell.
This way, the fluorescence intensity of PI, measured by flow cytometry, can tell in
what phase of the cell cycle FO01318-treated A. fumigatus is arrested. Alternatively,
the Vybrant® DyeCycle™ dyes from Molecular probes could be utilized.
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7.1.3 Chapter 5: analysis of uptake and intracellular distribution of the orotomide
antifungal agent F901318 using a fluorescent analogue.

Chapter 5 concentrated on the utilization of a fluorescent analogue as a tool to study
distribution and uptake of F901318. Several analogues were synthesized, of which
F901848 was both fluorescent and showed promising antifungal activity against A.
flavus and A. niger (Figure 5.1 and 5.2, Table 5.1 and 5.2). Uptake and distribution of
the fluorescent analogue was studied in A. flavus. After addition, the fluorescence
intensity increased over time, achieving maximum fluorescence after approximately
40 min (Figure 5.3). Although fluorescence was observed throughout the entire
cytoplasm, accumulations at specific sites were clear and co-localization with
MitoTracker Red FM confirmed that these were the mitochondria, where DHODH is
localized (Figure 5.4). F901848 uptake was not inhibited by ATP synthesis inhibitor
sodium azide, which strongly suggests that the analogue is not taken up via an energy
driven process (Figure 5.5). Hyphae that were pre-treated with F901318, showed
decreased uptake of FO01848, whereas hyphae pre-treated with caspofungin did not
(Figure 5.6). This possibly indicates the competition between FO01318 and F901848
for their DHODH binding site and also that possibly F901318 treatment leads to a
decreased membrane permeability. The results in this chapter show that a fluorescent

analogue is a valuable tool in studying uptake and distribution of antifungal drugs.

Adding a fluorophore to a compound undoubtedly affects the activity of the compound
and this was evident in the different F901318 analogues that were synthesized. None
of the analogues retained the same level of activity of F901318, with only F901848
exhibiting fluorescence and antifungal activity against three Aspergillus species.
However, this analogue has shown its value in studying uptake and distribution in A.
flavus. Unfortunately, in this work the in vitro enzyme assay could not be performed
for A. flavus due to issues with the purification of its DHODH. It will be useful to
reattempt purifying 4. flavus DHODH so an in vitro enzyme assay can be performed
to confirm that F901848 is also active against 4. flavus DHODH.

It will be interesting to further investigate whether F901318 decreases membrane
permeability. Pyrimidines are involved in the lipid synthesis pathway and thereby
contribute to the structure of the cell membrane. During this PhD, several dyes have
been utilized to study the intracellular morphology of A. fumigatus after F901318
exposure (chapter 4). However, it was found that some dyes did not stain the F901318-
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treated hyphae, suggesting they were not taken up. This was the case for FM4-64 and
MitoTracker Red FM. The first is taken up via active transport, which is possibly
inhibited by F901318 due to the link between DHODH and mitochondrial function,
which possibly leads to decreased ATP synthesis (chapter 6). MitoTracker Red FM is
taken up via diffusion and its fluorescence is dependent on the mitochondrial
membrane potential (chapter 6). No signal was detected in F901318-treated hyphae,
which could indicate loss of the mitochondrial membrane potential (MMP), however
an accumulation at the cell wall suggests it is simply no longer being taken up (chapter
6). However, other dyes used in this work, such as CMAC and rhodamine 123, were
taken up by F901318-treated hyphae. The main difference between the latter dyes and
MitoTracker Red FM is their molecular weight, with MitoTracker Red FM having a
higher molecular weight. This possibly indicates that F901318 treatment leads to a
decrease of compounds that are allowed to diffuse through the cell membrane, with
only small compounds being able to enter hyphae. It will be interesting to further

investigate the effect of F901318 on the cell membrane.

7.1.4 Chapter 6: F901318-induced Kkilling of A. fumigatus: an investigation into
the mechanism of cell death.

In the final results chapter 6, it was investigated whether F901318 induces
programmed cell death in 4. fumigatus. Apoptotic markers activation of metacaspases
and production of ROS appeared to be present in F901318-treated hyphae (Figure 6.1).
However, vesicle-like structures present in the F901318-treated hyphae, distinct from
the cytoplasm and the vacuoles, may be autophagosomes (Figure 6.2). Furthermore,
the mitochondrial membrane potential (MMP) was investigated and the results appear
to indicate that F901318 treatment leads to a decrease in MMP (Figure 6.3). Finally,
localization of DHODH did not appear to be affected by FO01318 treatment (Figure
6.4) and aequorin measurements showed that the intracellular calcium levels appear to
slowly rise after F901318 addition (Figure 6.5). Although the results seem to suggest
that F901318-treated hyphae do exhibit markers of programmed cell death, more work

is required to gain a full understanding.

Although this chapter is merely the beginning of an investigation into whether
F901318 causes programmed cell death and a more in-depth analysis is needed, it does

give some insights into to possible induction of programmed cell death by F901318.
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The results appear to indicate the presence of apoptotic markers of ROS production
and activation of metacaspases, however, more markers need to be investigated to
confirm, such as DNA fragmentation (TUNEL assay) and translocation of
phosphatidylserine (Annexin V).

Interestingly, the formation of the vesicle-like structures seemed to indicate the
formation of autophagosomes and thus induction of autophagy. To further investigate
this, a GFP-ATGS strain could be used to study co-localization between the vesicles
and ATG8, a known component of autophagosomes.

A further investigation into the MMP is required, as the results in this chapter were
not entirely clear. In 24 h F901318-treated hyphae, MitoTracker Red FM did not give
a signal, however, as an accumulation was observed at the cell wall, it is possible that
it was no longer able to enter the cell. This could be due to a limitation in transport
caused by F901318, as mentioned before. When Rhodamine-123 was utilized, a signal
was observed in the treated hyphae, although it appeared to be slightly lower in the
treated hyphae, but the results were not entirely clear. More work is required to
investigate the MMP in response to F901318 treatment and possibly use of another
dye such as JC-1, a further indicator of mitochondrial health and MMP.

Finally, no clear calcium spikes were observed after addition of F901318, although
this was previously observed for other antifungals. Instead calcium levels appear to
slowly increase, but it is possibly that calcium spikes might be observed prior to cell
lysis. An A. fumigatus strain carrying a genetically encoded calcium indicator, such as
the GcAMP6 strain will be useful to further investigate this. Furthermore, as the
Ca*"/calcineurin pathway is also involved in maintaining cell wall integrity, synergy
of FO901318 and calcineurin inhibitors should be explored (4). Calcineurin is a
phosphatase that senses intracellular calcium levels and transduces this signal to
transcription factor CrzA. Previous research demonstrated synergy between
caspofungin and calcineurin inhibitors (such as FK506) in attenuating growth of

Aspergillus spp. (13).

7.1.5 Conclusion
Taken together, the results in this PhD project have led to a greater understanding of
the effects of DHODH inhibition in 4. fumigatus by the novel antifungal drug

F901318. The drug causes a variety of effects on growth, viability and the intracellular
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structure, which are summarized in figure 7.1. A description of a suggested sequence

of events that occur after the addition of F901318 to A. fumigatus is given below.

e = e @ @

T=0 T =15 min T=1-3h T=10h T>10h
Addition of F901318 Accumulation at mitochondria Nuclear motility slows down 1,3-B-glucan decreased Cell lysis
Inhibition of growth Growth resumes at slow rate Chitin increased
Increased nuclear motility  Induction of hyphal swelling Septation increased
Vacuolar volume increases Formation of vesicles

Cytoplasmic volume decreases  Inhibition of tip growth
Inhibition of mitosis

Nuclei
r 3 Vacuoles

[ Vesicles

Figure 7.1 Sequence of events after addition of F901318.

F901318 is taken up at a linear rate and accumulates at the mitochondria from
approximately 15 min after addition (chapter 5). This then leads to inhibition of hyphal
elongation and causes increased nuclear motility (chapters 3 and 4). Nuclear motility
is slowed down to pre-drug levels 1-3 h after addition of the drug, after which hyphal
growth resumes at a slow rate (chapters 3 and 4). During the resumed growth, the
hyphae start to swell significantly, presumably caused by an increase in vacuolar
volume (chapter 4). This increase in vacuolar volume could be a consequence of
pyrimidine starvation and leads to a decrease in the cytoplasmic volume which in turn
possibly causes cell cycle arrest and inhibition of mitosis (chapter 4). Meanwhile,
formation of 1,3-B-glucan is decreased due to a reduced availability in UDP-glucose
and perhaps as a consequence of this and the hyphal swelling, chitin production is
increased for compensation and to create a stronger cell wall, to try and prevent cell
lysis (chapter 4). Septation also increases, perhaps to increase survival, as it allows
most of the hypha to survive as one compartment lyses (chapter 4). Furthermore,
distinct vesicle-like structures are formed, and intracellular calcium levels increase,
which could be indications that programmed cell death is induced (chapter 6). 10 h
after addition hyphal growth is completely ceased and cell lysis occurs in a time-

dependent fashion (chapter 3).

The results in this work show that inhibition of de novo pyrimidine biosynthesis via

DHODH causes a dynamic effect throughout the fungal hyphae, that ultimately leads
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to cell death. This shows that the pyrimidine biosynthetic pathway is a very promising
antifungal drug target and F901318 could be the first antifungal approved for clinical
use that acts on this pathway. F901318 is currently in clinical development for
treatment of aspergillosis and scedosporiosis. Pre-clinical testing in animals has shown
that longer treatment improves outcome, which is consistent with the results in chapter
3 (14). Prolonging the exposure of F901318 increases its effectiveness against 4.
fumigatus to a greater level than prolonging the exposure of voriconazole and
caspofungin (chapter 3). This could potentially indicate that F901318, once approved
for clinical use, may be favorable for treatment of Aspergillosis. Additionally, the
results in chapter 3 also indicate the potential use of F901318 as a prophylactic drug,

as conidia cannot germinate in presence of this drug.

Taken together, the results in this thesis support a role for F901318 in the treatment of
aspergillosis. Clinical testing is currently in progress which will hopefully lead to
F901318 being approved for clinical use. Additional in vitro research of F901318
should be continued to further understand the mechanism of F901318 induced cell
death of A. fumigatus. The next section provides an overview of suggested future work
that will further unravel the effect of F901318 treatment on A. fumigatus. The work
focuses on researching whether the effect is concentration dependent, whether
F901318 can synergize with caspofungin and other (non-antifungal) drugs, expand on
the effect on the cell wall, on programmed cell death, uptake, transport, etc. Together
the results of these experiments will provide an understanding of the mechanism of
F901318 activity, while also improving our understanding of the cell biology of A.
fumigatus. The result of this work could potentially lead to suggestions for treatment

and possibly even to suggestions for novel antifungal drug targets.

7.2 Future work

The general discussion has highlighted several suggestions for future work. In this

section, the suggested future work and experiments is summarized.

e s the antifungal effect of F901318& concentration dependent?

Repeat the DIBAC experiment in section 3.3.5 with higher concentrations of
F901318.
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e Does F901318 work synergistically with caspofungin, chitin synthase

inhibitors (Nikkomycin Z) and/or calcineurin inhibitors (FK506)?

Use live-cell, time-lapse microscopy with the cytoplasmic-GFP strain to observe
induction of cell death (15) in presence of both drugs, either added at the same

time or in sequence.

e How is the cell wall remodeled in response to F901318 treatment?

Investigate content of other cell wall components using fluorescent dyes/lectins.
Investigate the mechanism behind chitin increase by utilizing chitin synthase
mutants and inhibitors. Measure cell wall thickness from either TEM images or
high-resolution fluorescence microscopy. Measure pressure on the cell wall either

by utilization of a pressure probe or microchambers (7-9).

e s increased septation important for survival in presence of F901318?

Treat hyphae with a septation inhibitor such as hydroxyurea prior to adding
F901318, alternatively use a rho4 mutant, in which septation is decreased (10—

12).

e Does the vacuolar volume play a role in F901318 induced swelling?

Treat vacuole development mutants in presence of the drug and measure volume

of the cytosol and the vacuoles as described in this thesis.

e Are F901318-treated hyphae arrested in the G1 phase of the cell cycle?

Flow cytometry analysis of the cell cycle using a dye such as PI or Vybrant
(Molecular Probes).

e [s F901848 taken up via facilitated diffusion utilizing permeases?

As it has been suggested that utilization of permeases for drug import is important
in fungal species, it will be interesting to investigate whether the fluorescent
F901318 analogue F901848 is also imported with the help of permeases. This

could be studied in permease knock-out strains.
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e Does F901318 affect transport?

Results in chapters 5 and 6 seemed to suggest that F901318 affects uptake of
certain compounds. Larger molecules such as MitoTracker Red FM and F901848
were being taken up very poorly in 24 h F901318-treated hyphae. As pyrimidines
are also required for phospholipid synthesis, it is possible that the cell membrane
is affected by F901318 treatment. To further study this, the cell membrane
composition could be analyzed by utilizing probes for lipids and membranes

(Molecular Probes).

e [Is F901318 retained within the hyphae, even after washing out the drug from

the media?
As a follow up from section 3.3.6, where it was found that hyphae cannot fully
recover after F901318 exposure. Perhaps after washing out the drug from the
media, F901318 is retained in the hyphae. To investigate this, hyphae could be
treated with the fluorescent analogue F901848, then wash it out and measure the

fluorescence intensity.

e Does F901318 induce apoptosis?

Investigate apoptotic markers such as DNA cleavage (TUNEL assay) and
internalization of phosphatidylserine (Annexin V) (16).

e Are the vesicle-like structures observed in F901318-treated hyphae

autophagosomes?

Study co-localization of the vesicles in a GFP-ATGS strain (17).

e Does F901318 cause changes in the mitochondrial membrane potential?

Use Rhodamine-123 or another dye, such as JC-1 to quantify fluorescence
intensity, which correlates with the MMP.

e Does F901318 cause an increase in the intracellular calcium concentration?

Repeat aequorin measurements over a longer period of time. Use GCaMP imaging

to observe whether calcium spikes are observed prior to lysing.
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e Do the effects exerted by F901318 in vitro, also occur during infection?

Imaging human cell lines that have been infected with A. fumigatus and treated

with F901318 could be utilized.
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APPENDIX A

This PhD thesis was written in an alternative format, with each results chapter written
in journal paper style. This appendix describes some additional experiments that were
performed during this PhD project, but were not included in the results

chapters/papers.

Al Viability dyes

Al.1 Introduction

Chapter 3 describes how the viability of A. Fumigatus after exposure to F901318 was
assessed by staining with the fluorescent viability dye DiBAC (Figure 3.5). This dye
was chosen after testing a total of four viability dyes, which besides DIBAC were
Evans blue, Propidium lodide (PI) and FUN-1. Evans blue is a (non-fluorescent)
viability dye that is not able to enter living cells. It is only able to enter cells with a
permeable membrane, where it then stains the cytoplasm blue. FUN-1 is a two-color
fluorescent viability dye specifically for yeast and fungi, which has the added
advantage that it stains both live and dead cells, but in different patterns. Live cells are
stained green with red vacuolar structures, dead cells are stained yellow-green. PI is a
red fluorescent dye that is only able to enter permeable cells, where it stains nucleic

acids.

Al.2 Results

Conidia were pre-grown for 16 h in VMM and the resulting hyphae were then treated
with either 2 pg/ml Amphotericin B or left untreated as a control. After 24 h of
treatment, hyphae were stained with Evans blue (Figure A1A). Untreated hyphae were
not stained by Evans blue, while parts of treated hyphae were stained. However, the
staining pattern did not appear to be uniform; some hyphae were stained more intense
than other, although no apparent difference in viability was observed. Furthermore,
swollen but viable hyphae were stained by Evans blue, whereas hyphae that had lysed
were not stained, although these were clearly killed. Additionally, hyphae that were
killed by treatment with the fungicidal agent Amphotericin B were also not clearly

stained.
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For FUN-1 staining, conidia were pre-grown for 8 h in VMM to obtain germ tubes
which were then treated with 0.15 pg/ml F901318 and after 24 h of treatment, FUN-1
was applied (Figure A1B). Viable germ tubes were stained green with clear red
vacuolar structures. However, the dye was not retained in lysed germ tubes; hardly any
fluorescence was observed in lysed germ tubes.

PI was applied to hyphae that had been treated with F901318 for 72 h (Figure A1C).
Viable compartments of the hyphae were not stained by PI, as expected. Compartment
that had lysed were partially stained, but especially the released cellular contents were
clearly stained by PI.

0.1 pg/ml F901318

A Untreated 0.1 pg/ml F901318 Amphotericin B

Evan Blue

Viable germling

FUN-1

PI

Figure A1 Microscopy images showing the staining of patterns of different viability
dyes. A) Evans blue. Bar = 20 pm. B) FUN-1 Bar = 5 pm. C) Propidium lodide (PI).
Bar =20 pm.

A1.3 Discussion

Different viability dyes were tested for quantification of viability after F901318
treatment. F901318 causes cell lysis which consequently leads to the release of cellular
contents. Hyphae without any cellular content are more difficult to stain by viability
dyes, this was especially evident with Evans blue and FUN-1 staining. The staining
pattern for Evans blue was not consistent; viable compartment could also be stained,
whereas not all dead compartments were stained. Although FUN-1 has the added
advantage that it stains both live and dead cells in a different pattern, fluorescence was
significantly reduced in lysed cells. Therefore, both Evans blue and FUN-1 were not

considered to be suitable for quantification of viability after F901318 exposure. PI and
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DiBAC gave a similar staining pattern, staining especially the released cellular
contents. As DIBAC stained the actual lysed hyphae slightly better and was generally
brighter than PI, this dye was chosen to quantify the viability of A. fumigatus after
F901318 exposure (Figure 3.5).

A2 Cell wall
A2.1 Introduction

In Chapter 4, the cell wall structure was studied by quantifying the fluorescence
intensity of CFW (chitin) and Aniline blue (1,3-B-glucan). Aniline blue fluorescence
was reduced specifically at the tip, while CFW fluorescence was significantly
increased in general. The cell wall structure was also studied with lectins that bind to
carbohydrate proteins. Wheat germ agglutinin (WGA) and Concanavalin A (ConA)
bind to chitin (surface) and mannose respectively. The lectins used were conjugated to
fluorescent proteins for visualization, WGA with tetramethylrhodamine and ConA

with fluorescein.

A2.2 Results
WGA-orange fluorescence intensity was significantly increased in the F901318
treated hyphae. ConA fluorescence intensity also appeared to be increased, however,

this result was not significant.
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Figure A2 Fluorescence intensity of cell wall lectins WGA-orange and Concanavalin

A. Bar =40 pm.

A2.3 Discussion

As was observed with CFW staining, WGA-orange fluorescence intensity was
increased in the hyphae treated for 24 h with F901318, confirming that chitin content
in the cell wall is upregulated upon exposure to the drug. ConA binds to mannose and
although it appears as if the fluorescence intensity in the treated hyphae is increased,
the difference is not significant. The ConA staining was repeated only twice, so it
might be interesting to repeat this staining to verify the fluorescence intensity. It may

also be useful to determine cell wall thickness.

APPENDIX B

During this PhD project, I was a co-author on a paper titled “F901318 represents a
novel class of antifungal drug that inhibits dihydroorotate dehydrogenase” by my
supervisor Dr. Jason Oliver. The paper was published in Proceedings of the National

Academy of Sciences (PNAS) in 2016. A copy of this paper is included in this
appendix.
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There is an important medical need for new antifungal agents
with novel mechanisms of action to treat the increasing number of
patients with life-threatening systemic fungal disease and to
overcome the growing problem of resistance to current therapies.
F901318, the leading representative of a novel class of drug, the
orotomides, is an antifungal drug in clinical development that
demonstrates excellent potency against a broad range of dimorphic
and filamentous fungi. In vitro susceptibility testing of F901318 against
more than 100 strains from the four main pathogenic Aspergillus
spp. revealed minimal inhibitory concentrations of <0.06 pg/mL—
greater potency than the leading antifungal classes. An investiga-
tion into the mechanism of action of F901318 found that it acts via
inhibition of the pyrimidine biosynthesis enzyme dihydroorotate
dehydrogenase (DHODH) in a fungal-specific manner. Homology
modeling of Aspergillus fumigatus DHODH has identified a pre-
dicted binding mode of the inhibitor and important interacting
amino acid residues. In a murine pulmonary model of aspergillosis,
F901318 displays in vivo efficacy against a strain of A. fumigatus
sensitive to the azole class of antifungals and a strain displaying
an azole-resistant phenotype. F901318 is currently in late Phase 1
clinical trials, offering hope that the antifungal armamentarium
can be expanded to include a class of agent with a mechanism
of action distinct from currently marketed antifungals.

antifungal drug | Aspergillus fumigatus | mechanism of action |
dihydroorotate dehydrogenase

Arecent estimate puts the annual death toll from serious fungal
infections at 1.5 million (1). As one of the four greatest killers,
Aspergillus species are opportunistic human pathogens, particularly
affecting immunocompromised persons, such as transplant recipi-
ents and those with hematologic malignancies. Invasive aspergillosis
has a high mortality (30-90%) and is estimated to affect more than
200,000 people annually. Other diseases caused by Aspergillus spe-
cies, including allergic bronchopulmonary aspergillosis (2) and
chronic pulmonary aspergillosis (3), have a significant global impact,
affecting millions of patients.

There has been a dearth of new drug classes developed to treat
systemic fungal infections arriving in the clinic, with the most recent
being the echinocandins, introduced in 2001. Only three other
classes of antifungal drugs are currently available for the treatment
of invasive fungal disease: polyenes (amphotericin B), azoles (e.g.,
voriconazole, posaconazole, and the recently licensed isavucona-
zole), and flucytosine (4). These agents work via a limited range of
cellular targets. Echinocandins, such as caspofungin, inhibit p-(1,3)-
glucan synthase, exploiting the most striking difference between the
fungal cell and its human counterpart—the cell wall. Two antifungal
drug classes target the cell membrane: azoles inhibit ergosterol
biosynthesis, and polyenes disrupt fungal membranes via ergosterol
binding. Flucytosine is a pyrimidine analog, converted to 5-fluoro-
uracil within fungal cells, that disrupts DNA and RNA synthesis;
however, owing to rapid development of resistance, it is used pri-
marily in combination therapy.

www.pnas.org/cgi/doi/10.1073/pnas.1608304113

Issues exist with current therapies, including overt toxicity, drug—
drug interactions, variable pharmacokinetics, and increasing levels
of drug resistance (5, 6). In particular, the development of resis-
tance to the azole class of antifungals is concerning, because they
are currently the sole orally available antifungal agent for the
treatment of aspergillosis (7). Azole-resistant clinical isolates of
Aspergillus fumigatus have been observed and isolated from patients
worldwide, including Europe, the United States, Asia, Africa,
Australia, and the Middle East (8, 9). Apparently exacerbated by
the environmental use of azole fungicides in agriculture (10),
reported rates of azole resistance have approached 30% at certain
sites in Europe, with rates outside Europe varying between 0.6%
and 11.2% (9).

Results

Discovery of F901318. With the aim of identifying new antifungal
chemistries, a library of 340,292 small molecules was screened
in vitro against 4. fumigatus, and multiple chemical series with
antifungal activity were identified. The initial hits in one such
series, originally termed the “F3 series,” were developed by a
medicinal chemistry program that was driven by classical struc-
ture—activity relationships based on in vitro activity. This series
was characterized by excellent in vitro potency against Aspergillus
spp., but was devoid of activity against Candida spp. This unusual

Significance

New antifungal drugs that act via novel mechanisms are ur-
gently needed to combat the high mortality of invasive fungal
disease and the emergence of resistance to existing therapies.
We describe the discovery, structure, activity, and mechanism
of action of F901318, a new antifungal agent. A member of a
novel class of antifungals, the orotomides, F901318 acts via
inhibition of dihydroorotate dehydrogenase, an enzyme of de
novo pyrimidine biosynthesis. F901318 is currently in clinical
development for the treatment of invasive aspergillosis.
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Fig. 1.

Structure of F901318.

pattern perhaps explains why similar chemicals have not been found
previously. Typically, antifungal screens have depended on first finding
activity against Candida. Modifications to improve physicochemical
properties, antifungal potency, pharmacokinetics, ADMET (absorp-
tion, distribution, metabolism, excretion, and toxicity) properties,
in vivo efficacy in infection models, and toxicology have led to the
development of F901318 (Fig. 1). Antifungal susceptibility testing of
F901318 using standardized techniques demonstrated its potent ac-
tivities against clinical isolates of aspergilli, with minimum inhib-
itory concentrations (MICs) of <0.1 pg/mL against multiple strains of
A. fumigatus, Aspergillus terreus, Aspergillus niger, and Aspergillus fla-
vus, including isolates resistant to other antifungal agents (Table 1).

Mechanism of Action Screen. Initially, owing to the method of dis-
covery, the mechanism of action of this series was unknown. A
combination of microbiological, genetic, and biochemical ap-
proaches were used to identify the target of this drug series. A
genetic screen, similar to a multicopy suppressor screen, was per-
formed to identify genes that, when present in multiple copies,
provided resistance to F901318. This approach was previously val-
idated for the antifungal drugs itraconazole and terbinafine, by
demonstrating that the presence of additional copies of cytochrome
P450 C-14 lanosterol a-demethylase and squalene epoxidase, re-
spectively, led to resistance to those agents (11, 12). In the present
study, Aspergillus nidulans spores that had been transformed with an
A. nidulans genomic library carried by the autonomously replicat-
ing plasmid pAMA1 were exposed to F901318. Four independent

resistant clones were obtained, pAMA1 DNA was isolated, and the
genomic DNA insert was sequenced. All resistant clones contained
inserts that mapped to the same region of chromosome I (Fig. S14).
Although sequence data from five genes was retrieved, only one
gene—ANIA_05909—was intact in all four genomic fragments.
This gene, named pyrE in Aspergillus spp., encodes the pyrimidine
biosynthesis enzyme dihydroorotate dehydrogenase (DHODH,;
EC 1.35.2).

To confirm that extra copies of pyrE led to F901318 resistance,
the recovered plasmid pAMA1_18.1 was treated with a bacterial
transposon (Tn5) to disrupt either pyrE or a neighboring gene,
ANIA 05910, and the resulting plasmids were transformed
into A. nidulans. Strains carrying the intact pAMAL_18.1 or the
ANIA_05910 disruptant exhibited resistance to F901318; how-
ever, on disruption of pyrE, the strain returned to wild-type (WT)
levels of susceptibility to F901318 (Fig. S1B). This finding con-
firmed that extra copies of the gene encoding DHODH were re-
sponsible for the resistance to F901318, implicating DHODH as
the target of the drug.

DHODH Is the Target of F901318. DHODH is an oxidoreductase that
catalyzes the fourth step of the pyrimidine biosynthesis pathway
(Fig. S2), the conversion of dihydroorotate to orotate. Confirma-
tion that the drug disrupts pyrimidine biosynthesis was obtained
after the addition of exogenous pyrimidines (uridine and uracil) to
the media during susceptibility testing. A reversal of the antifungal
effect of F901318 on A. fumigatus was observed, but only at mil-
limolar concentrations of pyrimidines (5 mM and above; Fig. S3).
Interestingly, human serum contains low levels of pyrimidines, es-
timated to be ~15 pM (13), which are insufficient to reverse
the effect of FO01318 on A. fumigatus in vivo. Indeed, mutants of
A. fumigatus (14), Candida albicans (15), Histoplasma capsulatum
(16), and Cryptococcus neoformans (17), which are disrupted in
pyrimidine biosynthesis, have exhibited attenuated virulence in
animal models of infection, indicating that targeting pyrimidine
synthesis is a valid antifungal strategy.

Biochemical evidence confirming that the target of F901318
was DHODH was obtained from in vitro enzyme assays that
were set up with recombinant 4. fumigatus DHODH using 2,6-
dichloroindophenol as a redox indicator. F901318 inhibited
A. fumigatus DHODH in a dose-dependent manner, with an ICs, of
44 + 10 nM (n = 11; Fig. 2). DHODH is also present in mammals,
although there is a low overall identity to Aspergillus DHODH (~30%;
Fig. S4). A known inhibitor of human DHODH, teriflunomide
(18), which is used to treat multiple sclerosis in man, did not in-
hibit A. fumigatus DHODH in vitro. Species selectivity of F901318
was confirmed in an assay in which little inhibition of human
DHODH was observed, whereas teriflunomide inhibited human
DHODH, as expected. In fact, the ICs, value for F901318 against
human DHODH was not reached at 100 pM, the highest con-
centration used in these experiments, indicating that F901318 was

Table 1. Antifungal potency of F901318 and other antifungal drugs against the major Aspergillus species
Drug Parameter A. fumigatus (n =55) A. terreus (n =21) A. flavus (n = 19) A. niger (n = 19)
F901318 MIC mean, pg/mL 0.029 0.014 0.021 0.031

MIC range, pg/mL 0.008-0.06 0.004-0.03 0.015-0.06 0.015-0.06
Amphotericin B MIC mean, pg/mL 1.55 2.07 1.39 0.46

MIC range, pg/mL 0.5-2 1-4 1-2 0.25-1
Caspofungin MEC* mean, pg/mL 0.096 0.112 0.06 0.062

MEC* range, pg/mL 0.06-0.12 0.06-0.12 0.06 0.06-0.12
Voriconazole MIC mean, pg/mL 0.69 0.59 0.96 0.77

MIC range, pg/mL 0.25-16 0.25-1 0.5-1 0.5-16

The MICs (in pg/mL) of F901318, amphotericin B, and voriconazole were determined for the Aspergillus spp. indicated (n, number of
different strains tested). *For caspofungin, the MEC is shown, because growth is not completely inhibited with this drug. Data are
displayed as the geometric mean of the MICs and the range of MIC from lowest to highest for the strains of a particular species.
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F901318 inhibits A. fumigatus DHODH in vitro. Recombinant A. fumigatus DHODH (A) and human DHODH (B) were incubated in the presence and

absence of varying concentrations of F901318 and teriflunomide. The activity of the enzymes was measured for each drug concentration, and the percent

inhibition compared with no drug controls was calculated.

>2,200-fold more potent against the 4. fumigatus enzyme. Thus,
fungal DHODH was confirmed as the target of F901318, and
despite the presence of a mammalian version of the enzyme,
no target-based toxicity was predicted. On elucidation of the
mechanism of action, the F3 series was renamed the orotomides,
combining the mechanism (dihydroorotate) with the chemistry (a-
ketoamide).

Further enzyme kinetic experiments revealed that F901318 is a
reversible inhibitor of A. fumigatus DHODH (Fig. S54) and is a
competitive inhibitor with respect to the ubiquinone (coenzyme Q)
cofactor, which functions as an electron acceptor in the reaction
(Fig. S5B). This latter property is perhaps not unexpected, given
that structural studies have shown that known inhibitors of human
DHODH (teriflunomide and brequinar) (19) and the Plasmodium
falciparum enzyme (DSM265) (20) bind in a region of the protein
predicted to be a channel through which the ubiquinone enters the
molecule from the inner mitochondrial membrane.

Structural Insights of F901318 Binding to A. fumigatus DHODH. In the
absence of a crystal structure, we investigated the binding of
F901318 to A. fumigatus DHODH by creating a homology model
of A. fumigarus DHODH (Fig. S6) using the structural information
provided by other class 2 DHODH enzymes, including the structure
of human DHODH (19). F901318 and other members of the series
were used to identify a likely binding mode. Key residues for
binding were identified (Fig. 34). Validation of the importance of
two of these residues was obtained by mutagenesis of C. albicans
DHODH. The WT C. albicans DHODH was not inhibited by
F901318, but mutation of two residues, Phe,s, and Val;;;, to the
residues predicted to occupy the same positions in the A. fumigatus
enzyme, Valyy and Met,go, respectively, created a mutant C. albi-
cans DHODH that was inhibited by F901318 (Fig. 3B). The 1Cs, of
the mutant C. albicans V5, M;7; was still ~40-fold higher than
the ICsy of F901318 against the A. fumigatus enzyme, indicating the
existence of other important differences in DHODH between the
two species; however, both of these residues are clearly important
for inhibition. These data, along with the observed competition
between F901318 and coenzyme Q in the in vitro assay, suggest that
the orotomides bind in the “quinone channel,” where ubiquinone
enters the enzyme from the inner mitochondrial membrane,
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preventing reoxidation of the dihydroflavin mononucleotide
(FMNH,) cofactor essential for the reaction to proceed (Fig. S2).

Spectrum, Resistance, and in Vivo Efficacy of F901318. Although we
observed no activity against Candida spp. and the zygomycetes in
antifungal susceptibility testing, F901318 displayed excellent
potency against a broad range of pathogenic filamentous and
dimorphic fungi, including Penicillium spp., Coccidiodes immitis,
H. capsulatum, Blastomyces dermatitidis, Fusarium spp., and the
difficult-to-treat Scedosporium spp. This spectrum appears to be
sequence-driven, given that the sensitive organisms were found
to be grouped together in a phylogenetic analysis of DHODH
(Fig. S7). This finding is consistent with observations that other
DHODH inhibitors exhibit specificity of action owing to interspe-
cies variations in the architecture of the hydrophobic channel in
which the inhibitors are predicted to bind (19-21). Thus, the unique
spectrum of F901318 is a reflection of the structure of the target,
DHODH, and the binding mode of the orotomides.

We investigated the resistance to F901318 in A. fumigatus by
repeated exposure to a concentration gradient of the drug on an
agar plate and selection from the margins of growth. This was
carried out for 50 passages, with no change in the MIC observed
for the first 40 passages and only a modest increase thereafter
(Fig. S8). In contrast, voriconazole exhibited an increase in the MIC
between 10 and 15 passages. Based on these results, it appears that
F901318 resistance is not easily induced in A. fumigatus.

Pharmacokinetic studies in mice have identified good distri-
bution of F901318 to tissues including the kidney, liver, and lung,
with detection in the brain, albeit at lower levels, suggesting that
the drug reaches key sites of infection. The efficacy of F901318
was demonstrated in a neutropenic murine model of invasive
pulmonary aspergillosis. After infection with a well-characterized
A. fumigatus strain (NIH 4215), survival was significantly improved
by F901318 treatment (Fig. 44). Treatment with the triazole
drug posaconazole also increased survival after infection with
this strain.

Mutations in the gene encoding the target molecule of the
azole class of antifungal drugs, Cyp51A4, that cause resistance have
been identified. Several azole-resistant strains of A. fumigatus carry
a combination of a tandem repeat in the promoter and a point

PNAS | November 8,2016 | vol. 113 | no.45 | 12811

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608304113/-/DCSupplemental/pnas.201608304SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608304113/-/DCSupplemental/pnas.201608304SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608304113/-/DCSupplemental/pnas.201608304SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608304113/-/DCSupplemental/pnas.201608304SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608304113/-/DCSupplemental/pnas.201608304SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608304113/-/DCSupplemental/pnas.201608304SI.pdf?targetid=nameddest=SF8

!
o

yd
=y

B

F901318
1Cs5o (MM)

A. fumigatus .51 8- B R < R B 0.044

C. albicans - -; HrE8PENEOERF

K DDJE rii8sE >90

C\./alb;;;ans B oiai 0Ol GN P@/PRYYFR L Pl AN T NR v GIgN SIS IE]
162-"Y1171

Fig. 3. (A) Binding of F901318 to A. fumigatus DHODH. A homology model of A. fumigatus DHODH was created, and the binding mode of F901318 (cyan)
was estimated. The product orotate (orange) and the cofactor flavin mononucleotide (FMN; magenta) are also shown. Residues predicted to be close to the
molecule are highlighted. (B) F901318 inhibits a mutant version, but not the WT version, of C. albicans DHODH. Recombinant C. albicans DHODH residues
Phe;e, and Valy71 were mutated to Val and Met, respectively (their predicted equivalents in A. fumigatus DHODH). The 1Cso of F901318 inhibition of the WT
and mutant DHODH proteins is displayed in the right-hand column (A. fumigatus 1Cso, n = 11, SD = 0.01 pM; WT C. albicans ICso, n = 7, all seven replicates had

an ICso >90 pM; C. albicans_V162_M171 ICsp, n = 7, SD = 0.91 uM).

mutation in the coding sequence. One such strain, A. fumigatus
F16216, carrying the TR34/L.98H mutation of Cyp51A, has proven
to be resistant to multiple azole drugs, including itraconazole, vor-
iconazole, and posaconazole (22). In vitro, A. fumigatus F16216
displayed no resistance to F901318, with an MIC of 0.03 pg/mL,
which is comparable to the data presented in Table 1. In vivo, in the
pulmonary aspergillosis model, A. fumigatus F16216 caused an in-
fection that cannot be treated with posaconazole (Fig. 4B); how-
ever, F901318 therapy led to a significant increase in survival in this
severe model, demonstrating that the different mechanism of action
of the orotomides enables F901318 to overcome azole resistance
caused by Cyp51A4 mutations.

Preclinical safety pharmacology and toxicology studies of F901318
have supported the progression and evaluation of this antifungal in
Phase 1 oral and i.v. single and repeated dose trials.

Discussion

As highlighted by Denning and Bromley (23), the antifungal
pipeline has failed to produce new antifungal drugs with mech-
anisms of action different from those of existing classes in the
years since caspofungin was licensed in 2001. Many potential
antifungal targets have been investigated, but translating these
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early stage projects into clinical candidates has proven elusive.
This difficulty has mirrored the issues with target-based screen-
ing encountered in the antibacterial arena (24). In fact, a review
of new mechanism, first-in-class medicines approved by the US
Food and Drug Administration between 1999 and 2008 revealed
that target-based screens were responsible for the discovery of
only 3 of 10 drugs for infectious disease, with the majority dis-
covered by phenotypic screening (i.e., “whole-cell screens” for
antibiotics/antifungals) (25). The orotomides were discovered via
a whole-cell screening approach, providing hits that were known
to have antifungal activity from the start, but with no knowledge
of mechanism of action. This classical approach was coupled
with a genetic screen to identify the target of the drug, DHODH.
A recent review of antifungal drug discovery suggested that sim-
ilar approaches, taking advantage of genetic tools such as hap-
loinsufficiency strain collections and new technologies such as
next-generation sequencing, may accelerate the translation of
antifungal chemistries toward the clinic (26).

Pyrimidines are essential to the cell, not just for the synthesis of
DNA and RNA, but also for the formation of precursors for lipid
and carbohydrate metabolism. For example, synthesis of the cell
wall requires UDP-activated sugars at multiple stages, including
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Fig. 4. In vivo efficacy of F901318 in a murine model of A. fumigatus in-

fection. Groups of 10 immunosuppressed mice were infected intranasally
with A. fumigatus NIH 4215 (A) or the azole-resistant A. fumigatus F16216
(B) conidia on day 0. Treatment with F901318 (15 mg/kg i.v., three times
daily; blue circles), posaconazole (7.5 mg/kg orally, once daily; red triangles),
or control (green squares) was initiated at 6 h postinfection. Kaplan—-Meier
curves of surviving mice in each group were plotted. After infection with
NIH 4215, F901318 treatment significantly improved survival compared
with controls (P < 0.001, Mantel-Haenszel test). After infection with
F16216, F901318 treatment significantly improved survival compared with
controls (P < 0.001) and compared with posaconazole treatment (P <
0.005).

UDP-glucose for p-(1,3)-glucan synthesis. Pyrimidines are synthe-
sized in the de novo pyrimidine biosynthesis pathway (Fig. S2), in
which DHODH is a key enzyme, but they also can be scavenged by
fungi from the environment via the salvage pathway. The pyrimi-
dine salvage pathway appears to be inefficient for 4. fumigatus,
however (Fig. S3). In animal models of infection, pyrimidine bio-
synthesis mutants from several pathogenic fungi are highly attenu-
ated for virulence, including studies on 4. fumigatus (14), C. albicans
(15), H. capsulatum (16), and C. neoformans (17). In Saccharomyces
cerevisiae, a ura3 deletion strain lacking the orotidine-5'-phosphate
(OMP) decarboxylase enzyme of pyrimidine biosynthesis was un-
able to survive in vivo, exhibiting a decrease in the competitive index
versus a WT or reconstituted strain observed after just 4 h (27). In
C. albicans, URA3 has been commonly used as a selectable marker,
but concerns have been raised that in some virulence studies, the
ectopic expression of URA3, leading to reduced OMP decarbox-
ylase activity, had a greater effect on virulence compared with the
disruption of the target gene of interest (28). Thus, the evidence in
the literature supports the targeting of pyrimidine biosynthesis as a
valid antifungal strategy.

Oliver et al.

Identifying DHODH as the target of the orotomides has helped
explain the spectrum of antifungal activity that we observed. F901318
has activity against numerous pathogenic filamentous and dimorphic
fungi, including Aspergillus spp., H. capsulatum, Blastomyces derma-
titides, and C. immitis, along with the difficult-to-treat Scedosporium
prolificans. These F901318-susceptible organisms group together on
the phylogenetic tree of DHODH (Fig. S7), whereas DHODH from
Candida spp., C. neoformans, and the human and Plasmodium en-
zymes are more distantly related while still classified as class 2
DHODH enzymes. DHODH from the zygomycota, such as Rhizo-
pus and Mucor, align more closely with class 1A DHODHES, cytosolic
enzymes that occur in Gram-positive bacteria and the trypanosma-
tids that use alternative cofactors, such as fumarate.

DHODH has been suggested as a target for therapy in multiple
diverse disease areas, including oncology, rheumatoid arthritis,
multiple sclerosis, and infectious diseases caused by such agents as
Plasmodium, bacteria, and viruses (21, 29). There are currently two
marketed agents that have activity against human DHODH: leflu-
nomide for rheumatoid arthritis and teriflunomide for multiple
sclerosis. DSM265 is an antimalarial drug targeting plasmodial
DHODH that is currently in Phase 2 clinical trials (20); however, to
our knowledge, no other human antifungal therapies have pro-
gressed with DHODH as a target.

Although at first consideration, the breadth of therapeutic
areas for which DHODH has been proposed as a drug target is
surprising, in each case limiting the pool of pyrimidines prevents
proliferation of a population of cells. In some cases, the host cells
are targeted, such as lymphocytes in autoimmune diseases and
proliferating cancerous cells in oncology. Alternatively, the
DHODH of invading pathogens is targeted to selectively limit
the pyrimidine pools of the infective agent. Between these two ef-
fects, antiviral action has been reported for human DHODH inhib-
itors, given that viruses require host pyrimidines for replication (29).

In conclusion, to combat the increasing problem of resistance
to existing antifungal therapies, the discovery of new cellular
targets for antifungals, along with viable chemistry against these
new targets (23), is vitally important. F901318 is an antifungal
drug, currently in both intravenous and oral Phase 1 clinical trials
(ClinicalTrials.gov identifiers: NCT02142153, NCT02342574,
NCT02394483, and NCT02737371), that acts via inhibition of the
pyrimidine biosynthesis enzyme DHODH, validating an alternative
target for antifungal drug discovery.

Materials and Methods

Primers. The sequences of the primers used in this work are listed in Table S1.
Primers were supplied by Eurofins MWG.

Synthesis of F901318. The 2-(1,5-dimethyl-3-phenyl-1H-pyrro-2-yl)-N-(4-[4-(5-
fluoro-pyrimidin-2-yl-piperazin-1yl]-phenyl)-2-oxo-acetamide (F901318) was
prepared as described in S/ Materials and Methods.

In Vitro Antifungal Susceptibility Testing. MICs of antifungal drugs were de-
termined according to Clinical and Laboratory Standards Institute (CLSI)
protocol M38-A2 in RPMI 1640 medium buffered to pH 7.0 with MOPS buffer
at 35 °C. For caspofungin, the minimum effective concentration (MEC) was
defined as the lowest drug concentration causing abnormal growth (i.e.,
short-branching hyphae).

Mechanism of Action Screen. An A. nidulans genomic library carried on the
PRG3-AMA1-Notl vector was obtained from the Fungal Genetic Stock Cen-
ter. Protoplasts from pyrG- strains of A. nidulans (A767) were transformed
with the genomic library by PEG-mediated transformation. Transformants
were exposed to lethal concentrations of F901318 on Vogel’s minimal agar
(30). Plasmid DNA was extracted from resistant colonies and sequenced.

DHODH Assays. These assays were carried out using recombinant DHODH
prepared from A. fumigatus ¢cDNA, C. albicans gDNA, or, for the human
protein, IMAGE clone 6064723 (Geneservice Ltd.) cloned into the vector
PET44 (Novagen) minus the N-terminal 88 (A. fumigatus), 56 (C. albicans), or
28 (human) amino acids. For C. albicans, CTG-encoded serines were mutated
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to TCG. Further mutations altered Phe4s, and Val,7, to become Val and Met
to create the mutant protein C. albicans_Vis,_M;;. Primers are listed in
Table S1, and further methodological details are provided in S/ Materials and
Methods. The assay was conducted as described elsewhere (31).

Homology Modeling of A. fumigatus DHODH. Human DHODH [Protein Data
Bank (PDB) ID code 1D3G] served as the protein template for construction of
the A. fumigatus DHODH model. Other DHODH structures from human (PDB
ID codes 1PRH, 2PRL, 2PRM, 3GO0X, 3KVM, 2WV8, and 2FQI), rat (PDB ID
codes TUUM and 1UUO), Trypanosoma cruzi (PDB ID code 2E68), P. falciparum
(PDB ID codes 3168, 11TV, and 308A) Leishmania major (PDB ID code 3MJY),
and Escherichia coli (PDB ID code 1F76) also informed the process. Coarse
refinement of the structure with Discovery Studio 4.1 (Accelerys) was followed
by fine refinement with XEDraw (Cresset). More details of the homol-
ogy modeling process and ligand binding are provided in S/ Materials
and Methods.

Resistance Testing. A. fumigatus 210 conidia were inoculated onto Sabour-
aud agar (Oxoid) in a 9-cm Petri dish. An 8-mm-diameter circle of agar was
removed from the center of the plate to create a well. 100 pL of 500 pg/mL
drug was loaded into the well and allowed to diffuse into the agar, creating
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a concentration gradient. After 4 d of incubation at 35 °C, a zone of in-
hibition was observed, and conidia were collected from the margins of
growth and then used to create the next plate. After every fifth passage, the
MIC was determined as described above.

In Vivo Efficacy Testing. All experiments were conducted under U.K. Home
Office project license 40/3630 and approved by the University of Liverpool’s
Animal Welfare Committee. Groups of 10 CD-1 mice were immunosup-
pressed with 200 mg/kg cyclophosphamide i.p. at 4 d before infection and
with cyclophosphamide and 250 mg/kg cortisone acetate s.c. at 1 d before
infection. A. fumigatus F16216 carries an L98H mutation of cyp51A and a
34-bp tandem repeat in the cyp51A promoter, leading to resistance to azole
drugs (22). Conidia from this strain and from the WT A. fumigatus NIH 4215
were administered intranasally on day 0. Treatment with F901318 (15 mg/kg
i.v. three times daily) or posaconazole (7.5 mg/kg/day orally) was initiated at
6 h postinfection.
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S| Materials and Methods

Fungal Strains. For susceptibility testing, a range of clinical isolates
were tested for each species plus standard strains: A. fumigatus AF210,
A. niger AN1, A. terreus AT4, A. flavus AFI1, C. albicans CA6862,
E. coli NCTC 10418, and Staphylococcus aureus Oxford strain NCTC
6571. A. nidulans A4 (WT) and A. nidulans A767 (pyrG89 nicA)
were used for the mechanism of action screen. A. fumigatus
NIHA4215 and A. fumigatus F16216 were used for efficacy testing.

Synthesis of F901318. The synthesis of 1,2-dimethyl-4-phenyl-
1H-pyrrole was done as described previously (32).
(1,5-Dimethyl-3-phenyl- 1H-pyrrol-2-yl)-oxo-acetyl chloride. Oxalyl chlo-
ride (78.42 mL, 0.91 mol) was slowly added to a cooled solution
of 1,2-dimethyl-4-phenyl-1H-pyrrole (105.5 g, 0.61 mol) in dry
dichloromethane (3 x 200 mL) at 0 °C. The reaction mixture was
then warmed to room temperature and stirred for 1 h. The
solvent was evaporated to dryness in vacuo to afford 124 g (78%
yield) of (1,5-dimethyl-3-phenyl-1H-pyrrol-2-yl)-oxo-acetyl chlo-
ride as a brown oily liquid, which was used directly in the next
step (TLC system: EtOAc:pet ether, 3:7; Rf value, 0.65).
5-Fluoro-2-[4-(4-nitro-phenyl)-piperazin- 1-yl]-pyrimidine. 2-Chloro-5-
fluoropyrimidine (78.76 mL, 0.64 mol) was added to suspension of
1-(4-nitro-phenyl)-piperazine (110 g, 0.53 mol) and potassium
carbonate (367.2 g, 2.65 mol) in acetonitrile (3 L). The reaction
mixture was refluxed for 48 h. On completion of reflux, the mixture
was cooled to 0 °C and then filtered, and the residue was taken in
water (3 L) and stirred for 30 min. The suspension was filtered,
the solid cake was washed with water (1 L) and pet ether (1 L)
and then dried under vacuum to afford 148 g (92%) of 5-fluoro-2-
[4-(4-nitro-phenyl)-piperazin-1-yl]-pyrimidine as a yellow-colored
solid. (TLC system: EtOAc:pet ether, 3:7; Rf value, 0.70). 'H
NMR (300 MHz, CDCI3):  8.24 (s, 2 H), 8.17-8.13 (d, ] = 9.6
Hz, 2 H), 6.87-6.84 (d, J = 9.6 Hz, 2 H), 3.97-3.94 (m, 4 H),
3.55-3.52 (m, 4 H). m.p. 205-206 °C. (m/z, ES, positive scan):
304.21 (100%; M+H).

4-[4-(5-Fluoro-pyrimidin-2-yl)-piperazin- 1-yl]-phenyl amine. A solution of
5-fluoro-2-[4-(4-nitro-phenyl)-piperazin-1-yl]-pyrimidine (80 g,
0.26 mol) in methanol (1 L) was hydrogenated over Raney
Nickel (30 g) under 70-psi pressure at room temperature for 6 h.
The reaction mixture was filtered over celite, and the filtrate
was concentrated in vacuo to yield a crude product, which was
washed with hexane (500 mL) to afford 52 g (72%) of 4-[4-(5-
fluoro-pyrimidin-2-yl)-piperazin-1-yl]-phenyl amine as a brown-
colored solid (TLC system: methanol:chloroform, 1:9; Rf value,
0.50). '"H NMR (300 MHz, CDCI3): § 8.21 (s, 2 H), 6.86-6.84
(d, J = 8.7 Hz, 2 H), 6.68-6.65 (d, J = 9.0 Hz, 2 H), 3.92-3.89
(m, 4 H), 3.45 (broad s, 2 H, NH2), 3.09-3.06 (m, 4 H). m.p.
138-139 °C. (m/z, ES, positive scan): 288.14 (100%; M+H).
2-(1,5-Dimethyl-3-phenyl-1H-pyrro-2-yl)-N-{4-[4-(5-fluoro-pyrimidin-2-yl)-
piperazin-1-yl]-phenyl}-2-oxo-acetamide F901318. A solution of 1,5-
dimethyl-3-phenyl-1H-pyrrol-2-yl)-oxo-acetyl chloride (64.65 g,
0.24 mol) in dichloromethane (500 mL) was added to a stirred
solution of 4-[4-(5-fluoro-pyrimidin-2-yl)-piperazin-1-yl]-phenyl
amine (45 g, 0.16 mol) and triethylamine (46 mL, 0.32 mol) in
dichloromethane (150 mL) at 0 °C. The reaction mixture was
warmed to room temperature and then stirred for 30 min. The
reaction mixture was quenched with water and extracted with
dichloromethane (6 x 500 mL). The combined organic layers
were washed successively with saturated sodium bicarbonate
solution (1.5 L), water (1 L), and brine (1.5 L), and finally dried
over anhydrous sodium sulfate. The organic layer was stirred
with neutral alumina (500 g) at room temperature for 30 min and
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then filtered. The filtrate was concentrated in vacuo to yield the
crude product, which was washed successively with diethyl ether
(300 mL) and hexane (200 mL) to afford 60 g (73%) of 2-(1,5-
dimethyl-3-phenyl-1H-pyrro-2-yl)-N-{4-[4-(5-fluoro-pyrimidin-2-
yl-piperazin-1yl]-phenyl}-2-oxo-acetamide F901318 as a yellow-
colored solid (TLC system: EtOAc:pet ether, 1:1; Rf value,
0.65). "H NMR (400 MHz, CDCI3): & 8.21 (s, 2 H), 8.19 (broad
s, 1 H), 7.32-7.22 (m, 5 H), 7.10 (d, J = 8.7 Hz, 2 H), 6.83 (d, J =
8.7 Hz, 2 H), 6.13 (s, 1 H), 3.92-3.88 (m, 4 H), 3.81 (s, 3 H),
3.19-3.15 (m, 4 H), 2.33 (s, 3 H). m.p. 194-197 °C. (m/z, APCI,
positive scan): 499.41 (100%; M+H).

Mechanism of Action Screen. A. nidulans A767 protoplasts were
prepared from fungal biomass by digestion with 5% (wt/vol)
glucanex (Novozymes) in 0.6 M KCI and 50 mM CaCl, for 60—
120 min at 30 °C with shaking at 100 rpm. The protoplasts were
washed in 0.6 M KCI and 50 mM CaCl,, isolated by centrifuga-
tion at 820 x g for 9 min at 4 °C, and then washed and re-
suspended in STC buffer (1.2 M sorbitol, 50 mM CaCl,, and 10 mM
Tris: HCl pH 7.5). Then 2-5 pg of an A. nidulans genomic library
carried on the pRG3-AMA1-NotI vector (Fungal Genetic Stock
Center) was transformed into protoplasts in the presence of
40% (wt/vol) PEG 6000 in STC buffer for 5 min, followed by
vortexing and inoculation onto Vogel’s minimal medium, 1.2 M
sorbitol, and 5 pg/mL nicotinic acid. The plates were incubated at
37 °C for 5 d, after which the spores were collected in PBS-0.1%
Tween 80 and filtered through glass wool. A total of 10° spores were
inoculated onto Vogel’s minimal medium (30) plus 0.25 pg/mL
F901318, and the plates were incubated at 37 °C for 7 d. DNA
was isolated from resistant colonies using the FastDNA Spin
Kit (MP Biomedicals), and plasmid DNA was transformed into
E. coli (MegaX DH10B T1R Electrocomp cells; Invitrogen).

DNA was mutagenized using the EZ-Tn5 bacterial transposon
system (Epicentre Biotechnologies). A DNA fragment comprising
A. fumigatus pyrG (GenBank accession no. Y11303.1), followed by
the EM7 promoter upstream of the She ble ORF (codes for re-
sistance to zeocin: 1,924-2,426 bp of pEM7/zeo; Invitrogen) with
Tn5 mosaic ends at both ends, was included in the transposase
reaction. After transformation into E. coli, insertion of the Tn5
transposon was detected by growth in the presence of 50 pg/mL
zeocin, and PCR established the insertion site.

Cloning, Expression, and Purification of DHODH. To overcome initial
problems with solubility of A. fumigatus DHODH expressed in
E. coli, the N-terminal 88 amino acids consisting of the mito-
chondrial targeting sequence and transmembrane domain were
omitted, and the truncated DHODH (amino acids 89-531) was
cloned into pET44 (Novagen) that codes for an N-terminal NusA
fusion protein to aid solubility. A. fumigatus cDNA was prepared
from A. fumigatus RNA using AMV reverse transcriptase (Prom-
ega). PCR of N-truncated A. fumigatus DHODH coding cDNA was
carried out using primers AF_ DHODH_F1 and AF_ DHODH_R1
(primer sequences given in Table S1) and KOD DNA polymerase
(Novagen). This product was cloned into pET44 by ligation-
independent cloning (Novagen). N-truncated (amino acids 29-395)
human DHODH cDNA was cloned from IMAGE clone 6064723
(MGC70636; Geneservice) into pET44 after PCR with primers
HS DHODH_F1 and HS DHODH_RI1.

C. albicans DHODH contains two CTG-encoded serine residues
at codons 11 and 78 that were mutated to TCG codons by incor-
porating the new codons in two overlapping fragments, which were
subsequently joined by fusion PCR. The fragments were created by
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PCR from gDNA with primer pairs CA_DHODH_mutF1 with CA_
DHODH_mutR1 and CA_DHODH_mutF2 with CA_ DHODH_
mutR2. The fusion PCR used primers CA_ DHODH_fusF1 with
CA_DHODH _fusR1, and the product was cloned into pGEM-
Teasy (Promega) and sequenced. N-truncated (amino acids 57-444)
C. albicans DHODH cDNA was cloned into pET44 for protein
expression. Previous studies on recombinant DHODH from a vari-
ety of organisms, including human (33) and C. albicans (31), have
found that removal of the N terminus, including the mitochondrial
targeting sequence and transmembrane regions, improves expres-
sion, simplifies purification, and has little effect on kinetics.

C. albicans DHODH was further mutated at two residues. Phegp
and Val;; were altered to become Val and Met, respectively, using
the Phusion Site-Directed Mutagenesis Kit (Thermo Fisher Scien-
tific). PCR was carried out with phosphorylated primers CA_
DHODH_VM _F and CA_ DHODH_FV_R and template pET44_
CA_DHODH. The product was religated into a plasmid using T4
DNA ligase to create pET44_CA_DHODH_V,5,_M,7;.

Protein expression plasmids were transformed into E. coli
BL21 (DES3) cells, and expression was stimulated with 0.5 mM
isopropyl p-D-1-thiogalactopyranoside, followed by incubation in
LB broth in the presence of 100 pg/mL ampicillin and 100 pM
flavin mononucleotide at 18-20 °C for 16-18 h. Bacterial pellets
were lysed with BugBuster (Novagen), and His-tagged DHODH
protein was isolated by immobilized metal affinity chromatog-
raphy using His-Bind resin (Novagen) according to the manu-
facturer’s instructions.

DHODH Assays. These assays were carried out broadly as described
elsewhere (31). Approximately 2 pg of recombinant 4. fumigatus
DHODH or 0.5 pg of recombinant human DHODH was in-
cubated in the presence of 1 mM L-dihydroorotic acid, 0.05 mM
coenzyme Q2, and 0.1 mM 2,6-dichlorindophenol in 50 mM
Tris-HCI, 150 mM KCl, 10% (wt/vol) glycerol, and 0.1% (wt/vol)
Triton X-100, pH 8 at 25 °C. DHODH activity was determined
using the redox indicator 2,6-dichloroindophenol by measuring
the decrease in absorbance at 600 nm. Initial reaction velocities
were determined, and the percent inhibition in the presence of
the drug was calculated compared with controls in the absence of
drug. The inhibition curve data were fitted to a four-parameter
sigmoidal plot (+* >0.998 for ICs, plots) using XLFit (IDBS), and
the ICsy value was calculated as the concentration of drug
causing 50% inhibition.

Homology Modeling of A. fumigatus DHODH. A range of DHODH
structures, including those from human, rat, P. falciparum, and
E. coli, were compared with the fungal sequences for Candida
and Aspergillus strains. Sequences were aligned manually with
reference to the protein superimpositions (PyMOL). RCSB PDB
ID codes for the structures used were as follows: 1D3G, 1PRH,
2PRL, 2PRM, 3G0X, 3KVM, 2WVS8, 2FQI (human); 1UUM,
1UUO (rat); 2E68 (Trypanosoma cruzi); 3168, 11TV, 308A
(P. falciparum); 3MJY (Leishmania major); and 1F76 (E. coli)
(www.rcsb.org).

Human DHODH (PDB ID code 1D3G) (19) served as the
protein template for construction of the A. fumigatus DHODH
model. Residue replacement, bump checking, and coarse re-
finement were done in Discovery studio 4.1 (Accelrys). Fine
residue refinement and new secondary structure or loop inser-
tions were built in XEDraw (Cresset’s internal research software,
results of which can be visualized in Torch; www.cresset-group.
com/products/torch/). When no information was known for a
given loop, the loop was constructed manually based on the local
environment and the nature of the primary sequence (i.e., using
the predicted beta sheet or helical secondary structural prefer-
ence) to yield appropriate packing that minimized the exposure
of lipophilic residues and maximized the exposure of polar and
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charged residues to solvent. The final protein was coarse mini-
mized (0.1 rmsd) using the XED force field.

In parallel to the initial protein analysis, the fungal inhibitor
data were compared with known DHODH activities for which
X-ray data were available. Full multiple ligand alignments were
generated, and 3DQSAR was performed for the fungal inhibitors
(Forge; Cresset; www.cresset-group.com/products/forge/).

All of the available information for the ligand centric and
protein complex data were combined to provide a best estimate of
correct placement of the F901318 inhibitor structure in the ho-
mology model. The resultant complex was then reminimized in
place initially using shell minimization in XEDraw and then using
full minimization to 0.01 rmsd (Fig. S6A4).

The homology model was assessed using a Ramachandran
plot (Fig. S6C). This plot exhibited good geometries for the
core, with the only discrepancies being distant from the ligand
and confined to more speculative regions of the model, i.e., where
no homology existed.

By bringing both the protein sequence and structural data together
with ligand SAR and field data, we were able to conclude with
reasonable confidence the most likely nature of the interactions of
this DHODH inhibitor chemotype. As with known inhibitors, a
bidirectional H-bonding arrangement was observed for these
fungal ligands, in keeping with the likely interactions within the
putative ubiquinone-binding site. These interactions, from ob-
servation across multiple examples, involve equivalents of His g,
Argyg, Tyra13, and Tyrsgs (4. fumigatus residue numbering) as
the corresponding H-bonding partners (Fig. 34). From the se-
quence, structure analysis, and ligand field analysis, further lipophilic
contacts—Valyy, Metyyy, and Tyrs;p—were defined. This ligand-
binding model is supported by the mutagenesis of the C. albicans
recombinant protein (Fig. 3B). Phes, and Val;7;, of C. albicans
align with Valyg and Metygg of A. fumigatus DHODH, respectively.
Mutating these residues to their A. fumigatus equivalents introduced
inhibition of DHODH activity by F901318 in the mutant, where no
inhibition had occurred with the WT enzyme.

Creation of DHODH Phylogenetic Trees. DHODH sequences were
obtained from searching sequence databases held by the National
Center for Biotechnology Information, EnsemblFungi, and the
Joint Genome Initiative (JGI). The accession codes for the
proteins are as follows, with alternative fungal names in paren-
theses: Absidia idahoensis (Lichtheimia ramosa), CDS13591.1;
Acremonium_alcalophilum, jgi| Acral2|2024193; Alternaria alternata,
jei|Altall|982905; Alternaria brassicicola, jgi|Altbrl|1659; A. flavus,
XP_002379410.1; A. fumigatus, XP_755434.1; Aspergillus lentulus,
GAQO06647.1; A. niger, XP_001399431.2; A. terreus, protein se-
quence derived from gene ATEG_01477 (EnsemblFungi); Bipo-
laris sorokiniana, XP_007699125.1; B. dermatitidis (Ajellomyces
dermatitidis), EEQ85598.1; C. albicans, XP_723522.1; Candida
glabrata, XP_449903.1; Candida krusei (Pichia kudriavzevii),
KGK37337.1; Candida parapsilosis, CCEA1941.1; Candida tropicalis,
XP_002549089.1; Chaetomium globosum, XP_001223311.1; C. immitis,
XP_001240778.2; C. neoformans, XP_569657.1; E. coli, WP_
001330055.1; Exophiala dermatitidis, XP_009159400.1; Fusarium
oxysporum, EGU79150.1; Fusarium solani (Nectria hematococca),
XP_003046434.1; H. capsulatum (Ajellomyces capsulatus), EGCA45332.1;
Homo sapiens, NP_001352.2; Magnaporthe_oryzae, XP_003719157.1;
Malassezia globosa, XP_001729892.1; Microsporum canis (Arthro-
derma otae), XP_002849178.1; Microsporum gypseum, XP_
003175518.1; Mucor circinelloides, EPB81175.1; Neurospora crassa,
XP_961804.1; Paecilomyces variotii (Byssochlamys spectabilis),
GAD93826.1; Paracoccidioides brasiliensis, XP_010757420.1; Peni-
cillium chrysogenum, jgi|Pench1|33932; Penecillium marneffei (Ta-
laromyces marneffei), KFX48065.1; Phycomyces blakesleeanus,
jgi|Phybl2|177367; P. falciparum, XP_966023.1; Pneumocystis
jirovecii, CCJ31177.1; Rhizopus delemar, EIE79352.1; Scedosporium
apiospermum, JOWA01000121.1; Sporothrix schenckii, ERT03286.1;
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Trichoderma reesei, XP_006962857.1; Trichophyton mentagrophytes
(Arthroderma benhamiae), XP_003012466.1; Trichophyton rubrum,
XP_003234264.1; and Ustilago maydis, XP_011389794.1.
Sequences in FASTA format were submitted for phylogenetic
analysis at www.phylogeny.fr using the “Advanced” analysis (34).
Sequences were aligned using MUSCLE (“Full mode”) and
curated with GBlocks (default settings). Phylogeny was estab-
lished by the maximum likelihood method in PhyML using the
approximate likelihood ratio test set to SH-like with the WAG
substitution method. The tree was visualized in TreeDyn.

putative
transcriptional
regulator

A putative actin-
related protein

Class 2 DHODH sequences are present in all mammals, many
fungi, and some bacteria, including E. coli (29). They are membrane-
bound (integral mitochondrial membrane proteins in mammals and
some fungi; membrane-associated in some bacteria) monomers that
have a catalytic serine and use ubiquinone as a terminal electron
acceptor. Class 1A and 1B DHODHs are soluble and multimeric,
have a catalytic cysteine, and use fumarate or NAD as a terminal
electron acceptor. Class 2 DHODHs (Fig. S74) were analyzed
separately from the zygomycete DHODHs (Fig. S7B), which ap-
pear to be from class 1A.
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(A) Map of AMA inserts recovered from the mechanism of action screen. An A. nidulans genomic screen was performed for genes that when present

in a high copy number provided resistance to F901318 (Materials and Methods). pAMA1 clones 18.1-18.4 were recovered from four independent colonies that
were resistant to F901318. DNA was extracted from the resistant A. nidulans and transformed into E. coli. Plasmid DNA was isolated and sequenced, and the
genomic inserts (red bars) found were mapped to the A. nidulans genome using EnsemblFungi. (B) A. nidulans carrying extra copies of pyrE is resistant to
F901318. The pAMA1_18.1 plasmid was transformed into A. nidulans A767 before (#18.1; ii) and after mutagenesis with the EZ-Tn5 bacterial transposon
system. The transposon disrupted the pyrE gene (#18.1_Tn5_pyrE; iii) or the neighboring ANIA_05910 gene (#18.1_Tn5_AN5910; iv). Conidia from the resulting
transformants and from the WT A. nidulans A4 (i) were inoculated onto media in the presence and absence of varying concentrations of F901318 and in-

cubated at 37 °C for 4 d.
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Fig. S2. DHODH is an enzyme of pyrimidine biosynthesis. (A) Pathway of de novo pyrimidine biosynthesis in A. fumigatus. Enzyme names, classification
(according to the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology; www.chem.gmul.ac.uk/iubmb/enzyme/), and
predicted A. fumigatus genes (from KEGG; www.genome.jp/kegg/ and EnsemblFungi; www.fungi.ensembl.org/index.html/) are listed next to each step of the
pathway. (B) Reaction catalyzed by DHODH. In mammals and many fungi, DHODH is located at the mitochondria, where a transmembrane domain anchors the
enzyme to the outside of the inner mitochondrial membrane. In the intermembrane space, DHODH catalyzes the oxidation of dihydroorotate to orotate. FMN
and ubiquinone from the mitochondrial membrane (coenzyme Q) act as electron acceptors in the reaction.
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Fig. S3. Reversal of the antifungal effect of F901318 at high pyrimidine concentrations. Antifungal susceptibility testing of F901318 against A. fumigatus
AF293 was carried out according to CLSI protocol M38-A2 in the presence of different concentrations of uridine and uracil. The MIC of F901318 was obtained
for each pyrimidine concentration.
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Fig. S4. Alignment of A. fumigatus (AF_DHODH) and human (HS_DHODH) DHODH amino acid sequences. The DHODH protein sequences for A. fumigatus
and human were aligned using CLUSTALW, followed by minor realignment of the mitochondrial targeting sequences and transmembrane domains, defined
previously for the human sequence (35). The conserved residues are highlighted in black, and similar residues are highlighted in gray (using BOXSHADE),
except in the transmembrane domain, where hydrophobic residues are highlighted in yellow. Mitochondrial targeting sequences are denoted by a red line;
transmembrane sequences, by a blue line. Green arrows denote the first residue of the expressed recombinant proteins. The conserved catalytic serine is
labeled with an orange triangle.
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Fig. S5. Kinetics of F901318 inhibition of A. fumigatus DHODH. (A) F901318 is a reversible inhibitor of A. fumigatus DHODH. A. fumigatus DHODH was
incubated in the presence or absence of 4 M F901318 for 30 min at room temperature. Aliquots were then diluted in assay buffer [50 mM Tris-HCl, 150 mM
KCl, 10% (wt/vol) glycerol and 0.1% (wt/vol) Triton X-100, pH 8] and then further diluted by addition of the mixture that starts the reaction (1 mM L-dihy-
droorotic acid, 0.05 mM coenzyme Q2, and 0.1 mM 2,6-dichlorindophenol in assay buffer). The final dilution was 4- to 80-fold, giving a final drug concentration
of 1-0.05 pM. DHODH activity was calculated for each condition in duplicate and expressed as percent inhibition compared with no drug controls. Dilution of
the inhibitor-enzyme mixture releases drug from the enzyme, increasing the activity (and hence decreasing the inhibition) with greater dilution. Thus, F901318
is a reversible inhibitor of A. fumigatus DHODH. (B) F901318 is a competitive inhibitor of A. fumigatus DHODH. Lineweaver Burk analysis of F901318 inhibition
of A. fumigatus DHODH. The reciprocal of the coenzyme Q2 concentration (in mM) is plotted vs. the reciprocal of the reaction velocity (v, nmol min~"). For a
competitive inhibitor, the lines should cross the y-axis at the same place.
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Fig. S6. Inhibitor binding to DHODH. (A) Homology model of A. fumigatus DHODH with the estimated binding mode of F901318. The A. fumigatus DHODH
was modeled using information from known class 2 DHODH structures, with the human structure (PDB ID code 1D3G) forming the protein template. Manually
modeled loop/helix insertions are shown in yellow and include an extra N-terminal alpha-helix (H1’) compared with the human protein. Helices H1 and H2 are
common to these structures and are predicted to be the entry point for ubiquinone from the mitochondrial membrane (19). F901318 is shown as cyan spheres,
FMN is in magenta, and orotate is in orange. (B) Brequinar bound to human DHODH (PDB ID code 1D3G). Adapted from Liu et al. (19). Brequinar is in green;
FMN, in magenta; orotate, in orange. (C) Ramachandran plot of an A. fumigatus DHODH homology model. The model was assessed by calculating the ¢ and y
torsional angles of the amino acid residues in the model. The bulk of the model appears to be energetically allowable (green residues). All residues with ¢—y
angle irregularities are exclusively in regions with lower homology to known structures and thus are more speculative. These discrepancies (pink residues) occur
in residues distant from the predicted inhibitor-binding region and should not affect the derived ligand-binding hypothesis.
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Fig. S7. Phylogeny of DHODH and F901318 susceptibility. (A) Class 2 DHODH sequences from fungi and selected other organisms. (B) Zygomycete DHODH phylogeny.
Branch support values expressed as a percentage are indicated in red. The scale bar corresponds to the branch length for an expected number of 0.3 and 0.6 substitution
per site in A and B, respectively. Antifungal susceptibility testing of F901318 against the species indicated was carried out according to CLSI protocol M38-A2. For the
fungi with a score, at least five different strains were tested, except for the following organisms: A. lentulus, n = 4; F. solani, n = 3; F. oxysporum, n = 2; S. apiospermum,
n = 2; and P. variotti, n = 3. For S. prolificans, three different strains were tested, all giving an MIC of <0.06 pg/mL, but no DHODH sequence could be obtained for
phylogenetic analysis. MIC scoring: +++, MIC <0.06 pg/mL; ++, MIC = 0.125-0.5 pg/mL; +, MIC = 1-2 pg/mL; —, MIC >32 pg/mL.
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Fig. 8. Effect on MIC of repeated exposure of A. fumigatus to F901318 or voriconazole. A. fumigatus 210 conidia were inoculated on Sabouraud agar. Then
100 pL of 500 pg/mL F901318 (blue circles) or voriconazole (red squares) was dispensed into a well in the center of the plate and allowed to diffuse. After
incubation at 35 °C for 4 d, conidia were collected from the margins of growth and used to inoculate the next plate. After every five passages, the MIC of the

conidia was determined.

Primer

Table S1. Sequences of the primers used in this study

Sequence 5'-3’

AF_DHODH_F1
AF_DHODH_R1
HS_DHODH_F1
HS_DHODH_R1
CA_DHODH_fusF1
CA_DHODH_fusR1
CA_DHODH_mutF1
CA_DHODH_mutR1
CA_DHODH_mutF2
CA_DHODH_mutR2
CA_DHODH_F1
CA_DHODH_R1
CA_DHODH_VM_F
CA_DHODH_FV_R

GACGACGACAAGATGGCGACGGATACCAGGGCAAG
GAGGAGAAGCCCGGTCTATTGACGGTTTTTCTTTTCC
GACGACGACAAGATGGCCACGGGAGATGAGCG
GAGGAGAAGCCCGGTTCACCTCCGATGATCTGCTC
ATGTTTCGTCCAAGTATCAAATTC
TCACTTATCATCAGAGCCAA
ATGTTTCGTCCAAGTATCAAATTCAAACAGTCGACTTTGTCC
CCAACTTATGTCCCGACTCTGCATCTGTGAAAGT
CACAGATGCAGAGTCGGGACATAAGT
TCACTTATCATCAGAGCCAATTATTTGCTC
GACGACGACAAGATGTCAAGATCAGCAATCCATGA
GAGGAGAAGCCCGGTTCACTTATCATCAGAGCCAA
CCAAAAGATGATGCTATGATTAACAGAT
CAATCTGAAAACTCTTGGCTGA
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