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Abstract

Invasive fungahfections represent a group of diseases that are of increasing
worldwide concern. Thigroup of diseasets associated with high mortality rates that
can be attributed to widespread clinical drug resistar@ésignificant concern,
resistance has been recorded against every licenced clinical treatment. F900742 is a
member of a novel and hopeful antifungal drug class that exerts activity through the
inhibition of fatty acid desaturation. It is likely that FF@2 directly targets the fatty

acid desaturas®9 desaturase. F900742 demonstrated bresgmectrum antifungal
activityin vitroandin vivo G. mellonellatudies at low doses of drug. Ultrastructural
analysis established that the inhibition of the OLE1 patyinduced the rapid

formation of previously unidentified, lipidependent structures that are derived from
the ER. It is predicted that these compartments are high in saturated acyl chain
content. The sol®9 desaturase in the budding yea&accharomyceserevisiaeOlelp,
relocalised to areas consistent with the aberrant structures. This investigation
characterised a novel cellular response to acute inhibition of fatty acid desaturation
through the formation of lipeprotective compartments that sequestéoxic levels of
saturated lipids. F900742 also induced mitochondrial fission and significant ROS
production. Together this data suggested that the mechanism of action of F900742 is
via lipiddependent responses that quickly alters the lipidome in favdigaturated

lipid content which induces ER and mitochondrial morphological phenotypes and

subsequent activation of processes such as ROS production and the UPR.



Impact statement

The annual mortality as a result of invasive fungal infections hasased over the

past few decades. This can largely be attributed to the development of resistance to
antifungal treatments, an increase in the number of susceptible patients, and the
advent of strains inherently resistant to all clinical options. Of paldicclinical

concern, resistance has been noted against all antifungal drug classes as such it is
predicted that there will be an increase in the number of mortalities worldwide. It is
therefore of paramount importance that novel antifungal treatment @pis are

quickly identified and brought to market. However, difficulties in identifying
compounds that display sufficient antifungal activity, but limited human toxicity has
resulted in an almost 20 year gap since the last novel antifungal drug class was

approved for clinical use.

The research presented here identified the likely target of a novel compound,
F900742. This drug is predicted to inhibit fatty acid desaturation through competitive
inhibition of D9 desaturase, Olelp. Olelp is an essential enayitien fungi that is

not currently targeted by any clinically approved agents. The OLE1 pathway was shown
to be a promising antifungal target vitrowith a greater than 90% killing rate after a
single dose over 24 hours. The antifungal activity of F@2@vas corroborated bin

vivo G. mellonellatudies which confirmed that a single dose of F900742 at the MIC
was sufficient to ensure a greater than 80% survival rate against a lethal dGse of
albicans This provided powerful evidence for further deyahoent of compounds that
target Olelp for use as antifungal agents which could save many thousands of lives
each year. However, development of Olelp inhibitors is significantly hampered by the
fact that the fungal desaturase has not been isolated and cifisstd to date.

Resolving the crystal structure of Olelp would aid structurally driven design of novel
inhibitors that are specific against fungal isoforms only. Although F900742
demonstrated goodn vivoantifungal activity in the insect model, the addi of

serum or BSA reversed the growth inhibitory effect of the drug suggesting it would be

of limited use in the clinic. Further to this, and in line with the RRRs for animal testing,

3



the reversal of antifungal activity highlighted that all hopeful amtgal compounds
should undergon vitrotesting in relevant serum media to assess activity prianto

vivomammalian studies.

Ultragructural analysis identified aberrant, ERerived cytosolic compartments as an
acuteresponse to fatty acid desaturatiorylB-900742. Irrespective of its use as a
clinical treatment, F900742 represents an informative compound to further our
understanding of lipotoxic events. With rising numbers of adverse effects from lipid
related diseases such as obesity, radooholic liveisteatosis, and type 2 diabetes, it is
essential that research is done to identify mechanisms that underpin both early and

late stage lipotoxic events initiated by a range of aberrant lipid profiles.
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CHAPTER 1

Introduction

1.1The global prevalence of fungal infections

Globally, @er one and a half million people deeryyear from invasive fungal
infections. The mortality rate from this group of infectiongjieater than malaria or
breast cancer and is similar to tuberculosis and/MINS Although tie majority of
people will experience mild, ea$y-treat fungal infections throughout their lifetime,
many millions will contract lif¢hreatening infections thaare much harder to
diagnose and curdhe mortality rate associated with invasive fungal infections is
often greater than 50% and nearing 100% in some cases (TaRhI®#&spite the very
high mortality rates, epidemiological data is poor because the Wealth
Organisation (WHO) does not have a programme for the management of invasive
fungal infections and, with the exception of the US Centres of Disease Control and
Prevention monitoring coccidioidomycosis (also known as valley fever), no public

health ayencies conduct surveillan¢g).

There is wide availability of multiple antifungal drugs, yet invasive fungal infections
remain notoriously difficult to diagnose and treat. @ntly there are no rapid clinical
tests that can reliably differentiate between fungal strains restricting any scope for
strain-specific treatmentg2,3) This futher exacerbates clinical complications
stemmingfrom the inherent difficultiesn overcominghe fungi plastic genome and

rapid rate of reproduction. These factors, alongside the widespread use of agricultural
fungicides, facilitate the selection sfrains that rapidly acquireesistarce. Of

particular concern, there has been resistance recorded against all licenced clinical
therapeutics(4). This is discussedrther in section 1.1.6, routes to antifungal drug

resistance.
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. . . Estimated life-threatening infections/ Mortality rates (% in infected
Disease (most common species) Location

year at that location® populations)*

Opportunistic invasive mycoses

Aspergillosis (Aspergilius fumigatus) Worldwide >200,000 30-95

Candidiasis (Candida albicans) Worldwide =>400,000 46-75

Cryptococcosis (Cryptococcus neoformans) Worldwide =1,000,000 20-70

Mucormycosis (Rhizopus oryzae) Worldwide >10,000 30-90

Pneumacystis (Pneumocystis jirovecii) Worldwide >400,000 20-80
Endemic dimorphic mycoses*!

Blastomycosis (Blastormyces dermatitidis) Midwestern and Atlantic ~3,000 <2-68

United States

Cocridioidomycosis (Coccidioides immitis)  Southwestern United States ~25,000 <1-70

Histoplasmosis (Histoplasma capsulatum) Midwestern United States ~25,000 28-50

Paracoccidioidomycosis (Paracoccidioides Brazil ~4,000 5-27

brasiliensis)

Penicilliosis (Penicillium marneffei) Southeast Asia >8,000 2-75

“Maost of these figures are estimates based on available data, and the logic behind these estimates can be found in the text and in the Supplementary Materials “Endemic dimorphic

mycoses can occur at many locations throughout the world. However, data for most of those locations are severely limited. For these mycoses, we have estimated the infections per year and the
meortality at a specific location, where the most data are available.

Tablel.1. The 10 most common invasive fungal infections and their associated mortality ratable
from (1).

1.1.1Epidemiology of fungal infections

Many of the fungi that elicit life¢hreatening conditions live as part of the normal
fungal flora of healthy humans and are only pathogenic in sufficiently
immunocompromised individual3here are relatively few fungl specieshat are
deemed truly pathogeniethe ability to initiate invasive infection in healthy
individuals. Over 90% of reported invasive fuagdhted deaths are from species that
belongto one of four generaCandidaAsperdgllus, Cryptococcus, anBneumocystis
Candidaspecies, in particula€andida albicansare the most common cause of fungal
incidence and of lifehreatening infections in hospitald,5) The epidemiology of
fungal diseases hynamic making it difficult to predict disease course and gk
groups.Fungalpathogens can initiata variety oflife-threatening invasive diseaséor
examplethrough fungaemia, meningitignd pneumonia), severe chronic conditions
(for examplechronic pulmonary aspergillosis), and complex chronic respiratory

conditions for exampleasthma)(6).

The high mammalian body temperature and powerful immune system of healthy

individuals are incredibly effective pteventingfungal infectionmeaning primary
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fungal diseases are uncommon. Ironically, the current prevalence dghtéatening
infections can be largely attributed to the substantial developments of modern
medicine and procedurenfection is most often initiated when the host baoes
sufficientlyimmunocompromisegdas suclthe majority of severe fungal infections can
be attributed to opportunistic pathogens (such @andidaand Aspergilluspecies)in
comparisonpnly a few can be considered true pathogens by causing infection in
healthy individuals (for examplearacoccidioidgg1). The current prevalence of
opportunistic pathogen infections can be attributed tany patients living full lives
with immunosuppressing infections (such as HIV/AI@%yas well as treatments, such
as chemotherapy, are norvelatively well tolerated, but are often associated with
severe neutropeniaAlternative aetiologies include exposure to repeated insult,
following invasive gut surgery, patients with severe body burns, and premature
newbornsare at high risk, and therefe the number of susceptible individuals has
increased drastically over the last few decad&secent report suggestd that up to

80% of critically ill patients develop candidiasis after just one week in intensive care

(8).

For the purpose of this thesis, | will be focusing@andidaand Aspergilluspecies.

1.1.2Candidiasis

Candidaare yeast that caelicit infections, known as candidiasis, which arestoften
fatal if left untreated It is estimated that theresiaworldwide annual occurrence of
700000 cases of invasive candidig8js Globally, 92% of candidemia are caused by
Candida albican&5.3%)Candida glarata (11.3%)Candida tropicali§7.2%) Candida
parapsilosig6%) andCandida krus€R.4%)10). However, the distribution of these
pathogens in clinical isales is not uniform: the frequency varies with location with
glabratabeing more frequent in North America (21% of patients), wi@lstopicalisis
more frequent in Asia Pacific (11.7%) and Latin America (13.2%) than the global
average(10). There are also variations associated with age of the host and patient
characteristics, for example those undergoing chemotherapy compared to those that

are not(11).
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Candidaspeciesare oftenpresent in the oral cavity, skin, gut, and vulvovaginal flora of
healthy humans where these colonies remain relatively benign. Predisposing factors
such as use of contraception, wearingndures, and diabetes mellitus can lead to
recurrent, superficial candidiasis for many patients; however, these ardetbhal

forms of infection. In contrast, patients with ineffective immunity (for example
neutropenia(12)), damage tdhe gastrointestinal mucosa, and the use of catheters
predispose patients to systemic candidiasis whictsspaiated with a high mortality

rate despite the availability of multiple lines of treatmegiB). There are multiple

forms of invasive candidiasis, the course of which depends on the cause of host
susceptibility to these opportunistic pathoger#r example, gtients receiving
chemotherapy often develop systemic candidiasis, but not of the brain, as a result of
fungi migration due to a disrupted intestinal epithelium. In contrast, premature
newborns often develop abscesses of the brain due to immature bhwaoh barrier

function and are therefore more at risk of candidiasis of the b(a#).

The ability ofCandidaspecies to infect humans in a diverse garof locations can be
attributed to their ability to survive and thrive in highly disparate microenvironments,

as well as possessing a range of virulence factors. These include the ability to transition
between morphological hyphal and yeast forms aidmgasion and spreading, the
secretion of hydrolytic enzymes, and the ability to form biofi{is). Furthermore,
Candidaspecies are able to rapidly adapt to @mmnmental changes in pH and nutrient
availability, as well as possess metabolic flexibility and robust stress response
mechanisms. Currently, the interplay between fungal invasion and host is poorly
understood. As the details @andidgpathogenicity mechnisms improves, the

potential for novel therapies will expand and patient outcome will undoubtedly

improve.
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1.1.3Aspergillosis

Aspergilluspecies are moulds that can cause serious invasive infections, as well as
allergic conditionsAnnually thee are 3000000 casegoballyof chronic pulmonary
aspergillosis, 250000 cases of invasive aspergillosis, and 10000000 cases of fungal
induced asthmd?9). Aspergillus fumigatuss the species most frequently associated

with aspergillosis, accounting for approximately 90% of all global cases. As with
candidiasis, global distribution is influenced by location: in the tropical and subtropical
regions,Aspergills flavuss isolated as frequently as fumigatus(16,17) A.

fumigatusis a subspecies consisting of 63 members. Within this clan there are varying
susceptibilitiedo antifungal therapy, and in particular to azolds), highlighting the

importance of molecular epidemiology and strapecific treatments.

A. fumigatusis a versatile thermogpite that can grow well at human febrile
temperatures (33; 40°C).A. fumigatusspreads as small {8n) specialised hyphae
(conidiophores). The small sizeaahidiophores ensures that they can remain airborne
for long periods of time and are able to entthe human alveoli. It is estimated that
humans encounter several hundréd fumigatusconidia on a daily bas{$4), however
they are only recognised by the human innate immune system when they are in-an air
filled space, such as the lung or sinus, and start to germinate to produce growing
hypha(19,20) In such aifilled spaces, a large immune responsédtdumigatuscan

elicit a range of &rgic diseasefrom fungatsensitising asthma to allergic
bronchopulmonary aspergillosis which is associated with severe pulmonary
complications, bronchiectasis, and fatal lung daméjB. The innate immunity of
healthy humans is sufficient to protect agaidstfumigatudethal invasive infection,
however when there is a sufficient decrease in the number of functional neutrophils
and macrophages to control the germinating conidia, hygtegments may be carried
to other organs, such as the brain, where metastatic, lethal infection can ensue. An
alternative aetiology i&\spergillusyyphae can enter blood vessels and cause

downstream tissue infarction through clogging of ves§2h.
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1.1.4Diagnosis of fungal infetions

Alack of rapid and accurate diagnostic tests for invasive fungal infections remains a
fundamental cause of poor patient outcomdowever, he accuracy and speed of
diagnostic technologies have substantially improved over recent years. Accurate
diagnosis is essential for two reasons: firstly, to identify th&tdtion is due to fungal
burdenand secondlyto identify the strain of fungi eliciting the infection. The second
point isvital for guiding treatmenbptionsas there are substantial and iragant
differences in susceptibilities between strains as discussed in more detail below.
Currently, many laboratories worldwide rely on commercial systems for rapid fungi
identification, but the limited number of strains which these tests can identifgroft
leads to misidentification or no identification of clinical isolat23). Scientists and
clinicians have developed several strategies to ovaeohis barrier. Firstly, patients
are characterised into severity of risk to allow for prophylactic;¢mgtive

treatments. Secondly, there have been improvements in many diagnosticgocksas
matrix-assisted laser desorption/ionisation tiraé-flight mass spectrometry (MALDI
TOF MS) antb include the use of histopathology of infected tissusschculture
techniques, PCR and genomic sequencing, as well as biomarker level identifiiation
exampleb-D-glucan and galactomannan in bodily fluidbgt aid the accurate
identification of the invading species and infection severity. These biomarkers guide
pre-emptive therapies such that the infection is contealin the early stages and

when the tissueand systemidurden is lowLastly and most importatly, for the
successful treatment of fungal infections there must be appropriate use of both new

and old antifungal drug&4).

Despite recent advances in the management of fungal infection, many patients remain

undiagnosed, regive a misdiagnosis, or are diagnosed J|ated these problems are

worsened in resourcéimited clinics. For exampl&andida auriss responsible for

many of the recent hospital outbreaks, yet accurate identification of this new strain

can be difficult a# is often misidentified by commercial identification systems for the

O2YY2y 0l |SSchdaromyées dervisi@s) Furthermore,in vitroassays are

dza SF¥dzf F2NJ RSGSNX¥YAYAYy3T | Todph&eziedfters dza OS LI .
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discreparies between then vitroandin vivoresponsesusceptibility testings useful
for guidingtreatment choices, but many treatment programmes at#l largely
empirical based in both developed and less developed settibespite these
advances, the WH@as recognised that many of these newer technologies@revill
be, unaffordable to developing countries and as such have called for new-pbaare
diagnostic tests that do not require access to a laborat@6). Overall, there is a need
for improvements in molecular diagnostics for both the identification of alng

pathogens and the detection of specific resistant all¢ks.

1.1.5Antifungal clinicaltreatments

Fungi areesukaryotesand evolutionarily similar to humans which somewhat restricts
available drug targets to pathways essential to fungi only or risks patient adverse
effects and toxicity. The first clinical antifungal, amphotericin B deoxycholate, was
approved in the 19504ut was associated with substantial toxicities. Over recent
decades, there have beeadvancesn the number ofavailable antifungal treatments
that are less toxic, for examplesing aipid formulation of amphotericin B. Despite the
generation of new therpeutic classes and the development of third generation drugs,
patient survival rates remain modest (Tabl&)1Poor clinical outcomes can be
attributed to a lack of early diagnosis and a lack of targeted therapies, along with the
rapid rates at which restance develops isomefungi and innate resistancessociated
with others.Many antifungal drugs are fungistatic (halt fungal cell growth) and rely on
co-antifungal activity of the host immune system which, in many patients, is severely
compromised. Exaitg new advances in immunotherapeutic treatments have recently
been made, but to further develop this line of treatmeiittss paramount that there is

a greater understanding of the protective and antifungal activity of the healthy innate
immune systen{21). Recent strides have been made which are opening up
AYYdzy2 0 KSNI LISdziAO GNBIFGYSYyd 2LIGA2yayY SyKl|
immune response and enhancing patient recognition gading fungi are two lines

that are currently being explored. It is now widely accepted that phagocytic cells are

involved in both the innate and adaptive immunity to provide a protective role against
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invasive fungal infection@8,29) Further to this, patients with defects in phagocytic
activity, for example chronic granulomatous diseasaesult of defects in phagocyte
nicotinamide adenine dinucléinle phosphate oxidase, are at risk of life threatening
fungal infectiong28). One immunotherapeutic treatment currently in development
involves enhancing phagocytic activity by soluble immunomodulatory medig2aj.

In addition, the importance of fungal pattern recognition receptors, for examgigp€
lectin receptors, has also been recognisedy@ lectin receptors are involved in host
antifungal immunity through the recognition of carbohydrate ligands, sudhas
glucans, present on fungal cell surfaces. Upon encountering fungal esffse @ctin
receptors initiate a proinflammatory immune response, for example through the
activation ofphagocytosis as well as cytokine and chemokine production.
Polymorphisms in the-§/pe lectin receptors have been linked to enhanced patient
susceptibilities to a range of fungal infectidi39,31) Further understanding of these
receptors, recognition systems, and the fungal ligands will enable the dawelat of

vaccines against these diseases.

There are currently just four frontline clinical drug claseegshe treatment of invasive
fungal infectiongFigure 1.1). These are the (i) polyenes, (ii) pyrimidine analogues, (iii)
echinocandinsand (iv) theazoles Of note, the polyenes, echinocandins, and azoles
can be used in monotherapy, whereas the pyrimidine analogues are used in
combination with another clag82). The polyenes (e.g. amphotericinfBym
extramembranous aggregates that extramembrane ergosterdirom the lipid bilayer
thereby Kkilling the fungf{33). The pyimidine analogues (e.g-ffuorocytosine) inhibit
DNA synthesis by disrupting pyrimidine metabolism. The echinocandins (e.g.
caspofungin) are the newest antifungal drug clasd act viadisrupting cell wall
biosynthesis by inhibitig (3} 3t dzOl y a @&y (i K vaii®@eazoRp&& | 1 2 f ¢
the largest and most frequently used class. They exert their antifungal effect by
inhibiting lanosterol 14 -demethylase, encoded by ERG11 (CY,R&1iyity and the
subsequent blocking of ergesol biosynthesig34). The inhibition of Ergllp
simultaneously depletes membraneseafjosterol whilst increasing the amount of

toxic sterol preursors,such asu n-methylergosta8,24(28)dieno i 2-dioh therefore
exerts membrane stress and ultimatelyrests cell growtl{4). Although there are a
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rangeof antifungals available, complications result from high levels of toxicity, relative
ineffectiveness, druglrug interactions (for example triazoles interact with statins

(35)), and poor bioavailability, which are furtheagmented by the emergence and
increase in drug resistance. Therefore, continuous monitoring is required to ensure

treatments are at optimum efficacy whilst avoiding unacceptable levels of toxgy

Polyenes
Membrane function
E.g.Amphotericin B

Azoles
Ergosterol synthesis
E.g. Voriconazole

Echinocandins Pyrimidine analogues
Cell wall synthesis Nucleic acid synthesis
E.g. Caspofungin E.g. Sfluorocytosine

Figurel.1. Mechanism of action of thérontline antifungal drug classefor the treatment of invasive

fungal infections There are four classes of antifunglalig used to treat invasive fungal infections.

These are the polyenes, the pyrimidine analogues, the echinocandins, and the @helgmlyenes,

such as amphotericin B, disrupt cellular function through extracting membrane ergosterol. The

pyrimidine anabgues, such asfiuorocytosine, disrupt pyrimidine metabolism and therefore inhibit

nucleic acid synthesis. The echinocandins, for example caspofungin, disrupts cell wall synthesis by
inhibiting (134 3t dzOty &aéy Kl aSd ¢ KS elinhigitter§astErol BicsyheSik | Y LI S
Figure adapted fronG36). The polyenes are used in combination therapy with another antifungal drugs

class, for example the polyenes. All other classes can be used as monotherapy.
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In addition to invasive and potentially lethal fungal diseases, fuangitso elicit non

lethal infections of the skin, hair follicles, and nails. For many of these cases, topical
treatments, such as cream or spray formulations, are favoured over oral or
intravenous routes of antifungal administration and are suitable fading the skin of

the fungi. The azoles, such as miconazole, can be used for the treatment of skin
infections, however as their antifungal activity is via a fungistatic mechanism,
fungicidal options such as the allylamines (for example terbinafine) aee piteferred

due to the shorter treatment times and associated high cure rates. Like the azoles, the
allylamines target the ergosterol synthesis pathway, but at the level of the inhibition of
squalene epoxidase (Erg1(@)7). Although skin infections are relagly simple to cure

with topical treatments, nail infections can be somewhat more problematic. The
morpholines, such as amorolfine, is an antifungal drug class that is used to treat nail
infection through the application of the drug via nail lacquer. Tleepholines inhibit

sterol D14 reductase an@®7-D8 isomerase (Erg24p and Erg2p, respectively). However,
nail infections are frequently located beneath the nail rather than on top and due to
the poor penetration of topical drugs through the nail, systeméatments can be

required(38).

1.1.6Routes to antifungabrugresistance

The majo cause of antifungal treatment failure is the development of resistance.
Therapeutic resistance is qualified by a patient not responding to or no longer
responding to drug treatment at a standard dose. Host, drug, and microbial factors all
contribute to mtient outcome. A continuing challenge lies in that we are living
alongside a simultaneous rise in the number of new pathogens that are able to evade
host immune responses and clinical treatme(fts exampleC auris), as well as the

emergence of resistare in existing pathoger($or exampleA. fumigatug (10).

The battle against antifungal resistance is augmented by the facfuihgalgenomes
are highlyplastic,and fungi reproduce rapidly. This combination results in the rapid
selection and infiltration of clonethat areresistant to treatmentAlthough esistance
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has been reported against all clinical drug classes, the extent of antifungal drug
resiseince varies between drug classes and species of fungi. Worryingly, some strains
display resistance to all frontline azole therapi@stumigatusnow has an associated
mortality approaching 100% and has evolved into an amdestant strain due to
envirormental exposure and selective pressu(88) The azolewave a favourable

safety profile with good, broad spectrum activity, but their use is significantly
hampered by the fact that they are fungistatic which promotes the clonal expansion on
surviving populations. The fungistatic nature of azoles coupled wiinsive

prophylactic use has facilitated widespread resistance to this drug @assl) In

contrast, resistance against the polyenes remains (422 The polyenes are a potent
fungicidal class that inhibit the normal fatons of ergosterol. It is likely that

resistance remains rare against the polyenes due to the much larger amount of energy
required to develop resistance than for the azoles. However, the use of polyenes is
clinically limited by adverse toxicity to th@st due to structural similarities between

the fungal sterol ergosterol and the human major membrane sterol choles{4gjl
Nephrotoxicity is a common side effect of polyene treatment, therefore this drug class
is often reserved until other options have proven unsuccessful or are unavailable

(44,45)

Parallel tathe clinical antifungals, there is a ranggecific foragriculturalusethat

exert environmenal selective pressureJargets for agricultural chemicals include
mitochondria function, the cytoskeleton, and ergosterol biosynthesis. The azoles
remain the dominant drug class for the treatment of both agricultural and human
fungal infections. The usd agricultural chemicals that target the same pathway as
clinical compounds, such as the azoles, exerts an environmental selective pressure for
pathogens that would also be resistance to clinical treatmeflihough there is a

wider range of agriculturdungicides compared to clinical options, resistance to each
chemical has still been reported in at least one major pathdgém7) In an attempt

to overcome the significant saetéve pressure applied to a single pathway by the use

of one drug class, crops are sprayed with multiple classes of antifungals at lower doses

(27)
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Antifungal drug resistance can be innate (without previous exposure to drug) or
acquired (following exposure to drug). The rise in numbenioérently and acquired
clinicallyresistant strains stems from several branchieigh amouts of selective

pressure and only a limited number of clinical treatments available, an increase in the
number of susceptible patients alongside an increase in the application of agricultural
antifungals, and the ease of global travel facilitates the mosenof resistant strains.

These points will be discussed further in the following paragraphs.

Firstly,the fungal genome is highly plasticfaxilitate survival in the largenge of
environments that they inhabit, includingariations intemperature, g4, and

osmolarity. Fungal genome plasticity is also an advantage when responding to
agricultural and clinicatenobioticstress Each ofthe available clinical and
environmental antifungal drug classesgetsjusta singlepathway. Chemicals that
target just one pathway exert a significant selective pressure that results ioltmal
expansion ofesistant pathogensnamely pathogens that do not depend on the
inhibited pathway for survivaPatients deemed at high risk of developedungal
infection undergo prophylactic treatment, which induces a laiegm selective

pressure on clinical strainfor exampleCandidaand Aspergilluspeciesin turn,
antifungal treatments trigger acute stress responses that pronfoteggalgenome
instabilityenabling the deelopment of advantageous mutations, such as amino acid
substitutions at the drug binding site as with albicansleveloping resistance to the
azoles through a Tyrl132Phe mutation in ERG11 (CY&8ltherebyfacilitating strain
resistanceThe acquisition of resistance to an antifungal drug can be specific to that
drug only or it can resonate throughout the entire drug class. The ability of fungi to
develop resistance against an @etdrug class enables the emergence of strains that
initially acquire resistance to environmental antifungals to also be resistant to clinical
treatment options. The reduction in genonséability alsoenhanceghe ability of fungi
to rapidly mutateanddevelop resistance to the second line treatment as well,
thereforeforminga multidrugresistant strainFurther clinical complications arise as
prophylactic and empirical useavecontributed to the emergence of strains that are
innately less sensitive taurrent treatments, for exampleAspergillus flavusAspergillus

terreus Candidausitania andCandida aurighus further limiting treatment options
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(49,50) Resistance to one line of treatment severely limits clinical options, however,
multidrug resistance cacompletely negate any clinical intervention and results in a

mortality rateapproachingl00%

Secondly, there has been an increase in frequency of antifungal use both in the clinic
and environmentally. The clinical increased use is a result of an egpanghe

population of patients susceptible to antifungal infection, and therefore the number of
people receiving prophylactic or curative treatment has escalated. This is due to the
advances in medical procedures that now facilitate major surgeriesndrgasplant,

and implantation of devises, alongside an increase in the number of cases of
immunosuppressing diseases (HIV/AIDS) and patients undergoing immunosuppressing
treatments (chemotherapy) that they are able to tolerate and survive. The increased
use of clinical antifungals is paralleled by the increased application of agricultural
antifungal treatmentsHuman population growth and economic expansion have led to
more people enjoying a prosperous life, resulting in a huge demand for food (crops)
thus an increase in agricultural pesticide treatmeritie wide application of
agriculturalpesticideswith identical molecular targets as systemic antifungals ensures
that maximum crop productivity canbe mé dzii Kl & o6 NBR 2dzi LJX I y i
mechanisns and has facilitated thexpansiorof drugresistant pathogens outside of
clinical settings. Clinical resistance has been observed in parallel with agricultural
resistance with the development of the same, but independently acquired, resistance
seen fromboth sourceg51). Acquired azole resistance as a result ofugoleidy of a
specific segment of chromosome 5 has been observed in both clinical and
environmental strains of. albicanandC. glabrata ERG11, the gene encoding the
target of azoles, lanosterdl4-h -demethylase, is located on chromosome 5, as such
aneuploidy of this chromosome results in an increase in ERG11 mRNA levels which is
associated with an increase in azole resistance due to an overwhelming amount of
protein for the drug(51). In addition, this region of chromosome 5 alemtains the
transcription factor TAC1 that activates the expression of the ABC superfamily multi
drug transporter genes CDR1 and C[(82253) Fluconazole use has been shown to
induce aneuploidy of chromosome 5 which also drives the hyperactivity of TAC1 and

subsequently the amount of drug efflux through Cdrlp and Cdr2p resulting in a
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reduced amount of intreellular drug accumulation and resistance to fluconazolg.in
albicans(54).

Thirdly, the ease of globatavelenablesthe free flow of pathogeas from naive hosts

to susceptible targets. For examp(@ auriswas first isolated from a patient in Japan in
2009. Now, in 209, it is resistant to all clinical antifungals and is responsible for a
worldwide rapid increase in nosocomial, fatal infec8@s5,56) Alternative

hypotheses suggest th&. aurisleveloped into a multidrug resistant strain

simultaneously but independently on three separate contingbf®).

The response of a fungp antifungal treatmentis depencdent on the strain, patient

status (cause of immunocompromisation and comorbidities), patient genetics (for
example, polymorphisms in CYP2C19 are associated with an enhanced metabolism of
voriconazole and subsequent treatment fail(f8), the drugmechanism of action,

dose, andhe duration of treatment. Many of the established routes to resistance
involve genetic mutatiothrough point mutation, dss of heterozygosityor aneuploidy

most often resulting in alterations to the drug binding site or overexpression of the
target (59,60) These responsaaducemutationsthat are stable (inheritable).

However, short term, fast responses are alsquiredand are an important part in the
acquisition of longerm resistanceo give the cell time to develop the permanent

genetically stable responses, for example throughdkierexpression of efflux pumps

Resistance can be acquired through any single or concurrent mechanism in a clinical
isolate and resistance effects can spread within any drug dfasqguently observed
mechanisms of resistan@e summarised in figure 1.2l)(Normal binding of drug

(blue) to target (purple); (2) Reduced drug internalisation due to a reduction in drug
influx proteins. Azole drug influx is an eneiggependent process i€@. albicangandA.
fumigatus(58,61) however proteins required for drug import have not yet been
elucidated; (3) Reduced drug efficacy due to overexpression of target protein
overwhelming the inhibitory capacity of the dr@g2,63) InC. albicansUpc2 is the
transcriptional activator that regulates the expression of ERG11-@dimction

mutations (for example A643V) within Upc2 results in coutstie overexpression of
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ERG11 and subsequent increased expression of the drug {@%ét,65) (4 Reduced
drug efficacy through detoxification of the drug; (5) Conformational changes to the
drug binding sit€47). This mechanism has been frequently observe@.ialbicans
resistance to the azoles. Multiple mutations in regions adjacent to the active site of
ERG11 have lea observed in clinical isolaté®86) which has also been associated with
a loss of heterozygosity. Loss of heterozygosity induces a further azole resistance
through the resistant allelé67), and (6) Reduced drug efficacy due to an increase in
efflux pump expressioresulting in a reduction in intracellular drug concentration
(68,69. Cdrlp and Cdr2p a®eTP binding cassette (ABEfjux pumps that are
regulated by Tacl i€. albican$43). Multiple mutations in Upc2 that confer the
upregulation of Cdrlp and Cdr2p along with loss of heterozygosity have been reported

in clinically resistant isolatg$4).

Further to these, poor patient prognostic markers include biofilm formatjé). Of

note, there is considerable variation in the development@distancebetween and

within each class, as well as susceptibility between patients and for the same clinical
isolate.Although the genetic mutations and subseqte@mechanisms of resistance

have been elucidated, the biological factors that induce antifungal resistare not

yet understood.

32



Reduced expression
of influx pumps

Detoxification

Overexpression
of efflux pumps
Mutations

to target site

Overexpression of
target protein

Antifungal agent c Target protein with antifungal bound

. Influx pump . Efflux pump
C Target protein

Figure 12. Common mechanisms of antifungal drug resistan¢lB. Normal drugarget binding. (2)
Reduced drug influx proteins. (3) Overexpression of target protein. (4) Detoxification of th€%jrug.
Conformational changes to the drug site. (6) Overexpression of efflux pump expression.
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1.1.7 Emergingtrains

Over the last decade, the prevalence of new strains, sucaaslida auriswhichare
inherently multidrug resistant have emerged aotable pathogens associated with
highmortality rates. The widespread use of antifungasslikely to haveesulted in the
emergence ofC. aurisassucha successful pathogef. auriswas first isolated from

the ear canal of a man in Japan in 2009281, the first case dT. aurispersistent
fungaemia was reported from a patient in Korea on fluconazole and amphotericin B
(71). C aurisis now resistant to the firsine antifungal fluconazole andggilays

varying interpatient susceptibilities to other azoles, echinocandins, and amphotericin
B(72). C. aurigs the onlyCandidaspeciesvhereresistance to all four drug classes has
been noted. Therefore, treatment @& aurisposes both identification and treatment
difficulties, in particular in developing countries where access to more advanced
identification systems and a wider range of antifungals than just fluconazole remains

limited (73).

At present, thenherent properties ofC. aurighat render this strairresistant to such a
range of antifungalsamairnsto be determined. Th& aurisdraft genome revealethe
upregulation of genes linked to resistance in other strains, for exathglergosterol
synthesis geneBERGZnd ERG1And thefungal cell wall synthesis geré&K13

(71,72) Of note,the C. auriERG11 geneontainsamino acid substitutionfor
example F126T, Y132F, K14&8Rnown azolaesistant codons that are also present
in resistant, but not wild typeC. albican$74). Furthermore, a significant portion of the
C. auriggenome is devoted to the ABC protein efflux pump fghiat is consistent
with high amounts of drug efflux in this straif5,76) It, therefore, seems likely that
the inherent resistance df. aurisstems from the wide use of antifungals which
resulted in the successful emergence of this str@werall, m light of thedevelopment
of inherent multidrug resistant strains, it is necessary to revaluate the prophylactic use

of antifungals, in particulaazoles, which promotes such profound genome diversity.

Overall, a large rise ime number ofresistan strainsalong witha lack of novel drug

classedas resulted in the high mortality rates associated with invasive fungal
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infections. Currently there angist 11 new antifungals in clinical stage | or Il trials,
some of whichrepresent the inaugural member of a novel drugsd, for example
F901318 (olorofim) that inhibitdihydroorotate dehydrogenasg’7), and othersare
new generation of current drug classder example the azoléke tetrazoles VAL161
(78,79)and VT1129(80¢82). In order to improve patient outcomeghere needs to be
firstly an improvement in the sensitivity and specificity of diagnostic testsondly,
there needs to benore clinical treatment options through the development of
compounds that are highiyargetedwith lower adverse effects profileand thirdly
these advances need to be rapidicB ¢eps are being taken in the right directidioy
examplethe first antifungal vaccine is undergoing clinical trials, howdvsris yet to
receive approval for clinical uggy any country in the developed wor{@3,84)
Alongside these pharmaceutical advances, researchers are also investigating the

identification ofgeneticbiomarkers that predispose humans to fungal dised8&3

Our industry partner, F2G, aeebiotech company that focus on the development of
novel drugs to treat life threatening fungal diseases. One of their recently developed
drugs is called F900742. Very littlas been discloseabout FO0072 and this drug is

still under patent Initially G thought that F900742 exerted a nrepecific mode of
action through lysing cell walls, however a lack of activity in bactseiatable 4.1

and an inabilityto haemolyse red blood cells suggested anotihmechanism was more
likely. Haploinsufficiency seens are a useful way to identify the likely target of a drug
by reducing the number of copies of a single gene from two to one in a diploid cell
resulting in a heterozygote that displays increased drug sensitivity compared to the
wild type strain. A haplinsufficiency screementified a few hits, one of which was a
FLrdde FOAR npdod RS&IFGdzNF aSd® ¢KS FOGAQGAGe 2°
the addition of unsaturated fatty acids (labelled in redmigure 1.3 and lipidomic
approaches to analyse whole cell fatty achtent demonstrated an increase in the
saturated fatty aciccontent at the expense afnsaturated fatty acid All three

approaches suggested thB® desaturase is the targef FO00742
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Figure 13. FO00742 reversal assayhe addition of moneand polyunsaturated fatty acids reverse:
the action of F900742, whereas the addition of saturated fatty acids didTios assay suggested
GKIFG GKS &8Strad pop RSalGdzaNky &S Aa GKS GFNBSG

1.2Lipids

The eukaryotic lipidome consists of tl&ands of different species which facilitates

their function in multiple cellular process€6). Lipids are required for organelle
membrane formation, energy storage, signalling molecules, structural integrity, and as
mediators & membrane fusion and fission ever{&7) Varations in lipid requirements

are controlled by highly regulated processes that ensdeesovaosynthesis, uptake of
exogenous lipids, and degradation of lipids. An excess of lipids can induce lipotoxicity
and, in extreme cases, apoptosis. To overcome #xsess lipids are sequestered and
stored as lipid droplets. During times of high lipid requirement, for example growth or
starvation, lipids can be mobilised from lipid dropletsdernovosynthesis of lipids

initiated to ensure demands are mg8).

In eukaryotes, the plasma membrane or cell wall provides a set boundary that defines
the cell and the environment. Inside the cell, organelles are enclosed within a

membrane($ to ensure segregation from each other and the cytoplasm. All
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membranes are of defined lipid and protein composition to create a unique identity
and ultimately facilitate functionOf particular relevance to this project, proplgsid
distribution is paranount for ensuring correct membrane properties, including
thickness, fluidityand curvaturewhich allows processes such as membrane trafficking,
yeast budding, and fusion or fission eve(86,89,90) A key feature of all biological
membranes is their ability to dynamically adapt to their environm&sggulation of
membrane properties is required for prepmaintenance of cellular processes,
including the secretory pathwa@0)and the unfolded protein respong®1) It is

essential that lipids are correctly distributed throughout cellular and organelle

membranes as highlighted by the range of lipiduced disease®2,93)

The endoplasmic reticulum (ER) is an organelle that is required for protein synthesis,
calcium homeostasis, and trafficking. The ER is also the major site of lipidotieta,
including the biosynthesis of the major membrane lipidgerols and phospholipids.
Multiple proteins involved in lipid metabolism are located in the ER, therefore
disruption of this organelle can induce severe lipotoxic responses. Crosstalkdmetwe

the ER membrane and lipid metabolic processes are pivotal in both normal and cell
stress states. ER stress has been observed as a result of direct and indirect
consequence of alterations to lipid metabolic processes. Further to this, the unfolded
protein response (UPR) was first described as a pathway to maintain protein
homeostasis. The roles of this pathway have been updated to include essential roles in

ensuring correct lipid metabolisii94).

Lipid metabolic processes are highly conserved throughout eukaryotes. The budding
yeastS. cerevisiag/as used as a model organigmstudy eukaryotic lipid metabolism

for the majority of work in this thesis, as such the following sections will focus on lipid
metabolism in this yeastyeast are single ceukaryoticorganisms that are
comparatively simplén structurecomparedto humans who have approximately 10
trillion cells. Importantly, many of the intra cellular processes are conserved between
yeast and humansas well as may gene and protein functions, therefore studies in
yeast can be used to annd&genes in human and infer protein function. A

cooperative effort has resulted in an almost complete set of deletions of every open
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reading frame (ORF) Bcerevisiaewvhich werereplaced by selectable markers such
that each mutation can be traced amded to improwe the biological understanding of
many gene®f unknown function(95). OtherS. cerevisiakbraries have also been
generated, such asgreen fluorescent protein (GFP) tadgded at the @erminus of a
singlegenefor every gene such that one protetian bevisualisel solocalisationcan

be determined under various conditior{f86). The relative ease of genetic
manipulation of yeast hasnhancedhe functional understanding of a large number of
proteins in both diseased and naliseased state€96). Since functional information
must be obtained by experiment, yeast proveiacrediblyuseful model as virtually all
assays are easier with them thamulticellularorganisns. Benefits to using yeast
include,they are siigle cell organismexistingin both haploid and diploid form, yeast
are easyand cheap to culturethey can cope with a range of environmental conditions,
the yeast genome has been sequenced and contains significant homology to other

eukaryotegincludinghumans) and mutants can be easily isolated.

1.2.1Fatty acids

The basic component of complex lipids are fatty acids and a head group (for example
choline) (Figure 1.4). A fatty acid is a chain of hydrocarbons terminating with a

carboxylic acid. Thelie a wide variety of fatty acids in eukaryotes with atadin

length varying between C1@26 species and taking eithesaturated (no double

bonds) or unsaturatedi(to 6double bonds)) form. All naturally occurring unsaturated

fatty acids contain cisalible bond(s)that iswith both hydrogens on the same side of

the double bond¢ KS y2YSy Of | 1dzNBE F2NJ dzy &l G dzNI GA2Y
labelling system. The position of carbons within an acyl chain can be counted from

either the carboxyl end of thatfty acid or from the methyl group. The delta system
floSta OFNb2y m Fa (GKS OFNb2E&ft 3INRdAzZI | y|
SEFYLX SS || R2dzotS 02yR 060SG6SSy OFNbB2Yy o |
Membrane lipid acyl chain saturation is a keyeateatinant of membrane
physicochemicgbropertiesand is tightly regulated by evolutionarily conserved

mechanisms throughout eukaryot¢89,97,98)
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Yeast obtain fatty acids either througle novosynthesis, the degradation of complex
lipids, or uptake from exogenous sourd@9). Fatty acids may then take a route to

form more complex lipidsuch aghe membrane lipidphospholipids or sphingolipigds

or bestored in triacyclglycerols and steryl esters in lipid droplets to serve as an energy
reservoir. Free fatty acids can also function as signalling moleq@uésin post
translational modificationsand transcriptional regulator§l00) Thede novosynthesis

of fatty acids occurs in the cytosol and is highly conserved throughout eukaryotes.
Fatty acids are synthesised in a series of enatggendent carboxylation reactions
whereby two carbons aradded sequentially. The enzymes required for fatty acid
biosynthesis are covalently linked into a multifunctional system known as Type | Fatty
Acid Synthase syste(RAS) There are two enzymes in this system, ac&gA

carboxylase (Adgp) and fatty acicsynthasa (Fadp and Fas2pThe first step irde
novosynthesis of fatty acids is the generation of the 3 carbon product malco

from the two carbon substrate acet@oA catalysed bfccl (99) MalonytCoA is

then used as a C2 donor by the FAS complex to elongate the acyl chain 2 carbons at a
time starting fom acetydCoA. Theyclic addition of the two carbon subunit is

repeated until fatty acid chaingeld the major yeast saturated ae@bAs C16:0 or
C18:0(99). C16:6C0A and C18:CoA may then undergo desaturation in the ER (Figure
1.5).Fatty acid desaturation is an essential process in eukaryattegysed by fay

acid desaturase (FAD3)here is a range elukaryoticenzymes that catalyse the
desaturation of saturatedCoAs whiclkare named based on where in the hydrocarbon
OKI Ay G(GKS RS&lIGdzNF A2y EKEOgrdE R SE2 NUIAE 14BLI
one that appears in all living beings and is essential tq1i@d) This isalsothe only

desaturase expressefl cerevisiae
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Figure 1.4General structure of a phospholipidihe basic units of lipids are a hydrophobic moiety a
hydrophilicdomain. Phospholipids contaitwo fatty acids covalently bonded to a glycerol backbone
phosphate group links the glycerol backbone to a hydrophilic head group, for example choline.

Figurel.5. De novosynthesis of unsaturated fatty acid§-hede novosynthesis of fatty acids proceed
via the cyclic addition of a two carbon subunitréited by malonyCoA to the FAS complex such that
the fatty acid chain is elongated by two carbons per cycle. This process is repeated until the majc
saturated fatty acids, palmitic acid and stearic acid (C16:0 and C18:0), are generated. These sat
fatty acid species can be directly incorporated into lipids or may undergo desaturation loy a

desaturase (Olelp if. cerevisigeto the C16:1 and C18:1 derivatives, palmitoleic acid and oleic ac

Variatiorsin acyl chain length and saturati@s well as the head grougpve rise to the
huge number and diversity of lipidgeast contain a few hundred lipid specrah
monounsaturated fatty acids constitimig approximately 70% of the total intracellular

lipids (102,103) The major fatty acids i8. cerevisiaare unsaturated C16:1 and C18:1,
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calledpalmitoleic acid (20%) and oleic acid (50%) respectively, followed by their
saturated counterparts C16:0 palmitic acid and C18:0 stearicldnike other
eukaryotes, plants are unique in that they can synthesise polyunsaturated fatty acids.
Mammals meetheir polyunsaturated fatty acids dietary requirements by eating
plants.Yeast are unusualsthey do not require polyunsaturated fatty acids, but if
monounsaturated fatty acids are unavailable then they will incorporate

polyunsaturated into membrangd.04)

As poikilotherms, yeast adapt to extreme temperatures through altering the
membrane lipid compositiofiL05,106) It is through alterations to the lipid

composition thatmembraneprocessesre maintained(107) A key modulator of
membrane fluidiy is the degree of lipid saturation due to the inherent differences in
membrane packingf saturated and unsaturated lipid acyl chaiAs higher
temperatures, the average acyl chain length and degree of saturation increases which
is associated with thentorporation of membrane lipids containing saturated acyl
chains with larger head groups, such as phosphatidylcholine (PC) and
phosphatidylinositol (P1) at the expense of phosphatidylethanolamine (PE)
(98,106,108)In contrast, lower temperatures are associated with a higher degree of
desaturated membrane lipids. Desaturation induces a kink in the acyl chain which
reduces the membrane packingdar thereby increasing membrane fluidityhe
importance of the ratio of saturated to unsaturated fatty acids can be determined by
the tight regulatory mechanismsontrolling this procesthat are conservedvithin
eukaryoteg(105) Aberrant lipid compositiomhat resultsin an increasen the

proportion of saturated fatty acids indeslipid bilayer stressactivation of the

unfolded protein response (UPEWY) and aberrantorganelle morphology, for

example the mitochondri§l09) Conversely, an increase in unsaturated fatty acids is
equally detrimental to the cells and, in severe cases, can result indaityinduced
necrosig110) Eukaryotes have sensor proteins to monitor the properties of organelle
membranes which can initiate alterations to lipid metabolic processes during times of
nutrient starvation, stress, and development. Our understanding of howdwdd

what molecular sensors coordinate the degree of lipid saturation and the

physiochemical properties of membranes remains incompletd. K S 6 I { SNA&A Q
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cerevisiaethe modulation of lipid saturation is achieved through the regulation of the

solel YR S$aaSydAalt po RSAFGdNI 483 ht SmLID

1.3 D9 desaturases and fatty acid desaturation

1.3.1 Olelp

In 1960, Bloomfield and Bloch described an oxygen and NADPH requiring enzyme that
AYGNRBRdAzZOSR | ndg R2 dzo -BA suBsifare iSh cerigidiae(@11)a I G dzNJ
Since then, other groups have contributed to the understanding that the major

eukaryotic pghway synthesising monounsaturated fatty acids occurs in an oxygen
dependent manner catalysed by a microsomal complex consisting of three

componentsg a cytochrome b an NADHIependent cytochrome dreductase and the

n FlrLade | OAR (1RB144) Budihed adafysiskéNanlaédSHatfthe peit

complex is integral to the ER membrane and it contains ah®ne iron centre that

accepts electrons from the reduced cytochromghi5xd ! £ £ npdp RS& {0 dzNT ¢
the insertion of a double bond between carbon 9 and carbon 10 of C16:0 (palmitic

acid) and C18:0 (stearic acid) aCgA precursors, yielding C16:1 (palmitoleic acid) and
C18:1 (oleic acid)L.16,117)

1.3.2Structure ofD9 desaturases

CKSNBE Aa | aAy3atsS Oel2 OKNBeMEsiagaled Qlapp frSa - G
OLEic acid requirind.04) Olelp is an essential 53 kDa, 510 amino acid protein coded
for by the OLE1 gen@04,116) Olelp contains an-krminal desaturase domain that
is linked to a cytochromeslwomain(118) The majority of our understanding of the
structure of Olelp is derived from studiesrformed in the homogenously purified
mammalian homolog, stearoyl CoA desatura¢&cd) (114) There are currently five
knownmammalianScd isoforms foapproximately 355 amino acids (SE®)1Four SCD
isoforms have been identified in mice (SED1119%121) whilst two have been
characterised in rats (SCD1 and SGD22) and two in humans (SCD1 and SCD5)
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(123,124) Comparison of the mammalian and yeast desaturase coding sequences
reveakd a 36% primary sequence identiyth a greater than 70% sequence identity
at the active sitdFigire 1.9. Stukey et al demonstrated that the rat gene can
functionally replace OLE1, bihiis substitution was only viable in yeast strains
expressing cytdoome b5(116) Of note, he yeast desaturase domain is fused to a

cytochrome B domain, whereasnd I YY I £t Ay nd RS&al Gdz2N> &S a

'daYy

containa cytochromebs element within the desaturase compléx18) A possible
explanation for this is yeast are poikilotherathey rely on alterations in their
membrane content to adapt tenvironmental conditions, such as temperature
whereas mammals maintain a constant internal temperature, therefore the
incorporation of the cytochrome into the yeast protein could increase the rate of

desaturation to ensure rapid membrane lipid adaptation

Analysiof mammalian primary sequencey Wang et aidentified four regions of

greater than 10 residues where the sequences display greater than 70% identity, and

two additional regions in the same positions of the proteins that contain at least 50
hydrophobic residuegFigure 1.6J125) These two hydrophobic regions can each be

split into two by a small cluster of& charged residues dividing timalves. The four

18-25 hydrophobic segments span the ER such that the desaturases are anchored to

the membrane through four transmembrane passes, positioning thand Gtermini

andthe active site on the cytosolic face of the ER as predicted by S{ukéy The

yeast cytochrome $and ks reductase motifs are also positioned on the cytosolic face

of the ER. In addition, this topology also positions nimeserved histidines, including
GKNBS NB3IA2ya 2F O2y&aSNBSR KAAGARAYS 02E
Wl - - 11 Q 2y (GKS Oe 2 a®6)5i@ ditedidd Butaddnesis KS Y S Y
studies and crystal structures of the human and mouse Scd1l identified these residues

Fa SaaSydAalf T2N GdKS Hsboxesvare thaughdtb iel £ @ G A O |
involved inthe formation ofthe catalytic site by interacting with two iron atoms

located within the enzymé€127)

Primary sequence conservation shown in figure 1.6 was expanded from Bai et al to

includeC. albicangUniprot ID =Q5A747, A. fumigatugwww.aspergillusgenome.org),
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andS. pombdUniprot ID 2094523 - strains relevat to this study (Figure 1.7).
Sequences were taken from Uniprdiofno sapierl ID =000767 homo sapien 5 =
Q86SK9mus musculus 1 IDR13516 or the aspergillusgenome.org website and a
multiple sequence alignment was generated using the entire lengtheoproteins on
www.ebi.ac.uk. Transmembrane domains are indicated (BMds are the cytoplasmic
(amphipathic) helices (A)HIO. Amphipathic helices are predicted to be at the lipid
bilayercytosol interface. Helices are predicted to be involved in gatiey the
cytosolic domains, including the active site, of the desaturases. The cytocheome

domain present in fungdd9 desaturases only is also highlighted.

Sequencénomology in figure 1.7 was highlighted using the same colour coding system
as in figue 1.6. Sequence homology relating to figure 1.7 only is discussed below. The
nine essential histidine residues are conserved in all species at identical positions
within the sequences (highlighted in red). All species, apart ftomlbicanshave a
conseved arginine in TM4 (highlighted in grey). This residue relates to arginine 249 in
mouse Scdl which was identified by Bai et al in TM4 in an otherwise highly
hydrophobic, transmembrane region and is predicted to be involved in stabilising the
kink betweenTM3 and TM4128) Conserved carboxylate groups (highlighted in

purple) are involved in the coordination with the iron atoms at the active site are
conserved at three positions with all species containing a glutamic acid between AH7
and H8, and an aspartic acid between H2 and H3. There is a second conserved
carboxylate beveen H2 and H3, however the three mammalian proteins all express a
glutamic acid, whilst the four fungal species all express aspartic acid at this position.
Residues involved in the coordination with the fatty acid acyl chain (highlighted in
blue)andilRSGSNX¥AYyAyYy3 GKS fSy3aidK 2F G4KS Syileay.
conserved between all species apart from homo sapien Scd5 where there is a single
residue in both regions that is not. There are two amino acids in TM2 that are involved
in determinirg the length of the acyl chain binding tunnel (highlighted in green). A
tyrosine is conserved throughout human Scdl and mouse Scdl and all fungal species,
but not human Scd 5. The second amino acid is a glycine in all fungal species, but an
alanine in almammalian proteins shown. Residues highlighted in yellow are the CoA
binding site. These are conserved in all mammalian species shown, but the only CoA
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binding residue conserved in fungi is an asparagine in TM1 although 8opmbe
A. fumigatushas amadditional CoA binding site residue that is conserved between the
mammalian species, an aspartic acid in H2, but this is not conserved between any of

the other fungi shown.

The additional species shown in figure 1.6 all contain the nine conservedrastid

the same position, have identical homology to all mammalian species shown at the
acyl chain binding site (highlighted in blue) and at the metal centre (highlighted in
purple). Although the residues in TM2 that are involved in determining the heofgt

the acyl chain tunnel (highlighted in green) are not identical, there is conservation of
amino acid properties throughout all species making these positions functionally

conserved.
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™2 I I
M.musculus (1) wannr_ng::umemcnnvps ~CKLYTCLFGIF ‘msEgrrm TRLWSERTYKARLPLRIFLIIANTMA 141

M.musculus(3) WRNIILM HVGALYGITLVPS-CKLYTCLFAFVYQVIS IGAGVURLWSERTYKARLPLRIFLIIANTMA 145
H.sapiens WRNIILMSLLHLGALYGITLIPT~CKFYTWLWGVF ws‘mn‘ CRLWSERSYKARLPLRLFLITANTMA 145
D.Rerio WRNVILMSLLHIAAVYGLFLIPS-AHPLTLPWAFA VYG‘LGXTAG ' RLWSERSYKATLPLRIFLAIGNSMA 111
D.melanogaster WRNIILFALVHLAALYGLHSIFTRAKLATTLFAAG IIG‘iLGV'I‘AG /RLWALRTYKAKWPLRLLLVIFNTIA 124
C.hyperboreus WONVAKFVIIHALFFYGATYLPS-MSLNMWIFMLISAQISELGITMGARLWALKTYKAKLPLRIFLTFANSLA 124

RAYKATLSWRVFLMLINSIA 113

C.elegans WENVALFVALHIGALVGLYQLVFQAKWATVGWVFLLE TLGEMGVT! 'RLW;

S.sp.PCC6803 AWTVIFFFTSIHLVALLAFLPQFFSWKAVGMAFLLYY ITGEIGITLGFARCISERSFNVPRWLEYIFVICGTLA 126
A.thaliana ~LDYVKFSASFTVHSLALLAPFYFTWSALWVTFL |-IG§LGITVS H :RSFKVPKWLEYLLAYCALLA 110
S.cerevisiae WLNMVLVCGMPMIGWYFALSGKVPLHLNVFLESVF lA\’GgVSITAGYgRLW RSYSAHWPLRLFYAIFGCAS 186

T S -

M.musculus (1) b PHNSRRGFFFSEVGWLLVRKHPAVKEKGGKLDMSDLKAEKLVMFQRRY 213
M.musculus(3) 3 PHNSRRGFFFSHVGWLLVRKHPAVKEKGGKLDMSDLKAEKLVMFQRRY 217
H.sapiens 3 PHNSRRGFFFSHVGWLLVRKHPAVKEKGSTLDLSDLEAEKLVMFQRRY 217
D.Rerio PHNSNRGFFFSHVGWLLVRKHPEVIERGRKLELTDLEADKVVMFQRRF 183
D.melanogaster 3 PHRATRGFFFSHVGWLLCKKHPDIKEKGRGLDLSDLRADPILMFQRKH 196
C.hyperboreus » PHNAKRGFFFAEMGWLMVRKHPEVTRAGKTVNMTDLENDKLVMLQHKY 196
C.elegans » PHSTNRGMFFAHEMGWLLVKKHDQLKIQGGKLDLSDLYEDPVLMFQRKN 185
S.sp.PCC68B03 3 PHDSNKGFWWSEIGWMMFEIP-AKADIPR-~YTKDIQDDKFYQFCONN 195
A.thaliana s PHSPKEGFWFSELLWIYDSAY-LVSKCGRRANVEDLKRQWFYRFLQKT 181
S.cerevisiae 3 PYDARRGLWY SEMGWMLLKPN~~~PKYKARADITDMTDDWT IRFQHRH 255

[ T e T } o
M.musculus (1) YKPGLLLHCFILPTLVPWYCHGBTFVNSLWSTFIFYTLVL:%VNS LYGYRPYDENI NILVSLG 287

M.musculus(3) YKPGILLMCFILPTLVPWYCWGETFLNSFYVATLL:YAVVL VNS LYGYRPYDKNI| QNALVSLG 291

H.sapiens YKPGLLMMCFILPTLVPWYFWGETFQONSVFVATFL  YAVVL VNS LFGYRPYDKNISPRENILVSLG 291
D.Rerio YKLSVVLMCFVVPTVVPCYMWGESLWIAYFIPTLL. YALGLNSHWLVNS. MWGNRPYDGNIGPRENRFVTFS 257
D.melanogaster YYILMPLACFVLPTVIPMVYWNETLASSWFVA' SWCFQL VNS KFGNRPYDKTMNPTQNAFVSAF 270
C.hyperboreus YITSFLLCGFVIPTVLPYLLWGECLYTAYFMA-IF YVITL WLVNS, FFGYKPYDKTIGPTENMLVSLL 269
C.elegans YLPLVGIFCFALPTFIPVVLWGESAFIAFYTAALF YCFTL WCINSVSEWVGWQPYDHQASSVDNLWTSIA 259
S.sp.PCC68BO3 LILIQVALGLILFALG======== GWPFVIWGI ?VELVFVPH SAT: KFGYVSHESNDYSRNCWWVALL 261
A.thaliana VLFHILGLGFFLFYLG= == === GMSFVTWGM %}\L LINS IWGTRTWKTNDTSRNVWWLSVF 247
S.cerevisiae YILLMLLTAFVIPTLICGYFFN-DYMGGLIYAGFILVFVIQ FCINS YIGTQPFDDRRTPRDNWITAIV 328

AHG

M.musculus(1l) FPFDYSASEY-RWHINFTTFFIDCMAALGLAYDRKKVSKATVLARIKRTGDGSHKSS 355
M.musculus(3) PYDYSASEY-RWHINFTTFFIDCMAALGLAYDRKRVSKATVLARIKRTGDGSHKSG 359
H.sapiens FPYDYSASEY-RWHINFTTFF IDCMAALGLAYDRKKVSKAAILARIKRTGDGNYKSG 359
D.Rerio FPYDYSTSEYG-WKLNLTTIFVDTMCFLGLASNRKRVSKELILARVKRTGDGSYRSG 325
D.melanogaster PWDYKTAEWGCYSLNITTAF IDLFAKIGWAYDLKTVAPDVIQRRVLRTGDGSHELW 339
C.hyperboreus FPYDYSTSEW-GYTFNTTSRIIDAMASIGQAYDLRTASKATIEARSVRTGLPELTAL 337
C.elegans FPODYRTSEH-AEFLNWTRVLIDFGASIGMVYDRKTTPEEVIQRQCKKFGCETEREK 327
S$.8p.PCC6803 YQYSARAGLO-WWEVDLTWMT IKFLSLLGLAKD IKLPPETAMANKA-—= === ===~ 318
A.thaliana ESSARQGLE-WWQIDISWYIVRFFEIIGLATDVEVPTEAQRRRMATVR == = mmm = e 307
S.cerevisiae FPTDYRNAIK-WYQYDPTKVIIYLTSLVGLAYDLKKFSQNAIEEALIQQOEQKKINKK 396

Figure 16. Sequence alignment of mammalian SCD1 isoforms witfieo D9 desaturasesOnly the

regions aligning with SCD1 are shoWwM 1-4 represents the four ER transmembrane domains. (A)H1

10 represents the 1@-helices which are split into two cytosolic clusters. AH1, AH7, and AH9 are
amphipathic and are predictedtbe positioned at the lipid bilayearytosol interfaceH2-6 and H8 are

not amphipathic and are involved in the coordination of the diiron metal centre and active site
structure.Conserved residues are highlighted in the following colours: Red = hisfidirge =

carboxylates in the coordination of the metal centre; blue = acyl chain binding site; yellow = CoA binding
site; green = residues inw@d in determining the length of bound acyl chains; black = mutations that
change the substrate specificity;eyr= ARG 249 in the transmembrane region. Figure taken ft@8)
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- AH9 TN H10

Sc DPTKVIIYLTSLVGLAYDLKKFSQNAIEEALIQQEQKKINKKKAKINWGPVLTDLPMWDK 414
Af DPTKWTIWIWKQLGLAYDLKQFRANEIEKGRIQQLQKKIDQKRAKLDWGIPLDEYWPVM 336
ca DPTKVTIWCLSKLGLAWNLKKFSQNAIEQGLVQQQQKKLDRMKNKLNWGAEIEKLPVWTR392
S.p DPTKIFIYIASLFGLAYNLNTFPDNEIQKGIVQQKQKVLDRWRAKLNWGIPLEQLPVMEF 363
H.s (1)  NFTTFFIDCMAALGLAYDRKKVSKAAILARIKRTGDGNYKSG--------- 359
Hs(5)  NPTTWFIDFMMWLGLATDRKRATKPMIEARKARTGDSSA ------m---o 330
M.m (1) NFTTFFIDCMAALGLAYDRKKVSKATVLARIKRTGDGSHKSS---------- 355
Sc QTFLAKSKENKGLVIISGIVHDVSGYISEHPGGETLIKTALGKDATKAFSGGVYRHSNAA 474
Af DDYVEQAKNGRGLIAIAGVVHDVTDFIKDBIBKAMINSGIGKDATAMFNGGVYNHSNAA 396
ca EEFNERAKQEGLIIISGIIHNVKNFIKEHPGGQALVRASLGKDATKAFNGAVYAHSNAA 451
S.p EDFLEQSKTRPLVLINGVVHDMTGEHPGGQGLLRSAFGKDATAAFNGGVYDHTNGA 420
H.s (1) - 359
H.s (5) 330
M.m (1) 355
S.c QNVLADMRVAVIKESKNSAIRMAS------- KRGEIYETGKFFer-menmeo- 510
Af HNLLSTMRVGVIRGGCEVEIWKRAQKESGEYVRDESGQRIIRAGQQVTKIPDPIPTADAA 456
Ca HNLLATMRVAVVKDGEVNADTFBE------ QEQMMEKEK QS ---------- 486
Sp HNLLSTYRVAVVRGGMEVEVWKSGAGRMKDTQGQKIVRVGEQITRIQPPIEAAAAN 479
H.s (1) 359
H.s (5) 330
M.m (1) 355

Figure 17. Sequence alignment dd9 desaturasesrom fungal strains used in this study and

mammalian homologs¢t KS Sy GANB €t Sy3aadK 2F Fff pd RS&lI GdzNF aSa
cytochromebs domain.Conservedesidues are highlighted in the following colours: Red = histidine;

purple = carboxylates in the coordination of the metal centre; blue =am@ih binding site; yellow =

CoA binding site; green = residues itveal in determining the length of bound acyl chains; black =

mutations that change the substrate specificity; grey = ARG 249 in the transmembrane region. Figure
adaptedfrom (128) Multiple sequence alignment was generated usmgw.ebi.ac.uk
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desaturase, Scd1. Scd1l consists of four transmembrane domains that anchor the protein to the ER
membrane. The transmembrane domains form a ctike structure that are cappebly cytosolic
domains.(A)H:10 represents 1@-helices which are split into two cytosolic clusters, C1 and C2. AH1,
AH7, and AH9 are amphipathic and are predicted to be positioned at the lipid bdgigeol interface.

Red dots indicateanserved histidirsthat are involved in the coordination of two iron atoms that are
required for the formation of the active sitdhe position of the conserved histidines within the protein
sequence can be identified by the residues highlighted in red in figuré&ihde taken from(128) B)
Crosssection of human Scdl showing a turdiké pocket where the acyl tail of steare@bA can dock.

The tunnel is lined with hydrophobic residues and contains a sharp kink that ensure only a cis
desaturation can occur. The length of the tunnel and the sharp kink ensures the correction positioning

of carbon 9 and 10 of C16:0 and C18:0 acyl CoA saturated fatty acids for desaturation. Figure taken from
(125)

So far, onlyruncated versions afhe mouse and human Scd1l crystal structures have
been solved125,128)and the predicted topologies for both species are consistent.
Scdl contains four transmembrane helices () &rranged in a conkke formation

that are @pped by cytosolic domaif€1 and C2ayith both the N and Gtermini and

the catalytic site on the cytosolic side of the membrdh28,129)Figire. 1.§. The cap
domain consists of ten cytoplasmic heli¢éS)H:10)and interlocks with the cytosolic
faces of the four TM domains. The cap contairseasial residues that contribute to

both metal ion binding and substrate recognition. Consistent with predictions based on

sequence conservation, histidines in three histidbex motifs do participate in metal
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ion coordination. Three helical turns of boftM2 and TM4 protrude slightly into the

cytosol and provide residues that are essential for the active site.

The fatty acid binding site is a long, hydrophobic tunnel that contains a sharp kink
where the active site and dimetal centre are located (Figudi). The length of the
tunnelensures that onlyC9 and C10 in the stearoyl Coein align with the catalytic site
at kink. The pronounced kink is likely to be involved in holding the substrate in position
such that only desaturation between these two lbans is possiblelhis geometry
ensures that only a cis dehydrogenation of the substrate oc@@slesaturases
recognise stearoyCoA via electrostatic and hydrophobic interactions. Wang et al
suggest that Scdl encounters the CoA head group and polaaatiens then guide

the acyl chain of the fatty acid into the hydrophobic tunnel between transmembrane
domains 2 and 4125) The acyl chain of steare@0A inserts into the narrow
hydrophobic tunnel of Scd1 such that a negatively charged phosphate in the ADP

group of CoA is positioned adjacent to a large positively charge surface of the enzyme.

1.3.3Regulation of OLE1 expression

S. cerevisiaeequire highly adaptable membrane compositions to facilitate growth in a
range of conditionsAdjustments to membrane lipid saturation occurs through altering
the expression of Olelp in response to sensing of physicochemical properties of the ER
membrane. OLEis an essential geng¢he overexpressioor deletion ofwhichis

lethal, and as such is tightly regulatéti30) Expression of OLEL is controlled both at
the level of transcriptior{131)and mRNA stabilit{132) Factors that mediate the
expression of Olelmcludetemperature(133) hypoxia(134) and high saturated fatty
acid content(135) The transcription of OLEL1 is regulated by two related homologous
factors Spt23% and Mgad, that are essential for OLE1 expression. Deletion of either
gene is nodethal, however a double mutain renders the cell nowiable suggesting
some form of functional redundang$36) Neitherprotein contairs a recognisable

DNA binding motias such they are not transcription factpfewever Mgap and
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Spt23 have been shown to regulateLEranscription through a fatty acid regulated
(FAR) elementl31)and subsequent chromatin remodellify37).

Mga2p and Spt23p are found in two statesne is theinactivep120 kDa protein

anchored to the nuclear or peripheral ER membrargetheir Gterminus the other is

the soluble p90 kDa that localises to the cytoplasm and nuglE2&,139) Activation

of Mga2p and Spt23p is mediated by a cascade of events, howas@rdlcess is
compex,and our understandingemainsincomplete Very little is known about the
activation of Spt23p. In contrast, the activation of Mga2p is dependent on a highly
flexible, single transmembrane helix that senses lipid desaturation. Mga2p activation is
conferred through the dimerisation and rotation of the transmembrane helix within

the membrane. The orientation of the transmembrane helix, and in particular of a
single tryptophan residue (W1042), is dependent on the lipid desaturation content of
the membrane(Figure 1.9). Membranes containing a high degree of unsaturated lipids
O2yFSNI Iy a2FFé¢ O2yFAIdNI GA2Y 6KSNB GKS |
from the dimer interface; whereas these residues are more likely to point towards
each other when thex is a higher proportion of saturated lipid acyl chains which in
GdzNy € SFRa (2 GKS a2yé¢ O2y FAIdzNI @702y 2F
Until recently, it was generally accepted that the rotation of Mga2p was dependent on
sensing membrane fluidity. keever, it was demonstrated that it is the sensing of

lateral pressure by W1042 that induces the rotation of the transmembrane helix of
Mga2p as a result of an increase in packing order in membranes with a higher
saturated acyl chain lipid conteit41) It is not known whether Spt23adivation is

alsovia thesensing membrane lipid saturationingthe same rotatiorRbased

mechanismas Mga2pOf note, Mga2p and Spt23p contain 86% sequence identity in

the sensory transmembrane helix domains, therefore glaisiblethat Spt23p also

activatedby a similar mechanisifi40)

Ly GKS da2yé O2yFANXNIGAZ2Y S a3alul) FyR {LIH
residues in the cytosolic region can be ubiquitinated by the E3 ubiquitin ligase Rsp5p
(142) However, it remains unknown how the membrane sensing domain trassmit

signal torecruit the ligase Following ubiquitylation by Rsp5, Mgaadpd Spt23p are
51



activated by proteasomal processing by the insertion of a flexible, tightly folded loop
into the proteolytic chamber of the proteasome to generate the active p90 fragment
and a shortilved Gterminal fragment(138) It is not currently understood whether the
proteolytic cleavage events occur spontaneously or whether it is assisted by
ubiquitylation and subse@nt recruitment of the ATPase Cdc48p and cofactors Npl14
and Ufd1 complex. Following cleavage by the proteasome, the active p90 fragment is
mobilised by Cdc48p/ Np14/ Ufdar transfer into the nucleus (Figure 1.10he
membrane protein Ubx2p anchors Cdp4ié the ERand has been shown to be a
crucial protein in the transcription of OLRIBX2 deletiomesults in a 40% reduction in
OLE1 mRNA relative to wilgpe cells and an associated shift to saturated fatty acids
and a concurrent increase in lipids wimall head groups, sucls RE at the expense

of PQ(91). This shift in lipid composition compensates for physical membrane stress
inducedby the switch to more saturated acyl chains, ther@mguresmembrane

shape and fluidity. There are two theorites the role of Cdc48p/ Npl14/ Ufd1l in the
OLE1 pathwayne suggests that Cdc48p complex only acts after the proteolytic
processing of Mga2pnal Spt2® and acts to release the processed p90 form from the
membraneembedded, unprocesseGtermini (139,143) The second scenario suggests
that the Cdc48p complex can-€acilitate the rapid proteolysis of the-€€rminal

portion of p120(77,80) Once Mga2 and Spt23 are activated and mobilised from the
membrane, they translocatmto the nucleus where they activate the transcription of
OLE1 through unknown mechanis45) The current understading ofhow Mga2p

or Spt23p activation leads ©OLE1 transcription are incomplete.
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tightly packed membrane loosely packed membrane
ubiquitylation no ubiguitylation

Figurel.9. Mga2p rotationbased lipid sensingn a more highly lipid saturated membrane (left figure),
Mga2p rotates such that W1042 faces inwards to the dimemidfel OS® ¢ KA a Ll2aAiAliAzya
conformation by exposing three cytosolic lysines on each Mga2p monomer which can be ubiquitinated

by the E3 ligase Rsp5p. Conversely, in highly unsaturated membranes, Mga2p rotates such that W1042
faces away from thdimer interface and the cytosolic lysines are not exposed. Figure taken(1r4on

OLE1

nucleus

Figurel.10. Model of OLE1 transcription activatiomactive, P12®pt23p and Mga2p are Hétalised

to the ER. On an increase in membrane saturation, Spt23p and Mgagmtonodimers which exposes
three lysine residues on each monomer. The activation of these proteins occurs via a series of events
involving the ubiquitination of the exposed lysines, activation to the P90 fragment by the proteasome,
and mobilisation by th€€dc48 complex. Figure taken frqw0)
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Cellular fatty acid composition is also regulated by Sctlp. Sctlp is an 86 kDa, ER bound
enzyme that is involved in the production of lysophosphatidic acid in the first
committed step of glyerophospholipid synthesiswHs initially identified in a screen as

a Quppressor ofCholine TransportDe Smet et al demonstrated that Sci$@ novel
regulator of fatty acid desaturation through a competitiaith Olelp for saturated
acytCossthereby regulatinghe availability olsubstrates available for the desaturase

and subsequently the degree of fatty acid desaturation (Figure 1.10). De Smet et al
identified that both the overexpression and the deletiohSCT1 results in an altered

fatty acid profile The overexpression of ST favours a more saturated fatty acid

profile with a fourfold increase in C16:0 and twofold increase in C18:0 at the expense
of the unsaturated fatty acid counterparteported, and an increase in phosphotidyl
inositol synthesis at the expense of phosplgt ethanolamine. De Smet suggested

that this large increase in saturated content would cause a reduction in membrane
fluidity and consequently alter essential membrane processes. In line with these
observation by De Smet and colleagues, Pineau descsigedicant ER morphological
consequences as a result of inactivating heme synthesis. Membrane effects as a result
of inhibition of heme synthesis is likely due to a reduction in Olelp activity. Olelp
contains a diron metal centre that is essential toghdesaturase catalytic activity

through the donation of electrons. Inhibition of the electron transfer from the metal
centre of the Olelp results in a poorly or ramctional desaturase. Pineau used a

n K S ¥tnain ofS. cerevisiathat was confirmed to hee an increase in the amount of
saturated lipid species at the expense of the unsaturated counterparts. Pineau
described the effects of saturated fatty acid accumulation on membranes with

aberrant ER morphology and cytosolic, membrane enclosed cleftg ioytoplasm.

Pineau also showed that deletion of OLE1 induces the unfolded protein response (UPR)
(146)

De Smet et al also showed that tbeletion of SCT1 results in a 50% decrease in the
amount of C16:0 and an increasetle cellular unsaturated fatty acid conte(it47)
Overexpression of OLE1 has been previously shown by Kajwara to arduczease

in average acyl chain length and a slow growth phenotiig&) Conversely, SCT1

overexpression is assated with a decrease in chain length. Interestingly, co
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overexpression of SCT1 and OLE1 rendered a normal lipid profile and did not affect the
growth rate of cellsOverall, these findings suggest that Sctlp competes with Olelp for
C16:0 CoA and C18:0 Carid it has been proposed that this is by sequestetimey

saturated CoAsmto lipids(Figure 1.11 The role of additional enzymes that also have

acyl CoAs as their substrate, for example Gpt2p, in regulating the activity of Olelp

remain to be investigaid(149)

The activity of Sctlp is regulated by its phosphorylation state with the enzyme activity
being inactivated upon phosphorylati¢d47) It is likely that this phosphorylation

event provides an indirect feedbaakechanism that in turn regulates the

incorporation of saturated acyl CoA into lipids through the activity of Sctlp. To date,
no posttranslational modifications have been noted in Olelp, including
phosphorylation events. Future research to identify keyakas and phosphatases that
regulate the activity of Sctlp will prove vital to complete our understanding of the

maintenance of proper lipid saturation profile.

Fatty Acid Synthase

C16:0-CoA

elongases

ha
<= Acyl-CoA

acyl-CoA
synthetases

lipases - acid

Figure 1.11 Regulation of fatty acid saturation content by Olelp and SctQj36:0 CoA can be directly
sequestered into lipids through the activity of Sctlp or Olelp to render the C16 saturated or
unsaturated lipid products. Alternatively, C16:0 can undergo further elongation by elongases to the
C18:0 substrate. Sctlp and Olelp caart compete to sequester the C18:0 CoA substrate into the C18
saturated or unsaturated products. Image taken fréd7)
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1.3.4. Olelp and the mitochondria

S. cerevisiaeeproduce through asymmetric divisioknown asbudding. Initially, cells
polarise and a site where the bud within emerges. Mitochondria enter the bud
immediately through movement along actin cables. Once the bud grows to the size of
the mother cell, it is severed at the point of joini(ih0) The distribution of the
mitochondria to daughter celis an essential feature of the yeast mitotic cycle since
they proliferate from preexisting organellesach daughter celk required toreceive

a sufficient quantity of mitochondria before mothelaughter separation occurs.
Stewart et al demonstrated #t a mutation to the Mitochondria Distribution and
Morphology 2 (MDM2) gene was unable to deliver mitochondria to the butlthe
inheritance of other organelles wasaintained(109) Supplementation with oleate
was sufficient to rescue to the mutant phenotype. MDM2 was isolated and
characterised and shown to encode OLHie molecular details by which fatty acids

control the inheritance of mitochondria are yet to be described.
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CHAPTER 2

Aims of study

F900742 is a novel antifungal compound developed by F2G, Manchester, UK. F900742
was identified from a series of drugs in an antifungal screen agaspergillus
fumigatusand Candida albicangnitially it was thought that F900742 displayed a non
specific mode of action or exerted its effects through membrane disruptioweverit

was shown to lack activity in bacteria and an inability to haemakydélood cells.

F2G had more success in narrowing down the target with reversal assays,
haploinsufficiencyscreens, and fatty acid profile analysis. These three methods
4dz33Sa0SR GKFG GKS Flrade | OhdS. carepisiaplia | G dzNJ
desaturaseOlelp, is the sole copy of an essential enzymae catalyssthe

desauration of fatty aciddetween carbons 9 antl0. D9 desaturases are

evolutionarily conserved throughout eukaryot€¥® desaturasesontain 4 membrane
spanning ER transmembrane domains making them very difficult to isolate and purify,

therefore it is not currently possible to stv a drugprotein bound complex.

The overall aim dthis studywas to confirm the predictedarget of F900742s the
fungalD9 desaturase, Olel@ hiswasapproachedy:

1) Test the activity oF900742 in the yea8accharomyces cerevisiae
2) Test the effecwvarying Olelp expression has on F900742 activity

3) Test thatS. cerevisiaare functionally viable, but resistant to F900742 when
OLEL1 is substituted for human SCD1

4) ldentify residues essential for F900742 binding through the generation of
mutations within he OLE1 ORF

5) Investigate ultrastructural morphological defects induced by F900742

6) Identify the mechanisifs)by which F900742 exerts toxic effects
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CHAPTER 3

Material and Methods

Unless otherwise stated, all chemicals were purchased from Sijdrch. Yeds

media were purchased from ForMedium.

Unless otherwise stated, all experiments were performed at room temperature
(approximately 20C)

Unless otherwise stated. cerevisiagere incubated at 30C either on an agar plate

or in liqguid media. Samplesayvn in liquid media were shaken at 300 rpm. 14 ml,
round bottom falcon tubes with lids that ensure oxygenation were used to grow liquid

yeast cultures.

1. Yeast strains
The yeasSaccharomyces cerevisiaas the model organism of choice used for the
majority of experiments to dateSchizosaccharomyces japonieunsl
Schizosaccharomyces pombere also used as a comparison3accharomyces

cerevisiagn some experiments (Tabk1).

All experiments usinéspergillusand Candidastrains were performedby Sara

Murphyat F2G, Manchester, UK.

S. cerevisiadelete strains were obtained from a collection in a BY4741 (R)AT

background.

A collection of @erminally GFP tagged yeast was kindly gifted to the Levine group by
Maya Schuldiner and were synthesisedHiyh et al as described (86). Thelibrary
was generated by inserting a GFP tafyame and immediately after each ORF

individually, but before the native stop codon.
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BY4741 (BY) Oletop-GFP was made for the purpose of this study. Genomic DNA

isolated from BY OleGFP was used as tem@dNAas described in Methods 10.A4

stop codon was inserted immediately after the OLE1 ORF, but prior to the GFP using

the primers QE stop F and CAL R (Tabl&.5) using the PCR prograbminutes at 90

°C, 40 x (94C 15 seconds, 3& 1 second, 52%C 20 seconds, 60 seconds per kb at 72

°C), 7minutesat? ® nnn >f 2F t/w LINRPRdzOO 61 & LINP
precipitation and transfected into log phase BY G&HAPAfter 48 hours of growth on

agar, asingle colony was isolated and the OIBRF waamplifiedby PCR. Successful

stop codon insertion was confirmed bypth Sanger Sequencing usingEl ORF3 and

GFP R, and confocal microscopy confirmed cells no longer expressed GFP. This colony
was streaked on to a fresh plate and useddppropriate experiments.

A cross between BY OLEEP MABand BY ERGSCt a! ¢ h gl & LISNF 2N
growing a patch of the mixed strains on complete media at@@or 6 hours. A sample

from the patch was then streaked to single colonies @elactiveagar plate lacking

histidine and containing G4I#hd grown at 8 °C for 48 hoursConfocal microscopy

was used to confirm that the cells contained by Ol&lgP and ErgeRFP.

Strain Genotype Source
BY4741 MATa his®1 leuZD0 met150 urad0 Euroscarf
BY4742 a! ¢h DKIguaDO metl5D0 uraddO Euroscarf
R453C al! ¢h -0Is8H,15ura3s2 leu23,-112 | (151)

trpl-1

BY OleiGFP BY474with GFPafter OLE1 (36)

BY OleiSTOFGFP BY4741 stofisFP Thisstudy
BYDolel .,ntnm D[ npp?2 nYYY! Db|Euroscarf
BYDOmga2 BY474IYIRO33W YY Y ! ba - n Euroscarf
BY Dspt23 BY474IYH.020Q@ YYY! ba - n Euroscarf
BYDubx2 BY474IYMLO13W YY Y ! ba - n Euroscarf
BYDsctl .,nTtTnm . [ AnmMmM2 nYYY! b|Euroscarf
BYDerg6 BY474IYMLOO8G YY Y! ba - n Euroscarf
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BYDvac4 BY474IYBROO7TW Y Y Y ! ba - n Euroscarf

BYDatgl BY474IYGL180OW YY Y ! ba - n Euroscarf

BY RHERG®G BY4742 RFRanMX6 Euroscarf

BY RFAMD RS453B with pRS405 RRA®D (152)

BY RFHOM6 RS453B with pRS405 RFPM6 (153)

OLEIGFP- ERGE&RFP| Mating of OLEIGFP and RHERG6 Thisstudy

BY mChernOlel BY4741 TEF2 mChefryf 9 MSWWATlibrary | Maya
Schuldiner

BY mChernSctl BYZ41 TEF2 mChery/ ¢ WA Tibrary | Maya
Schuldiner

BY Ubx2GFP BY474with GFPafter UBX2 (36)

BY SctiGFP BY474with GFPafter SCT1 (36)

BY Sec6&FP BY474Wwith GFPafter SEC63 (36)

BY Scs&FP BY474with GFPafter SCS2 (36)

BY Mnn9GFP BY474with GFPafter MNN9 (36)

BY NmalHGFP BY474with GFPafter NMAIII (36)

BY Pex35FP BY474with GFPafter PEX3 (36)

BY Sac&FP BY474Wwith GFPafter SAC6 (36)

BY Vac4GFP BY474with GFPRafter VAC4 (36)

BYnlelSCD 1 , oleiwith pAG415GPD FlapsSCD1 Robert
Ernst

BY4741RFPHDEL BY4741 with RFRDEL This study

BY OleiGFPRFP BY OledGFP with RFADEL This study

HDEL

BY Dspt23-RFPHDEL | n & LJivith ®FPHDEL This study

BYOmga2-RFPHDEL | n Y 3 with RFPHDEL This study

BYubx2-RFPHDEL | n dzo with RFPHDEL This study

BYlel-RFPHDEL | n 2 f wittMRFPHDEL Thisstudy

Schizosaccharomyce! h+ ura4 018 leut32 ade6 Snezhka

pombe Oliferenko

Schizosaccharomyce| ura4si D3 ade6sgomE Snezhka

japonicus Oliferenko

Candida albicans Strain F/6862 F2G

Candida krusei StrainATCC 6258 F2G
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Aspergillus fumigatus| Strain A210 F2G

Aspergillus terreus | Strain AT4 F2G

Table3.1. Yeast strains used in this studyhis table lists all strains used during this study. Sources of

strains are: Euroscarf and kind gifitom Snezhka Oliferenkand Robert Ernst

2. Plasmids
The plasnds used in this study are listed in Table® 3.3, and 34. Yeast plasmids
were based on the pRS4xx ser(&54)

Plasmid name Description Source

Pho5 > GH&FP pRS416 (URA3): GEFRPHO5 Tim Levine
promoter)

RFPTom6p pRS405 (LEU2): RFAxd6p (PHO5| Tim Levine
promoter)

DI!I'[ B h[9Lw{nmc hJ[ @MNo¥¢Mu | This study

ends) 0 Q yGRPIGALL/10 promoter)

RFPTMD pRS405 (LEU2): RFf3d&rm of Tim Levine
Scs2p (PHOS prater)

RFPHDEL RFPHDEL :: NAT (Related to RFP | Alexandre Toulmay
HDEL plasmid (PMID: 22250200))

Table 32. Yeastexpression plasmids used in this studill plasmids were based on the pRS4 vector
series. pRS416 = GEIRA3, pRS405 = integrajihEU2.
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Plasmid name | Description Source

Mutagenic pRS416 (URA3): mutagenized | Genscript

plasmid library | OLEX GFP (PHOS5 promoter)

BG1805 21 (URA3): OLEMAZZ (GAL1/10| Dharmacon
promoter)

Table3.3. Purchased yeast expression plasmidslitrary of mutagenic plasmids that contain between
3-10 mutations per kb throughout the OLE1 ORF was obtained from Genscript. BG1805 contains the
OLEL1 ORF followed by a tandem affinity tag was purchased from Dharmacon.

The homosapieh wC 2 F ( KS n dwaR Sotaindd tadikgld @irciage 5f
I.MA.G.E. fully sequenced cDNA clones.

Gene name I.M.A.G.E source | Clone ID Unigene ID

SCi Source Bioscience| IRAUp969E0731D| Hs.558396

Table 34. SCR IMAGE cloneThe SCDIMAGE clonewadza SR & G KS a2 d2NDS T2
desaturase and homolagt of Olelp, SCD.

3. MC1061 bacteria

3.1. Competent MC1061
5 MC10621Escherichia catiolonies were picked from a fre¢lB agaplate and were
grown over night at 36Cin LB broth at 300 rpmCultures were diluted 1 in 200 into
250 ml of LB broth and grown for a further 4 hours aP@7ntil an OB0O0of 0.5 was
reached. The culture was placed on ice for 5 minutes. Cells were collected by
centrifugation. The pellet was resuspended in 62.5 ml otatd 0.1 M MgGland
incubated on ice for 10 minutes. Cells were centrifuged, and the pellet resuspended in
31 ml of 0.1 M Cagand incubated on ice for a further 30 minutes. The sample was
centrifuged and the pellet resuspended in 12.5 ml 0.1 M £at@113% glycerol. This
FAYLFE &adzallSyaAizy ¢l & RAAGNRAOdzGI SR8OPCA MHN
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3.2. MC1061 transformation
MC1061E.colg SNB (NI} yaFT2N¥SR o6& 3Syidte YAEAy3
for 30minutes. The mixture was then inmated at42/ F2NJ cn a4SO2y R& 0o
LBbroth was added anthe samplencubated at 377C for a further 30 minutes. Cells
were plated on to the appropriate antibiotic containing plate and left afG0

overnight.

4. Plasmid miniprep
Transformed beteria were selected for by the appropriate antibiotic. Single colonies
were selected and grown at 3T in sterile liquid culture containing 2 ml of luBth
YR FTYGAOA2GA0 F2Nlc K2dzZNE® vAlF3ISyQa tfl .
accordingtot Y I ydzFl O dzZNBENRa Ay adNHzZOGA2y ad

5. Digests
To ensure plasmids were correct, specific restriction enzymes were selected to digest
the vector DNA into unigely identifying patterns. Digests were done in a total volume
2F mn >t FyR 02y il Ay SR JlQinéBfedzyie anfl ixdf n O 1 |
appropriate buffer. The digest mixture was incubated af@7#or 1 hour. DNA was

separated by electrophores an agarose gel.

6. Agarose gel electrophoresis
Gel electrophoresis was used to separate DNA fragments by size. Gels most often
contained 1% (w/v) agarosex TAE buffer, and 1x SafeView Nucleic Acid Stain. The
38ta 6SNB 21 RSR ¢ Asarfple anidDMNRddderyoth & tvilich mn >
were mixed with 5x loading buffer. Gels were run in 1x TAE buffer at 100 V for 20

minutes. DNA was visualised by UV.

7. Gel purification of DNA
Following DNA band separation, required fragments were cut out of thargeDNA
gl & NBO2OSNBR dzaAy3a vAI3ISYyQad vAlvdzi O] DS

instructions.
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8. Yeast transformation
Yeast were grown over night at 3G in YPDroth. The following morning, they were
diluted 1:100 into 5ml of YPRroth and grown for durther 5 hoursat 30°C at 300
rpm. The cells were collected by centrifugation and washed in LATE (0.1 M LiAc, 1mM
EDTA, and 10 mM T+#4Cl (pH 7.5))Ihe pelletwasresuspended in residual liquid.
Cells were incubated for an hour at room temperaturekvit p >3 2 F LJX | & YA F
singled i NI yYRSR &l fy2y aLISNXY 5b! omn Y3IakYEo |
3t 202t oopn AYy [!¢90d nn >f 2F 5aCfor 6 & |
15 minutes. Cells were thgselleted by centrifugatiomnd resizda LISY RSR Ay wmMnAan
water and plated on to the required selective media. Transformations were grown at

30°C for at least 48 hours.

8.1. RFPHDEL
The RFHMDEL plasmid was digested as described aljmvat 5)with the enzyme
EcoRYV for 1 hour at 3€. The emyme was inactivated at 8C for 20 minutes. The
digest mixture was then used to transfor$ cerevisiastrains as describe above in
point 8. The linearise@RFPHDEL marker inserted into th locus. The
transformation was grown on YPD agar contairifgg/ml of nourseothricin (NAT)
for 48 hours. Colonies were screened RFFPHDEL integration by confocal

microscopy.

9. Yeast plasmid isolation
Yeast plasmids were isolated using the Qiagen Plasmid Miniprep Kit per a modified
method by Madhu et &1155) 100 ml of yeast were grown over night at ®Din
selectiveliquid media. Cells were delcted by centrifugation and resuspended in 500
>t 2F KAIK alftd aztdziazy Ay . dzZFFSNItmd ¢
M NaPQ@, and 0.5 mg/ml 100T Zymolyase and incubated éiG3r 45 minutes. Cells
were alkaline lysed by 1 ml ofd@gen Buffer 2 and incubated at 22 for 10 minutes.
1.4 ml of Buffer N3 was added and the mixture was incubated on ice for 30 minutes.
The mixture was separated by centrifugation such that the cell debris pelleted, and the
supernatant contained the plasohi The supernatant was collected and added to a
miniprep column. The purification of the DNA was performed as describ@d)
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10.Yeast DNA isolation

10.1. DNA isolation through ymolyase
Zymolyase DNA preparations were used as template DNA for PCR products less than
700 base pairs. Yeast DNA was isolated using 100T zymolyase. A 3 mg/ml si@dk of 1
zymolyase was prepared and stored-20 °C. The stock was diluted 1:101rPBS and
I aAy3tS &Slad O2f2ye gFa I RRS®Rfor2a® wn >f
minutes immediately followed by a heat shock at°@3for 20 minutes.

10.2. DNA isolation hrough genomicpreparation
Genomic DNA preparations were used as template DNA for PCR products greater than
700 base pairs. 5 ml of yeast culture were grown over night in appropriate media at 30
°C. Cells were collected by centrifugation and resusperyfed NB & A Rdzl € € A |lj dzA
a 2% Triton X100, 1% SDS, 100 mM NacCl, 10 mM Tris HCI (pH 8.0), 1s28MT¥a
az2fdziAzy ¢l & RRSR G2 GKS LISttSdz tz2y3 |
alcohol (25:24:1) and 150 mg of asidshed glass beads. Cells weoetexed for 3
YAYdziSadd wnn >f 2F ¢9 oLN yodn0 61 & FRRSR
YAYdziSa G monnn NLIY® ¢KS | ljdzS2dza 1 & SNJ |
ethanol was added, and the sample was centrifuged for 2 minutes. The supernatant
wkda RAAOIFINRSRX FyYyR (KS LIStfSi ¢l & NBA&dza LIS
stock of RNAase A. The sample was incubated 8t 37F 2 NJ p YAy dziSao 1>
' YY2YyAdzy FOSGFGS az2ftdziAzy FyR pnn >t 27F
centrifuged for 2 nmutes. The liquid was decanted, and the pelletdried. The pellet

gl & NBAdZALISYRSR Ay -g0C. >f 2F ¢9 |yR aiz2NB|

11.Hela cell trangction and staining

Hela transfection and staining procedures were done under the guidance of Dr Emily
Eden. All ragents used were a gift from Dr Eden. Cells were grown to 50% confluency
and treated with 500vg/ml F900742 for 4 hours. The following day, cells were
transfected with the plasmid mCherSec61. 0.8y of DNA was added to 108 of
optimen, this mix was atkd to lipofectamineoptimen and incubated at room
temperature for 20 minutes. The plasmid mixture was added to the HeLa cells and

incubated overnight. The following day, the lipid droplet dye LD540 was added to the
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wells and incubated for 1 hours at roaemperature.Cells were fixed for 20 minutes
in 4% PFA and 0.1% glutaraldehya®BSCells were mounted on to microscope cover

slips with a DARNhcorporated mount (Invitrogen, catalogue number P36935).

12.Primers
Primers were used for cloning in a stopdon intoBYOlel-GFRp67), gap repair of the
LX FraYAR D![ B h[9mM 6pQkoQ SYyRA0O OLMHYyOZI |
¢ p140) All primers are listed in TabBe5.

13.Polymerase Chain Reaction (PCR)
The OLE1 ORF was amplified by &5y OLEF1 and OLE1 Ruhich yielded a ~1500
0L LINPRdzOG® 91 OK NBIFOGAZ2Y ¢l a Ay I G20l f
Rb¢taz non >a 2F F2NBINR YR NBISNES LINA
GoTagq reaction buffer. The proofreading polymerase \figlozas also added to the
Olelstop-GFP PCR. PCR cycles were carried out at 5 minute8@t 20 x (94C 15
seconds, 58C 1 second, 52% 20 seconds, 60 seconds per kb at@R,. 7 minutes at
72°C. PCR products weseparatedon an agarose gel and BNvas purified as

described above.
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Primer name 5S 34 ONA LE AQ/0 0 p Q

Primers used for cloning

OLEL Stop F taaaggagaagaacttttcactggagttggttatcaaggaaagtaagaactctgctatt:
tggctagtaagagggtgaaatctacgaaactggtaagttcttt

OLAE R gatactccgcggactagtttaaaagatatcagtttc
OLEL ORF F cctctacgagctcatgccaacttctggaactac
OLE1l ORF R3 gtcctaagctcgagaaaagaacttaccagtttcgtag

Primers used for sequencing

OLE1l Prom F ccctctgaagcttgacacatggaaataagtcaagg
OLE1 Prom R aggtattggatcctttgttgtaatgttttagtgc

OLEL ORFF cctctacggctcatgccaacttctggaactac
OLE1 ORF F2 ggggccactctcacagaattcac

OLEL ORA3 ctggggtccagttttgactg

OLE1 ORF R1 ccagtgagcggagtaagatctg

OLE1l ORF R2 cagtcaaaactggaccccag

OLEL ORF B gtcctaagctcgagaaaagaacttaccagtttcgtag
GFP R catctaattcaacaagaattggg

GFPR2 ggtagttttccagtagtgc

SCD ORF F attacaacaaagaaagtgatcccggcatccga
SCD ORF R gtaccgggcccccccagtttccatctccggttcttttaatcctgg

Table 3.5. Primers used in this studlel stop F and Olel R were used to insert a stop codon directly

after the Olel ORF, butipr to the GFP tag in the strain BY G@&EP. OLE1 Prom F and Olel Prom R

were used to sequence the OLE1 promoter. To ensure a clear signal was obtained for the entire ORF, 3
forward strand primers and 3 reverse strand primers were used to sequence tHe@RIE The forward

primers and the reverse primers were complementary to sequence that was approximately 600 base

pairs apart. OLE1 ORF F1, OLE1 ORF F2, and OLE1 ORF F3 were used to sequence the forward strand of
h[9m Ay GKS pQ (21 0LELlGCRFRE and OIEY GRFIR Were useadvt@€ sequence the
h[9m NBGSNES aiGNIyR Ay (GKS pQ (2 0Q RANBOGAZ2Y® D
A0Nr YR 2F DCt Ay GKS pQ G2 0Q RANBOUAZ2Y® fn/ 5 hwC
the SCD1 IMAGE clone and®¥e1SCD 1.
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14.Passaging
A YPD agar plate had a hole made in the middle using the wide end of arblue 1
pipetted A LJ®» mnn >t 2F | n Y3IkYt azftdziraey 2°7F
room temperaturefor 6 hours to allow the drug to disperse throughout the agar thus
leaving a concentration gradient of drug from the centre to the outside of the plate.
Log phae cells were spreaglvenlyacross the entirety of the plate and grown at RD
for 48 hours. After this incubation, a fresh plate was prepared as described above, but
cells were taken from the zone of low growthluted indeionisedwater and spread
across the fresh plateThe minimum inhibitory concentration ofrery 8" passagavas

determined. The OLE1 ORF of evéip&ssage was sequenced.

15. Minimum inhibitory concentration (MIC)

15.1. Saccharomyces cerevisiae
Yeast were grown i ml of YPDoroth overnightat 30°C. The following morning
samples weraliluted 1:200 into 2 ml of YPD bro#imd grown to mid log phasa 30
°C. At OD600 of 0.5, cells were-dgduted to OD 0.1n 5 ml of YPD brotand inoculated
with F900742. F900742 was prepared as a series@fald serial dilutions such that
the highest concentrationusedwas n > 3k Y | Y.R> TKBimdle’ wesea (i
grown for 24 hours at 38C. The MIC was identified by the concentration of drug
where there wasio yeast growth IC90 as the concentration of drug where there was
90% less growth, and the IC50 as the conaitn of drug where there was 50%
reduced growthrelative to untreated cells. Due to the inherent differences between

colgll YR OFE 20 roBIgiowninNdPR sigpEmented wjihmiM oleic

and was treated with F900742 at a maximum concentgatioz2 ¥ w~Mn fihe MIEI K Y @

IC90, and IC50 were assessed by OD 600 measurement.
15.2. Schizosaccharomyces japonicarsd Schizosaccharomyces pombe

S. japonicusndS. pombevere grown in YES media. The MIGofaponicuandS.

pombewas determined as describeal 15.1.
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15.3. Aspergillus and Candida species
Plates for MIC readings of Candida and Aspergillus species were prepared as follows:
Stock solutions were prepared at 5 mg/ml of F900742, F902921, F902947, F902973,
and F902988, voriconazole at 0.8 mg/ml, ammhrmin B at 0.2 mg/ml, and olorofim at
0.4 mg/ml in DMSO. Test drug concentrations were prepared in a 96 well plate by
doubling dilution such that the final concentrations of F900742, F902921, F902947,
F02973, and F902988 ranged fromrifl ml to 0.05ng/ml, voriconzaole between 8
ng/ml to 0.008nmg/ml, amphotericin B between 2g/ml to 0.002ng/ml, and olorofim
between 4ng/ml to 0.004ng/ml in a total volume of 40€1d. 20m of drug dilution was
then robotically added to four replica 96 well plates. RPMtia was added such that
the final concentration was 1x in 1@0. The pathogenic fungi chosen to test were
Candida albican<andida kruseiAspergillus fumigatysandAspergillus terreus
Suspensions of fungi were added to each plate suchAlpergills strains were at a
final concentration of 1 x H&CFU/ml and Candida strains at 1 ¥ C&U/ml. Plates
were grown for 48 hours at 3%. Strains were also grown in parallel on untreated
complete media platesThe MIC was identified as the first well witb growth as

determined by visual examination.

15.4. HelLa
HelLa cells were gifted from Dr Louise Wong and Dr Emily Eden. HeLa cells were grown
until they were 50% confluent in a 24 well plate. A stock solution of 5 mg/ml FO00742
in water was prepared. F900742 svaerially diluted such that the final concentration
of drug ranged between 1 mg/ml and 31®@/ml. HelLa growth was visually estimated

by percentage of plate coverage.

16.Colony growth assay

16.1. Using colony number to determine cell growth
Yeast strains were gwm overnight in 2 ml of YPD broth at 30 and diluted 1:200 into
5 ml of fresh YPD broth the following morning. Cells were groWng phase
(approximately 6 hours)Yo enable determination of colony numbetrans were

serially diluted so thatthere w8 | LILINRPEA Y| 68t & nnnnX Hnns
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fAljdZAR® ! ny LAY NBLIXAOFG2NI g+ & dzaSR (2

only plates or plates containing F900742. Plates were incubated for 48 hours at

appropriate temperature (most ofte 30°C).

16.2. Using OD600 to determine cell growth

Yeast were grown over night in 2 ml of liquid YPD &C3and 300 rpm. The following
morning, cultures were diluted 1 in 200 into fresh YPD broth and grown & G6otil

the OD 600 was 0.5 (approximaté@hyhours). Samples were further diluted to OD 0.1 in
2 ml of YPD. F900742 or other chemicals were added at the desired final
concentration. 24 hours after drug addition, the OD 600 was measured for both the

treated and untreated samples.

17.Growth curve

A sirgle colony oBY4741 as suspended into 2 ml of YPD broth and serially diluted
1:100 three times in liquid YPD such that following growth over night &3hd 300

rpm the OD 600 was at OD 0.5 in the morning. BY4741 was diluted to OD 0.1 in YPD
broth. 50rmg/ml F900742 was added to 5 ml of the cell suspension. A 5 ml cell
suspension at OD 0.1 was used as the untreated control group. The OD 600 of the
treated and untreated samples was measured every 2 hours for the first 12 hours and

then at 24 hours.

18. Microscopy

18.1. Confocal microscopy
Yeast containing a fluorescently tagged gene or expressing a fluorescent plasmid were
grown over night ir2 ml of completeor selective media at 38and 300 rpm diluted
1:100 in the morning and grown until midg phasgOD 05) before treatment.
Following treatment, cells were pelleted by gentle centrifugation and immobilised
between a cover slip and a glass slide. HelLa cells were fixed onto a slide. Yeast and

HelLa were examined using a Leica SP8 Confocal Microscope WKINA B3l

objective lens at room temperature using LCS software. Line averaging of 16 was used.

Images were processed with Image J.
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18.2. Total cellular fluorescence
The quantification of protein amounts was determined by using the corrected cellular
fluorescenceper cell. Entire, unprocessed confocal images were used for this: Three
random equal areas of the image containing no cells were measured and averaged to
determine background fluorescence. The total fluorescence of the image was also
measure and the numbeof cells manually counted. All values were exported into
Microsoft Excel and data was processed using the following equation:
Average cellular fluorescence =
(total fluorescence average background) / number of cells

Prism 6 (Graphpad) was used to geate graphs and statistics.

18.3. ROS Visualisation
Dichlorofluorescin diacetate BCFDA) can permeate cells where it is oxidised in the
presence of ROS rendering it the impermeable, highly fluorescent dichlorofluorescin.
This can be used to indirectly quéyn mitochondrid ROS production. Mid log phase
OStta oSNB GNBFGSR gAGK mnn SEWaNdfthe pnnt n
samples were treated with a final concentration of 150 mM of the antioxidant N
acetylcysteine for 1 hour. All samples were treatedwitha Yy I £ O2y OSy G NI ( A
of kDCFDA for 30 minutes. Cells were then spun and washed twice in water before

visualisation at excitation/emission 48295/517¢527 nm.

18.4. Electron microscopy
A single colony of BY Ol&FRwvas suspended into 2 ml of YPD thrand serially
diluted 1:100 three times into 2 ml liquid YPD such that following growth over night at
30°C and 300 rpm the OD 600 was at OD 0.5 in the mormrtge morning, cells
were dilutedin YPD liquid medi OD 0.1 in 15 ml of fresh YPD. At@% cells were
treated with 100 pg/ml F900742. Following 2 or 4 hours of treatment, cells were
pelleted, washed in water, resuspended in 1.5% Kkar@ incubated at 4C for 30
minutes. KMn@was replaced with fresh solution and incubated &CAfor a @irther
30 minutes. Cells were washed five times in water before being dehydrated by
incubations in increasing amounts of acetone at room temperature with gentle
FIAGFGA2y® 5N aldd 11e8Sa o! /[0 GKSY LINE
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and sectiomg. Dr. Hayes also imaged tBecerevisiasamples. A transmission

electron microscope Jeol 1400 was used to image samples.

19.Immunoblot
BY OledGFP was grown over nigintliquid YPD at 38C and 300 rpmCells were
diluted 200 fold imo fresh YPD ithe morning and growror 8 hours at 3@C and 300
rpm. Cells were diluted 1 in 2000 into 2 ml of YPD and grown over aii@®°C and
300 rpm The OD 600 was 0.5 in the morning. Samples were treated withg/atl
F900742 with or without 1 mM oleic acid saipmentation for 2 hours. Cells were
mechanically lysed as follows: cells were collected by centrifugation and resuspended
in residual liquid. 0.1 g of acidashed glass beads and 2@of ice cold TEPI (50 mM
Tris HCI pH 7.5, 5mM EDTA pH 8, the protedsbitors AEBSF (Sigma Aldrich,
catalogue number 76307) and protease inhibitor cocktail Il (Calbiochem, catalogue
number 539134) were added at 1068/1). Samples were vortexed 5 times at 13000
rpm for 30 seconds. 20@ of 2 x sample buffer (0.12 M TrisIHEl 6.8, 100 mM DTT,
20% glycerol, 5% SDS, 0.025% bromophenol blue) was added and samples were
immediately incubated at 82C for 10 minutes. Samples were centrifuged and the
supernatant removed into a fresh tubkeysed samples were immediately loadediat
10% SDS gel. The gel was run at 100 V for 10 minutes followed by an hour at 150 V. A
nitrocellulose membrane was placed over the gel and proteins were transferred using
100 V for 2 hours. The membrane was blocked in 1 x PBS, 0.1% tween 20 in 5% milk fo
30 minutes. The membrane was incubated with the primary antibody {BR®) for 1
hour. The membrane was washed 3 time in B&:n and then incubated for a
further hour in PBSween-milk block containing secondary antibody (polyclonal goat
anti-rabbit). The membrane was washed in PB@en. ECL reagent 1 and reagent 2
(GE Healthcare Life Science, catalogue nuribaM210bwere added so they just

covered the membraneAntibodies used listed in table 3.6.
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19.1. Antibodiesfor immunoblot

Name Supplier Specis | ID
Anti-GFP Abcam Rabbit | AB6556
Polyclonal goat antiabbit Dako Goat PO448

Table 3.6. Antibodies used in this study.

20.PBS and BSA reversal assay
A single colony d8Y4741 and BY OKGFP were grown over nigimt liquid YPD at 30
°C and 300 rpmBothsamples were diluted 1:106 the morningand grown at 30C
and 300 rpm At OD 0.5, cells were further diluted in fresh YPD to ODLO0M of cell
suspension was added to a 96 well, flat bottomed, clear plate. F900742 was added
such that wells containg BY474Xontained a final concentration &0 ng/ml
F900742andBY OledGFP was supplemented with a final concentration ofi@snl of
drug. PB&and/or BSA was added to liquid YPD media such that the final amount was
10% PBS or 0.5% BSA. Samples werengin a 96 well platéor 24 hoursat 30°Cand
were not shakenThe amount of growth was measured usaitsorbance at
wavelength 600 nm b plate readerPrior to OD measurement, the plate was

manually shaken to disrupt cells that had settled at thetbt of the wells.

21.Chemicals

21.1. F900742
F900742 was gifted by F2G (Eccles, UK). A stock solution was made of 5 mg/ml in
DMSQ(colony growth assay in figure 4.3 and all experiments in chapter 6) or water (all
other experiments) The concentration used inexgely Sy 10a NI} y3ISR FTNRY
Mmann >3kYEd /Stfa 6SNBE INRgY 22008MN6QGDA IK( X
0.5. Cells were further diluted to approximately OD600 0.1 for determining the MIC

and treated at OD 600 0.5 for microscopy experiments.
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21.2. F902921, F902947, F902973, F902988
F902921, F902947, F902973, and F902988 were gifted from F2G. A stock solution was
made of 5 mg/ml in DMSO. The stock was serially;fola diluted such that the

working concentration ranged between 5@/ml and 0.05rg/ml.

21.3. Amphotericin B
ForS. cerevisiastudies, amphotericin B was obtained from Sigma Aldrich (catalogue
number A2942). A stock solution of 286/mlin DMSQwvas made. Cells were grown
over night and diluted in the morning. At an OD 600 of 0.5, cells weaed with 250

ng/ml of amphotericin B.

ForCandidaand Aspergillustudies, amphotericin B was gifted by F2G. Amphotericin B
was made as a stock at 0.2 mg/ml in DMSO which was serially diluted to working

concentrations ranging between 2 and 0.08@ml.

21.4. Voriconazole
Voriconazole was gifted by F2G. Voriconazole was made as a stock solution at 0.8
mg/ml in DMSO. Voriconazole was added\gpergillusor Candiddiquid media at

concentrations between 8 and 0.00&/ml.

21.5. Olorofim
Olorofim (F901318) wasftgd by F2G. Olorofim was made as a stock solution at 0.4
mg/mlin DMSO Olorofim was added tdspergilludiquid media at concentrations
between 4 and 0.004g/ml. Of note, olorofim was only used as a control for
Aspergillusstudies as it has been previsly shown to have no activity agairandida
specieq77).

21.6. Oleic acid, palmitoleic acid, and stearic acid
Unsaturated fatty acids were all purchased from Sigma Aldrich (catalogue number
01008 oleic acid; P9417 palmitoleic acid; S4751 stearic &batks solutions of 1 M

oleic acid, palmitoleic acid and stearimc&were made in DMS@lIeic acid and
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palmitoleic acid were both added individually to liquid media or agar plates such that
the final concentration of each was 1 mM and 0.5 mM when added together. Stearic
acid was added to liquid media at a final concatibn of 1 mM.

For experiments where oleic acid and/ or palmitoleic acid reversed F900742 dagon,

phase cellsvere treated with F900742 for 2 hours, washed and resuspended in fresh
YPD supplemented witthe appropriate amounbdf unsaturated fatty aciéind grown

for a further 2 hoursat 30°C and 300 rpm

21.7. Cycloheximide
Cycloheximide was purchased from Sigma Aldrich (catalogue number A6&8)ck
was made at 10 mg/ml in DMSBY OledGFP was grown to mid log phase
(approximately OD 0.5). Cycloheximidas added to liquid ®@RAF G mn >3k Y

alone or in conjunction with F900742. Cells were incubated &C3f@r up to 4 hours.

21.8. MG132
MG132 was purchased from Sigma Aldrich (catalogue number 8699). BGkRedas
grown to mid log phase (approximately OD 0.5). MG132adaed to liquid media at
'y AYRAOIFIGSR FAYyIlIf O2yOdgihetblena@iyi 2F SAGK.
conjunction with F900742 and/ or oleic acid. Cells were incubated & 30r up to 4

hours

22.Galleria mellonellainfection model

Galleria mellonelldarvae were used as an vivomodel for candidiasiss. mellonella
were obtained from Livefoods Direct Ltd, Sheffield. Larvae were left in the dark at
room temperature until useG. mellonellavere all in the final instar larval stage of
development. Larvawere of a similar size and weight, approximately 2 cm and 330 +
25 mg.G. mellonelldheath was determined by flesh colour and movement in response
to physical stimuli and lighG. mellonellavere classified as dead when they were a
grey-black colour andlid not respond to physical stimuli. A Hamilton syringe was used
to inject 10 ul into the hemocoel via the prolags. The syringe was cleaned with 70%

ethanol and washed in PBS after each use.

75



22.1. C. albicans inoculum testing

A pilot study to determine optimur@. albicangnoculum size was performed as
follows:C. albicansvere grown on SAB agar overnight at®85 A colony was picked

the following day and diluted into sterile PBS such that the final concentratio@s of
albicanswere 5 x 1¢, 1 x 10, or 5 x D3CFU/ml. Each inoculum concentration
represented a test group. There were five, healthy looking larvae in each group. 10 pl
of inoculum was injected into the bottom left prolag. Two control groups were used;
one was untreated, the other was injected witB ul of PBS5. mellonellavere put

into a dark, 3%C incubator. The number of alive, dead, and sick larvae were noted at

24 hour intervals.

22.2. F900742 tolerance testing
The MIC of F900742 ©. albicansvas determined as 0.8 pg/ml by F2G. Fresh F900742

was prepared in water such that the final concentration was 0.8 pg/ml or 1.6 pg/ml.
mellonellawere injected with 10 pl of either concentration of F900742 or PBS into the
bottom left prolag with a total of five larvae in each group. A further five were
untreated. Larvae were put into a dark, 85 incubator. The number of alive, dead,

and sick larvae were noted 24 hour intervals.

22.3. Galleria mellonellasurvival assay single F900742 dose

Three groups of larvae were injected with 10 pl of 5 %@BU/ml ofC. albicansvia the

last left prolag. One control group was injected with 10 pl PBS; the other was
untreated. Following 1 hour of incubation at 35, each of the inoculated groups

received a second injection of either 0.8 pg/ml or 1.6 pg/ml F900742 ovidBlse last

right prolag. The control group received a second PBS injection via the last right prolag.
Larvae were put into a dark, 3& incubator. The number of alive, dead, and sick

larvae were noted at 24 hour intervals. 10 larvae were used per giup.

experiment was repeated four times.
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22.4. Galleria mellonellasurvival assay double F900742 dose

G. mellonellavere treated as described above in 20.3. 24 hours dtealbicans
inoculation,G. mellonellavere treated with an additional injection oftaer 0.8 pug/ml
F900742 or PBS via the penultimate left prolag. The number of alive, dead, and sick

larvae were noted at 24 hour intervals.

22.5. Fungal burden analysis

To evaluate the effect of F900742 on larvae infected Witkalbicanstotal fungal

burdenwas evaluated 72 hours post treatment. Three groups of larvae were injected
with the yeast and either 0.8 pg/ml or 1.6 pug/ml F900742 or PBS as described above
(22.3 and 2.4) and incubated at 3%C for 3 days. Three larvae from each group were
randomly chaen to be frozen prior to homogenisation using a pestle and mortar. 100

ul of PBS was added to each homogenate, mixed and transferred into a 96 well plate
containing 100 pl PBS. Homogonates were serially diluted 1/20 into PBS. 1.5 pl of each
dilutant was alded to a SAB agar plate. Colony growth analysis was performed after 24

hours at 35°C.
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CHAPTER 4

FO9007424nduced Olelp mislocalisation

4.1 Introduction

Studiesby F2G, Manchester UK, demonstrated that a novel goand, F900742,

elicits broadspectrum antifungal activity (Tabel), including good efficacy against
multiple Aspergillusand Candidastrains.In addition,F900742lemonstratespotent
antifungal against flucormle and amphotericin B clinically resistgratient isolates,

such a<C. albicansC.tropicalis, andC. kruseias well as othemoulds and
dermatophytes. Early target identification studies at F2G identified Olelp as a hitin a
haploinsufficiency screen in yeast and that the additioeitier o the
monounsaturatedatty acids, oleic acicbr palmitoleic acigdrendered F900742

ineffective in fungi suggesting that Olelp, or at least the OLE1 patlsving target

of this drug. In an era where overcoming drug resistance is of paramount importance,

compounds that targeD9 desaturase represent a novel and promising antifungal

drug class.

aAYAYdzY AYKAOAG2NER O2y OSydN

RPMI ISO RPMI

@

o 0

S 2L lE

w22 g 2 < 4 ?,:, (LIL) 2
=S 7 I = = T | © 9w | ® @121 =| 8] E
- R R E R

(@) = e = )

|8 E|5|E(S| 2|88 8|2|8|2| 53|82
Ojlo|lo|o|lo|<|<<|<|<|<|<|W|v||L|nD]|K
0.8(0.2{1.6(25|0.1/0.8|0.8{0.8/0.8[0.8|08|50 |50 |0.8|6.2(3.1(0.2

Table 4.1. Table ahinimum inhibitory concentratiors of selected yeast, baeria, dermatophytes and
moulds. Data from experiments performed by F2G. Strains were grown in appropriate liquid culture
supplemented with F900742 for 24 hours. MICs were identified by the point that no growth was
observed.
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The yeasD9 desaturase, Olelps an ER integral membrane protein. Previous studies
have identified residues required for enzyme function; mutations at these sites
render the cell auxotrophic for unsaturated fatty ac{d$6) More recently, Tatzer et

al investigated the early responses to inhibition of fatty acid desaturation using
conditional desaturase mutan{d57) The expression of Olelp fluctuates in response
to various stimuli, for example temperature. Tatzer et al identified that Olelp
relocalises to aberrant cellular compartments in two temperatgensitive strains
(OleIs) grown at norpermissive conditions (3C). Each strain contained a single
OLEL1 allele with one amino acid substitution: one contained a cytosine to thymine
swap in an evolutionarily neoonserved residue at the-€rminal cybchrome 3

domain which conferred an alanine to valine substitution (A484V), and the other
contained a serine to phenylalanine mutation in an evolutionarily conserved position
(S303F) at the€@rminus of the fourth transmembrane domain. Both alleles irehlic
the same phenotypes. After just 7 minutes at the qermissive temperature, Tatzer
noted thata GFPtagged version of the mutant desaturaselocalises from the ER to

a punctate pattern throughout the cytosol, but not the wild type protein. Incubation
for 30 minutes at this temperature reduced the number of puncta, however the
remaining spots increased in size and intensity which is accompanied by the puncta
appearing more often at the cell periphery. Tatzer observed the relocalisation of the
mutant ereymes in greater than 80% of cells examined. They determined that the
relocalisation event is lipid dependent as no relocalisation of either'®&HARvas
observed in cells cultivated with unsaturated fatty acids, but did occur in the
presence of saturate fatty acids. Furthermore, a shift from ngermissive

conditions back to permissive conditions @& for 20 minutes was sufficient to

completely restorewild type ER localisation and desaturase activity.

Sudies have shown thatyanides and azidesmanhibit D9 desaturase activity
through inhibition of activity at the déiron centre of Ole1§158) Tatzer investigated
whether either sodium azilor potassium cyanide was sufficient to induce
relocalisation irthe GFPtagged version of both wild type and temperature sensitive
Olelp. Relocalisation was observed in both OhHtant alleles treated with either
the cyanide or azide inhibitor even a¢pnissive conditionsuggesting that the
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enzyme relocalisation was not a specific response for the'Qlaitants, instead it

was a consequence of the inhibition of Olelp activity irrespective of mechanism

Tatzer next investigated the subcellular regenghereOlel1ps relocalised to.
Fractionalkcentrifugation and equilibrium density gradient centrifugation analysis
revealed no significant difference between the fraction properties of wild type Olelp
and Olelf. It was thereforadetermined that Olels most likelyrelocalises to
compartments that are ERke and are derived from the ER. Tatzer also noted
significant alterations in lipid biosynthesis such that saturated C16 and C18 (palmitic
acid and stearic acid) were incorporated into lipids at the eggeof the unsaturated
counterparts, palmitoleic acid and oleic acid, in cells expressing either of the mutant
desaturasest nonpermissive temperatureThe level of desaturation of palmitic acid
and stearic acid was reduced to less than 1% of the wild &fter 30 minutes at non
permissive conditions. Tatzer et al also observed that the relocalisation of mutant
desaturase is selective as the localisation of the ER resident protein S6€&3pas
unaffected under conditions where Ole}GFRexhibited sigificant relocalisation.
Tatzer examined the subcellular morphology of cells grown at nonpermissive
conditions by EM. They observed aberrant, membranous structures that could not be
assigned to any currently known organelle both in the cytosol and in plasémity to

the nucleus, as well as a large membrane enclosed compartment at the cell periphery
where it is likely OlelprelocalisedOverall, Tatzer reported the selective, rahele
specific, and conditional relocalisation of Ol&i@FRvhen grownin norpermissive
conditions. Furthermore, this is not a temperatutependent response as it can be
induced by treatment with desaturase inhibitors suggesting that a reduction in
desaturase function (chemical or genetic) is coupled with relocalisatiarr@sult of

an altered lipid profil§157)

Linking the data presentedyblatzer that identified the subcellular relocalisation of
OleIs-GFP at noipermissive temperatures in a lipid dependent manner to the early
data from F2G suggesting that Olelp was the target of F900742, the localisation of an
endogenously GFP tagged viersof Olelp (Figure 4.1) in response to F900742 was
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investigated. It was expected that if Olelp, or indeed a regulator of this protein, was

the target of F900742 then a similar localisation pattern would be observed to Tatzer.

This chapter investigateflim 1 of this study: test the activity of F900742 in the yeast

S. cerevisiae

4.2 Results

4.2.1S. cerevisiagvas sensitive to F900742

The majority of studies were performed $ cerevisigaherefore initial experiments
investigated the sensitivity dhis strain to F900742X5. cerevisias a budding yeast

that can reproduce as eitheramatiigé LJS o6a! ¢0 al! ¢k 2NJ a! ¢h K
MATaa! ¢h RALX 2AR® . nTtnwm | yR. cerevisiaderived | NS & A
from the S288C parent stra{d59) BY474Xontains a MATa locus and BY4742 a

al ¢hs YR GKA& Ada GKS 2yie Bxdabsiaes KSNBE |
lifecycle involves intervals of logarithmic growth and stationary phases. During

stationary phase, yeast have a relatively low metabolto/iig with limited de novo

lipid synthesis. In contrast, logarithmic (log) growth is associated with rapid cell

division, approximately once every 90 minutes under optimum growth conditions,

through a process whereby the daughter cell buds off the motbering log phase,

there is a high level afe novdipid synthesis and an increase in the expression of

enzymes required for these processes, including Olelp. Therefore, all experiments

were performed with cells that were in a midgarithmic growth phase

Theminimum inhibitory concentrationMIC) of S. cerevisiawas investigated in the
wild type haploidS. cerevisiastrain BY4741. Data from F2G suggested that Olelp is
the target of F900742, therefore the MIC of a Gagged OLE1 haploid BY4741 strain
also investigated. This strain was constructed by Huh @&l Huh designed a
strategy to utilise the yeast homologous recombination mechanism to generate a
strain containing a genomic GFP tag that #same with and immediately following
the OLE1 ORF, but before the OLE1 terminatgu{&i4.]) (strain referred to as BY
OleX:GFP hereon).
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PCR product GFP —— HIS3MX6
Homologous
recombination

Chromosome —  ORF

Fusion protein NH2-  Protein — GFP — COOH

Figure4.1. BY OledGFP construcBY OledGFP was taken from a collection constructed by Huh et al. A GFP tag

directly follows the OLE1 ORF and is in frame before the &ibgtodon. The OLE1 chromosome was tagged

through oligonucleotidedirected homologous recombination using a pair of primers that were homologous to the
OKNRY2a2Ylf AyaSNIiiAzy i GKS pQ SyYyR |yR (KSheloGFRt&NIL 02y
was amplified by PCR and transformed into haploid wild type yeast. Figure adapte(86pm

The EUCAST method for determining the minimum inhibitory concentration (MIC) of
novel antifungal agents in pathogenic yeast and moulds recommends that RPMI 1640
media is useq160,161)S. cerevisiagiere grown in RPMI 1640 for 24 hours in serial
two-fold dilutions of F900742. Howeves, cerevisiagrew poorly in this media with an
average optical density (OD 600) in the untreated saropl& 7 after 24 hours of

growth (starting OD 600 of 0.1) (Erg 4.2A). The minimal growth observed in RPMI
1640 was deemed insufficient for future experiments, therefore MICs were re
evaluated in the complete media YPD. P8ocerevisiagrowth in RPMhas also been

noted in previous studie€l62)

The MICs of BY4741 and BY @BIP were determined by growing cells in YPD liquid
culturefor 24 hours in the presence of F900742. SeriatHeld dilutions of F900742

was used to create a #©ld concentration range. The MIC was identified by the point
that there was no growth, the IC90 where there was less than 90% growth, and the
IC50 whereghere was less than 50% growth relative to the untreated sample after 24

hours observed by a reduction in OD 600. BY GIEP was more sensitive to F900742
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than BY4741 (Fige 42BandFigure 426> GKS alL/ a 2F GKSas
YR pn >3k Y {SIcerddSiamiaiSadgiskn@itt/é thad any of the pathogenic
fungi listed in(Table 4.1)The MIC of BY Ol&FP was ontold lower than wild type
which could possibly be due to alteratis to protein folding induced by the C terminal
GFP tag. To confirm whether the GFP tag inflednice sensitivity of BY OleGFPthe
primers Olel Stop F and Olel R were used to insex@codon iAframe and directly
after the OLEIORHmethod descriled on page 5f but before the GFP tag so that this

strain would no longer express the fluorescent protein. The correct insertion of the

adal

stop codon was confirmed by Sanger sequencing and a lack of fluorescence by confocal

microscopy. The MIC of BY Oldidh-GFP was the 5@g/ml, the same as wild type
BY4741 (Fige 42B and Figure 20). It was concluded that the GFP tag did affect the

sensitivity of this strain to F900742 due to slight alterations to the structure of Olelp.

The fission yeas$chizosacchamyces pomband Schizosaccharomyces japonieans

evolutionarily distinct from budding yeast. Althoughli SNY SR a &Sl aGé¢ X RA

betweenS. pombeS. japonicusand S.cerevisiagnake them useful complementary
systems when studying a variety of pesses, for example cell growtimder various
conditionsand response to DNA damage. The genomes between the budding and
fission yeast are significantly different, highlighted by hap&iderevisiabaving 16
chromosomes and 6000 genes whilst haplBigpmbehave just 3 chromosomes and
approximately 4800 genes, and display a lack of synteny. In add&tigggmbéhas
more genes conserved with metazoans tifarcerevisigehowever both species share
genes with metazoans that the other laqd$3) Even where functions are seemingly
similar, study irmore than oneyeast provides complimentary informatiomhe
genomes ofS. pombeandS. japonicugncodeD9 desaturase, OLEL, as such the

sensitivity of these strains to F900742 vedso assessed.

S. pombeandS. japonicusvere grown in appropriate media supplemented with
F900742 for 24 hours. pombeavas more resistant to F900742 than eittir
japonicusor S. cerevisia@ith a MIC greater than the highest concentration of drug
ted 0 SR 6 H /Brjapenidusvastas sensitive as BY4741 wild typeufieig 2D).
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These results add to the broagbectrum activity of F900742. The MIC, 1C90, and IC50

for all tested strains are summarised in figér@E
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Strain | C50 e/l C90 e|MIC eg
BY4741 1.0 4.5 50
BY OleiGFP 0.5 2.5 25
OLEiStopGFP 0.9 4.5 50
S. japonicus 25 50 100
S. pombe N/a N/a >200

Figure 4.2. MICs @. cerevisiae, S. japonicus, and S. pombiee MIC®f S. cerevisiae, S. pomlaadS.
japonicusto F900742 was assesbby preparing twefold dilutions of drug and determining growth of
the yeast after 24 hours at 3 relative to the untreated control. Growth was measured by OD @0
S. cerevisiawild type BY4741 grew minimally in RRaftkr 24 hours in media conitaing no drug (B)
and (C) The MIC of strains was determined by growing cells in complete liquid YPD media conta
F900742 for 24 hours. The OD 600 was measured and the MIC, IC90, and IC50 were identified.
activity of F900742 was assessed in theeevisiae strains BY4741, BY G@BAP and OLEtop-GFP. B
Olel-GFP was more sensitive to F900742 than BY4741 as noted by their respective MICs of 25 ¢
>3k Yt ® ¢KSstgpDCt 2% B[ 948) N>=3 D) THE&hizosaccharomycssainssS.
pombeandsS. japonicusvere grown in YES medieeated with F900742. The MIC $ japonicusvas
ARSYGATASR a pn >3k Y S poinBetas substdriially Iéss sensitive witin &
aL/ 3INXBI G SNJ IiCB0lanyd IQ90couldna kewimibed forS. pombeN = 3. (E) Summary
all MIC, IC90, and IC50 of all tested strains.
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The sensitivity 08. cerevisiat FO00742 was alsdeterminedthroughidentifying

growth phenotypes on complete media agar supplemented with drthe colony

growth assayFresh cells wergrown until there were approximately 4 XIS NJ mnn = > |
/] Stfta 6SNB ASNARIffe& RAmdeashédedvorcemmpleteE 2t R A y
media agar plates containing F900742 using a 48 pin replicator (F@rd he wild

type haploidS. cerevisiastrains BY4741, BY4742 d@b3C demonstratedensitivity

to F900742. 15g/ml of F900742 was sufficient to completely inhibit the growth of

BY4742 at the most dilute number of cefisgure 4.3ow 4) and substantially reduce

the growth of BY4741 ang453C at the corresponding cell numbretative tothe YPD

only plate BY4741 and BY4742 only differ at the MAT a and &MId€us, therefore

the growth in BY4741 in row 4 of the §/ml plate was assumed to be a contaminant

or artefact.BY4741 and BY4742 demonstrated similar sensitivity at all celbd#uti

when grown on 5 and 18g/ml of F900742 with both strains growing better at the

lower drug concentration. 16g/ml of F900742 was sufficient to induce a reduced

growth phenotype relative to plates not containing drug in all three wild type strains.
Ofnote, R453C is a wild type yeast that is unrelated to the S288c parent for all other

strains in this experimenf453Cwas the most resistant to F900742 as denoted by the
greatest amount of growth on the Iffy/ml plate. F900742 was solubilised in DMSO. A
control plate containing DMSO only was used to confirm that the DMSO concentration
used was no#ioxic. There was no difference in growth of any strain between the

DMSO supplemented plate and YPD only.

BY OledGFP exhibited considerable sensitivity atjust >3k Y 2F CdnnrtnH
growth in the largest cell dilutior~{gure 4.3ow 4) and substantially reduced growth

in the previous two dilutes at this concentration (row 2 and 3) relative to the YPD only

LX I 6§S® mp >3IkYE 27F GubalBY OleGFB gréwthatdhe mdstOA Sy
dilute cell concentrationKigure 4.3ow 4) and onlypermit minimal growth in row 3.

There was less growth in each of the lowest three cell concentratkigsre 4.3ows

2, 3, 4) at 10my/ml than the respectiveaw at 5ng/ml. Similar growth was observed in

the highest two cell concentrationg&igure 4.3ows 1 and 2) on both the 1ffg/ml and

15nmg/ml plates. There was less growth at the lowest two cell concentratieigsi(e
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4.3rows 3 and 4) at 16g/ml than 10ng/ml. BY OledGFP was more sensitive to
F900742 than any ahe three wild type strains

To investigate the sensitivity of mutants of the OLE1 pathway to F900742, strains that
were null for the Olelp regulator Ubx2p and the Olelp competitor Sctlp werergr

on F900742. Previous studies have suggested that Ubx2p is required to guide
ubiquitinated Mga2p and Spt23p to Cdc48 which is responsible for the release of the
soluble P90 fragments and their subsequent translocation into the nucleus for
activation ofOLEL1 transcriptio(®@1). Following the observation by Surma that P120
a3dl nLl Ay ONibkaefszandihs is associated with a desse in amount of
Olelp, the sensitivity of this strain to F900742 was tested. It was expected that BY
Dubx2would demonstrate greater sensitivity to F900742 than wild type strains due to
AYKSNByYy Gt e 235 ubxSALEIs dereddwnlofh dgplatddcontaining
ChnntnH I a RS awdRHem&Rratbdit® gréatest sensitiyity to

F90042 with no growth after 48 hours at any F900742 concentration (lowest
concentration tested was Bg/ml). For comparison, all other tested strains
demonstratd some growth at the highest number of cells at all drug concentrations
(Figure 43). Kolawa et al showed that the ubiquitinated forms of Mga2p and Spt23
accumulate in B¥bx2y dzf f  Ouébk2telisdre functiopally viable, however

display a reduction growth phenotype when grown at either 3@ and 37C on
complete media which can be rescued by supplementation with 0.2% oleic acid.
CdZNI KSNXY2NB>X (GKSe@ aK2gSR GKFG h[udx@ Ywb!
(144) Therefore, the increased sensitivity of this straisgeculatedo be due to a

lower content of Olelp as a result of a reductiordanovoprotein synthesis of the

desaturase.

The activityof Olelp is also regulated by the glyceBgbhosphate acyltransferase,

Sctlp. Studies by De Smet et al identified Sctlp as a competitor of Olelp for the
common substrates C16:0 CoA and C18:0 CoA. Deletion of SCT1 results in an increase
in desaturation ofatty acids(147) Athough this has not been confirmed, the increase

in fatty acid desaturation noted by De Smet is likely to a result of an increase in
expression of Olelp to avoid lipotoxicity due to the buwifnlof saturated fatty acids.
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Therefore, it is expected that B¥ctlhas the greatest Olelp content and would be

GKS tSFHad aSyarididsSubi2d, BinkaSONiRaN Hedlebst / 2 dzy G S NJ
sensitive to F900742 (kige 4.3). There was a very slight reduction in growth of BY
nadidm G wmrelativeToxhe tinteated plate Lower drug concentrations induced

only a very slightly reduced growth phenotype in this strain at the lowest

concentration of cells (row 4).

Overall, strains that were predicted to have a greater Olelp concentratioAiX&Y)
demonstrated he lowest sensitivity to F900742, and F900742 displayed the highest
growth inhibitory activity in strains with the lowest expected desaturase content (BY
Dubx2?). BY OledlsFP was more sensitive to B9@2 than the wild type straing453C
was more resistanthan either BY4741 or BY4742.
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Figure4.3. OLE1 pathway mutants altered the sensitivity to F9007&owth assay of wild type yeast

as well as delete and GE&yged strains of components ofdlOLE pathway demonstrated sensitivity

to F900742 y O2 YL SGS YSRAI LI I 6S& adzlllX SYSYGSR gAGK 8§
ndzoEn 6+ & GKS Y2aid &Sy aiGFR @) a Gashtle fegstsenditvé dan® 6 SR 0 @
showed a similar growth phenotype to the wild tyR453C. Wild type BY42 was more sensitive than

BY4741, both of which were more sensitive than the alternative wild type SRE8C. Plates without

any F900742 or plates supplemented with 2% DMSO only were used as controls. Plates were grown at

30°C for 48 hours. N = 3. Rdabelling of yeast dilution same for all plates.
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4.2.3Higher temperatures reduced the activity of F900742

S cerevisiaare poikilothermic organisms, that is their temperature varies
considerably in response to the environmahtemperature. To maintain proper cell
function at extreme temperatures, yeast activate processes to ensure normal
homeostasis, for example altering the degree of membrane lipid saturation via the
induction or inhibition of theDO fatty acid desaturasé.ower temperatures (13C) are
associated with a more rigid membrane and require an increase in acyl chain
desaturation and Olelp expression to maintain proper membrane fluidity. In contrast,
there is a large reduction in Olelp expression and acyl chaatdeation at higher
temperatures (3°C)(98). Therefore, the inhibition of the OLE1 pathway at lower
temperatures was expected to have a more profound effébe sensitivity of
Saccharomyces cerevisi@eF900742 was also tested at temperatures lower9@p
and higher (3PC) than 3CC.

Serial dilutions of cells were prepared and grown on agar plates as previously
RSAONAOSR® tflGSa SAGKSNI O2ydkAySR [ t5
F900742. Plates were incubated at°®5 3(°C, or 37°C for 48 hours (Fige 4.4).
Consistent wh published data, all untreated strains grew best on YPD only &E.34ll
strains demonstrated a reduction in growth when plated on to F900742 compared to
YPD only at all comparative temperatures. All strains grew better &€ 3fan 25C

on F900742vhich is likely to be due to a greater requirement for the desaturase at

f26SNJ GSYLISNY GdzZNBad / 2y aiai Soflivasghelgast | 62 O

sensitive to F900742 at 3C (Figre 43), this strain also was the least sensitive to the
drug atboth 25°C and 3PC(Figure 4.4)Although BYy dzd itas demonstrably the

most sensitive to F900742 at 3G (Figre 4.3), BY OleGFP was the most sensitive
strain at both 28C and 3PC (Figre 44). It has been previously shown that BY Olel
GFP has aWwer MIC than wild type BY4741, and that this difference is likely due to
structural changes in the desaturase conferred by the GFP tag€RBigB). The
increased requirement for fatty acid desaturation at lower temperatures coupled with
a greater degreef desaturase inhibition in BY OKGFP resulted in a lower growth
phenotype of this strain than wild type at 26.R453C was less sensitive than either of
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the BYwild type strains on F900742 at both 25 and 3PC, and on YPD only plates at

respectivetemperatures (Figre 44).

Overall, F900742 was more active against all tested strains @@ #tan at 30C or 37
°Clikelydue to a greater requirement fdp9 desaturase activity at lower
temperatures. BY OleGFP was mosensitive to F900742 at 2&, whilst BYubx2
was the most sensitive at 3€C. F900742 was least active inB¥tlat all
temperatures. It is important to note, that this was only performed once, therefore

more repeats would be needed for a more robust conclusion.
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Figure 4.4 F900742 displayed temperature sensitive activitdl strains were most sensitive to

F900742 at lower temperatures. All strains grew better on YPD only than in the presence of F900742 at
all temperatures. Auntreated strains grew best at 3Cand37°Cthan 25°C. BY OleGFP was the

most sensitive to F900742 at 26 and 37C, whereas BjY dzo Was the most sensitive at 3C. BY

n & Quiasvthe least sensitive at all temperatures tested. BY4741 and BY4742 were more sensitive than
R453C. N = 3900742 containing plates were supplemented withn@sml of drug and grown at the
relevant temperaure for 48 hours.
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4.2.4F900742 induced a redistribution of Olelp

Olelp has been previously shown to localise to the peripheral and nuclear ER
membrane(164) In yeast, the ER can be classified as nuclear ER, peripheral ER, or ER
strands that link the nuclear and peripheral (Fg4.5A). The strain BY Ole&FP was

used to determine Olelp localisation using confocal microscopy. €&Ewas seen

in patterns consistent with its localisation on the nuclear ER, peripheral ER, and ER

strands linking the two (Fige 4.5Band4.5Q.
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Figure4.5. Ole1pGFP localised to the peripheral and nuclear E&.Cartoon illustrating theR
distribution inSaccharomyces cerevisidéhere are three classes of ER: the nuclear ER, the
peripheral ER and strands of ER that link the peripheral and nuclear ER. (B and C) Confoca
microscopy image of the strain BY OIBEP in log phase. OleGFRlid localise to the nuclear an
peripheral ER and the linking strands.
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F2G have previously shown that unsaturated fatty acids, but not saturated fatty acids
inhibited the action of F90074Quggesting that the activity of F900742 was lipid
dependent (Figure 1.3)aken bgether with data presented by Tatzer et(ab7) it

was expected thathte drug would induce a mislocalisation of Olelp. To investigate
this, BY OlelGFP was treated with F900742 and examined at time intervals of 30
minutes, 60 minutes, 120 minutes, and 240 minutesufeig.§. Treatment with

F900742 induced OleiBFP to reditribute to dense puncta that appeared consistent
with the nuclear and peripheral ER (red arrowureyt.65 or tubes that span the

length of the cell (blue arrowigure4.6F). The aberrant localisation of OleGFP was

first observed after 60 minutes ofdgatment, however puncta were faint and only in a
minority of cells (one puncta was observed in approximately 20% of imaged cells and
less than 5% contained two or more puncta) (Fég}.6D). Appearance of punctnd
tubeswas at the expense of Olelp losaltion on the ER. Greater than 80% of cells
contained three or more punctar tubesfollowing 120 minutes of treatmenwhich

was associated with an increase in the brightness and size of each relative to the 60
minute sample (Figre 4.6). There was a ftlrer increase in brightness and size by 240
minutes, but this was associated with a reduction in the number of puncta per cell with
greater than 80% of observed cells containing either 1 or 2 pusnadzonly a minority

of cells containing tube@-igure 4.6H). A single, very large punctaut not tubeswas
observed in all cells imaged that were treated for 24 hours with FO00742 éMda)).

The expression of Olelp in the untreated sampled visibly decreased between 2 and 4
hours, and further at 24 hoursh& reduction in Olel46sFP expression can be

explained by the fact thatells would be starting to exit logarithmic growth phase 4
hours into this experiment as more are entering into a stationary growth phase. By 24
hours, all cells would be expected to inestationary phase. Stationary phase cells
require very little desaturase, therefore are associated with a lower Olelp expression.
To account for the variations in Olelp requiremeiite desaturase is naturally a
short-lived protein with a halfife of approximately 30 minute§l65) Of note, there

was no mention in Tatzer et al of Olét@FP redistributing to tubes at ngrermissive

temperatures.
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Figure4.6. F900742 induced the relocalisation of OleG%-PLog phase BY Ol&FP cells were
treated with 50mg/ml F900742 for up to 24 hours and grown at°8) Samples were taken at 30
minutes, 1 hour, 2 hours, 4 hours, and 24 hours for confocal microstupbation times2 hours
and longemwith F900742 induced a relocalisation of Ole&pP to dense puncta (F, red arrow) and
tubes (F, blue arrow) that spanned the length of the cell (F, H, J). The relocalisation of3BIR; 1pas
at the expense of normal Efstribution. The puncta and tubes first appeared in a minority of cell
and were only very faint after 60 minutes of treatment (D), however following 120 minutes ther
an increase in puncta size and brightnessAR¥0 minute incubation induced thermation of
puncta that were brighter and bigger in size, however this was associated with a reduction in tt
number of puncta per cell (H). (J) 24 hour incubation with F900742 induced the formation of a
large puncta only at the periphery in eyetell and very limited Ole&FHocalisation to the ER. (B
There were not obvious differences to Ole®F-P distribution after 30 minutes the untreated
(A,C,E,G,l) Ole1@FP was locaéd to the ER in all untreated samples. There was a large reduiatic
amount of Ole1pGFP by 240 minutes (G) which was also observed after 24 hours (I). N =4
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4.2.5F900742 induced an increase in expression of OIFP

The average amount of fluorescence per cell (termed arbitrary fluorescence) was
quantified as described in the nteads. Briefly, the total, unprocessed image
fluorescence was measured, and average background subtracted. The total number of

cells was manually counted. Values were put into the equation:

Arbitrary fluorescence =

(total fluorescence averagebackground) / number of cells

Cells were in the same phase of growth, there was a surplus of drug relative to
desaturase, anthe samemicroscopewas used taneasuresamples to ensure
equivalentexposure of all celffor all images taken. Microscope setjis were identical

for all like experiments.

The relocalisation of Ole1@FP following treatment with F900742 was accompanied

by an increase in total cellular fluorescence (Fegd.?). Interestingly, despite the lack

of obvious Ole1f5FP puncta, F90074&duced a large and significant increase in
fluorescence after just 60 minutes which increased further by 120 minutes followed by
a slight decrease in fluorescence by 240 minukggi(e 4.7A. This reduction was also
noted in the untreated sample and issumed to be due to the natural turnover of

Olelp as cells exit log phase described above.

Calculating arbitrary fluorescence is an indirect method to determine the amount of
Ole1lpGFP. To corroborate the increase in Ol&IBP expression in response to
F0742, the protein amount was determined by western blot with an-&#P

antibody. The molecular weight of OleGiP was calculated to be 85.4 kDa (molecular
weight of Olelp is 58.4 kDa; molecular weight of GFP is 27 kDa). There was a
substantial increasa the amount of protein following 2 hours of treatment with
F900742. A Ponceau stain of the membrane was used to confirm equal loading of

samples (Figre 4.78.
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Figure4.7. F900742 induced an increase in expression of OI&ERP (A) 60 minute incubation with
F900742 was sufficient to induce a significant increase in fluorescence relative to untreated cells
Maximum fluorescence was observed after 120 minutes of treatment. There was a slight decrea:
fluorescence at 240 mirtes. The expression of OleGFP in untreated untreated samples slightly
increased over the first 120 minutes and was followed by a slight decrease by 240 minutes. N =!
Immunoblot with antiGFP antibody to detect OleApFP. F900742 induced an in@ean amount
OlelpGFP. A ponceau stain was used to determine equal protein loading at the 85 kDa Bagjiored
GFP was treated for 2 hours with 188/ml F900742. Samples were incubated aPGON = 2.
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4.2.60lelp relocalisation waspecific to F900742

The MIC of BY OleGFP was ontold higher than both BY4741 and OtdEdp-GFP
suggesting tht the Gterminal GFP tag is interfering with the structure of Olelp, but
not in a manner that sufficiently affects the function of the desatur@sgure 4.2)To
as®ss whether the GFP tag was enhancing the mislocalisation of GIERpthe
localisation of Olelp was investigated in an alternative straid. @erevisiathat

contains an mCherry tag at thetBrminus of the OLE1 ORF and befofEEd1

promoter. As withBY OledGFP, there was a redistribution of BY mCh&ig1 to

dense tubes and puncta, which was associated with a significant increase in arbitrary
fluorescence following 2 and 4 hours of treatment with F9007421(E.8Aand

4.8B. The expression of OLE regulated by th@ EFJromoter in the strain BY
mCherryOlel. ThelEFJpromoter is a more powerful promoter than OLE1, therefore

it was expected that the desaturase would be more highly expressed in this strain than
wild type. This strain was asso@dtwith an MIQyreater than 100rg/ml (data not

shown) Consistent with a higher MIC, mChe®lel relocalisation was noted in just
30% of cells after 2 hours and 70% of cells after 4 hours of incubation with F900742,
substantially lower than observed iYBOle1GFP

To confirm that the relocalisation of OleIpFP was a specific response to F900742
and the inhibition of the OLE1 pathway rather than a general response to antifungal
compounds, BY Ole&FP was treated with amphotericin B for 2 hours. AmphoieB

is polyene that exerts antifungal activity through a mechanism that is independent of
the OLE1 pathway. Amphotericin B did not induce the relocalisation of €B&Hin

any cells observed (kige 4.8C).
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Figure 48. Relocalisation eventsvere specific between Olelpnd F900742(A) BY mCher@lel was
incubated with F900742. F900742 induced the formation ofrye tubes and puncta that were not
observed in any of the untreated cells that were imaged. Mislocalisation of Olelp was noted in 3
cells at 2 hours and 70% of cells by 4 hours. N = 3. (B) The relcoalisation of rilléEmyas associate
with a significant increase in fluorescence at both 2 and 4 hours relative to the untreated counter
sample. N = 3. (C) The redistribution of Olelp was a response specific to F900742 -BFFOh&ls
treated with F900742 or amphotericin B for 2 hours. AmphotericitidBot induce redistribution of
OlelpGFP in any of the cells imag&®00742 was added at 1p@/ml. Amphotericin B was added a
250 ng/ml. Samples were grown at 30.N = 2.
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4.2.7Unsaturated fatty acidsnhibited the redistribution of OlelpGFP

¢ KNRdzaAK2dzi Sdzl F NB2GSaX nodp RSal GddzN»F aSa OF
(C16:0) and stearic acid (C18:0) to palmitoleic acid (C16:1) and oleic acid ([Edr@y1).
target identification experiments at F2G identified oleic abidt not saturatedatty

acidsas an inhibitor of the antifungal properties of F900742 in pathogenic fungi.

4.2.7.1. Oleic acid

To examine whether oleic acid was sufficient to inhibit the relocalisation of GEIp

in S. cerevisiagelmM of oleic acid was added at the satime as F900742. No imaged
cells expressed mislocalised Ole&pP when oleic acid was added in conjunction with
F900742Kigure 4.9A). Furthermore, there was a visual reduction in the amount of
OlelpGFP as determined by a reduction in brightness irs tedhted with oleic acid
irrespective of F900742 addition. The visual observations were corroborated by
quantification of fluorescence and calculating the arbitrary fluorescence as previously
described (Figre 4.9B. Oleic acid was sufficient to inhibm @ncrease in Ole}BFP
expression. Consistent with published d§i&5), oleic acid only was sufficient to

induce a reduction in the amount of Olef@FP a significant effect was observed after

2 hours relative to the untreated sample (&ig 4.98. The reduction in Ole &FP
irrespective of F900742 addition. There veasignificant difference between the

sample treated with F900742 only and F900742 plus oleic acid after just 60 minutes.
The amount of fluorescence decreased further in both samples treated with oleic acid
throughout the remaining 3 hours of the experimeitihe reduction in arbitrary
fluorescence in the presence of oleic acid was corroborated by immunoblotting
samples treated for 2 hours. There was a decrease in band intensity in samples treated
with oleic acid or oleic acid and F900742 relative to bothuhieated and the

F900742 treated sampleBigure 4.90.
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Figure4.9. Oleic acid rescued the activity of F900742nM oleic acid was supplemented to YPD either alone o
the same time a&00pg/ml F900742. Samples wemcubated at 3®C for up to 4 hours. (A) Samples were takel
30, 60, 120, and 240 minutes. Oleic acid prevented the FO0BiItAZed redistribution of Ole BEFP to puncta anc
tubes in all samples. Oleic acid alone was sufficient to visually reduce thenaofcOle1pGFP. (B) Confocal imac
were quantified. Oleic acid induced a reduction in OKIP expression in both samples treated with the
unsaturated fatty acid relative to the untreated sample. The oleic acid reduction in @EPpexpression was
irrespective of F900742 supplementation. There was a significant difference in fluorescence between sampl
treated with F900742 only or F900742 and oleic acid after 60 minutes. A significant difference between the :
treated with oleic acid and the unteted control was observed after 120 minutes, and between the untreated :
oleic and F900742 after 240 minutes. There was no significant difference between the oleic acid only and F
and oleic acid samples at any time point. (A and B) N = 4. (C)-GER gxpression was also determined by
immunoblot using an arGFP antibody. Samples were treated with F900742 only, oleic acid only, or F90074
oleic acid only for 2 hours. Oleic acid induced a large reduction in the amount of protein detecteddtiespf
F900742. A ponceau stain confirmed equal sample size was loaded. 85.4 kDa region shown. N = 2.
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The finding that oleic acid inhibited FO007#2uced relocalisation of OleiFP and
reduced the expression of @p-GFP is in line with previous work confirming that the
expression of Olelp is repressed by multiple factors including the presence of it
products, for exampleleic acid(135) Furthermore, Tatzer also noteédat the

addition of unsaturated fatty acids prevented puncta formation in both temperature
sensitive strains, whereas saturated fatty acids did not affect the cellular distribution of
Olelp(157) Therefore, the inhibition of Ole1@BFP relocalisation by oleic acid is
indicative that the Olelp pathway is the likely target 606742.

Oleic acid not only prevented an increase in fluorescence and &R

redistribution, but itwas sufficient taalmost fully reversed this phenotype (Eig

4.10A. Cells were treated with F900742 for 2 hours before they were washed in water
andresusgended in fresh YPD containinggic acid. Samples were taken at 30, 60 and
120 minutes after oleic acid addition. Images were also taken of cells that were treated
with F900742 just before oleic acid was added, and of cells that were treated with
F00742 only. Thus far, data demonstrated that F900742 induced a significant increase
in total cell fluorescence after 60 minutes which increased further by 120 minutes
(Fgure 4.7). 30 minutes of treatment with oleic acid was sufficient to reduce the
amountof fluorescence induced by F900742 such that there was no significant
difference to the untreated cells, as well as inddeesignificant difference compared

to F900742 only treated cellBigure 4.108. The reduction in cellular fluorescence was
accompaired by an elongation of the puncta after 30 and 60 minutes with a complete
redistribution towild type ER morphology after a 2 hour incubation with oleic acid
(Figure 4.10A. Furthermore, a 30 minute incubation with oleic acid was sufficient to
noticeablyreduce the number of cells containing relocalised Ol&KP puncta and the
number of puncta within each cell. There wawild typedistribution of Ole1pGFP to

the ER in cells treated with oleic acid for 120 minutes. These results were also
observed wheroleic acid was supplemented to media containing F900742 after 2

hours of incubation with the drug.
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Figure 410. Oleic acid reversed the relocalisation of OleGi-P and the associated increase in
expressionCells were treated witi00ug/ml F900742 for 120 minutes, washed, and treated withM
oleic acid in fresh media for a further 120 minut€lls were incubated at 3C.A) 30 minutes after

oleic acid additionQlelp-GFP puncta appeared elgated. Fewer cells containguincta by 60 minutes.
Remaining puncta were less bright and there were fewer per cell. Oleic acid completely redistributed
OlelpGFP to avild typeER localisation after 120 minutes. N = 4. B) Quantification of fluorescence.
Although puncta were still observed in the majority of cells, a 30 minute incubation with oleic acid was
sufficient to reduce the total cell fluorescence such that there was agigmificant difference to

untreated cells, and there was a significant diffece to F900742 treated cells.
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4.2.7.2Palmitoleic acid

Olelp can insert a cdouble bond between carbon 9 and 10 of both palmitoyl CoA
and stearoyl CoA to produce the monounsaturated C16 and C18 products palmitoleic
acid and oleic acid, rpsctively. Like oleic acid, it has been previously identified that
palmitoleic acid can rescue the growth of b&hcerevisiaandC. albicansnutants for
various components of the OLE1 pathw&$4,166,167)Figured.9identified that

oleic acid was sufficient to inhibit the relocalisation of Ol&JP and the concurrent
increased fluorescence.riM of palmitoleic acid was also sufficten inhibit the

formation of Ole1lpGFP puncta in cells treated with F900742yF&gt.11A. No puncta

or tubes were observed in any of the imaged cells treated with F900742 and
palmitoleic acid. Furthermore, palmitoleic acid induced a reduction in theusrnof
Ole1lpGFP irrespective of F900742 supplementation. 60 minutes-teadment with
palmitoleic acid and F900742 was sufficient to induce a significant difference between
Ole1lpGFP compawkto F900742 only. There was a continual decrease in the amoun
of OlelpGFP in both samples treated with palmitoleic acid throughout the
experiment. There was no significant difference in O/&KP expression between

either sample treated with palmitoleic acid at any time poifgre 4.11B.
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Figure4.11. Palmitoleic acid inhibited the activity of F900742)1mM Palmitoleic acid
inhibited the FO00742nduced relocalisation of OleiBFP to puncta and tubes. No
redistribution was observed in any cell treated vE900742 and palmitoleic acid.
Irrespective of F900742 supplementation, palmitoleic acid induced a visual decrease ir
amount of Ole1pGFP relative to the untreated sample. (B) Palmitoleic acid prevented tl
increase in fluorescence as a result of FBtreatment. There was a significant differen
in OlelpGFP expression after 60 minutes between samples treated with F900742 only
F900742 and palmitoleic acid. There was no significant difference between the two sai
treated with palmitoleic acict any time pointF900742 was added at 1Q@/ml. Samples
were grown at 30C.N =4,
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Earlier data confirmed that oleic acid reversed the rethsition of OlelpGFP and
reduad the average cellular fluorescence to that of untreated samplesr@ig10.

To investigate whéter palmitoleic acid had the same reversal effects as oleic acid, 1
mM palmitoleic acid was added to cells that had beentpeated with F900742 for 2
hours. Cells were washed and resuspended in fresh YPD prior to palmitoleic acid
addition. Palmitolei@dd induced the complete redistribution of OleXpFP towild

type ERlocalisationby 120 minutes. Ole1®FP relocalised by forming elongated
puncta most often at the periphery of the cell following after a 30 minute incubation
with palmitoleic acid which fither elongated, and reduced in number, by 60 minutes
(Figure 4.12A. Palmitoleic acid reduced the amount of Ole&pP to a level that was
not significantly different from the untreated sample after 30 minuEgyure 4.12B)
This was associated with asificant difference to the drugged sample. The amount of
Ole1lpGFP continued to decrease in response to palmitoleic acid exposure throughout

the duration of the experiment.
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Figure4.12. Palmitoleic acid reversed the relocalisation and increased expression of O{@)fp.mM
Palmitoleic acid induced elongation 6900742inducedOle1lpGFP puncta after 30 minutes. The
number of puncta per cell reduced by 60 minutes, and OleEFP wasbserved to have a normal ER
localisation with no puncta after 120 minutes. (B) 30 minutes with palmitoleic acid was sufficient to
reduce the amount of OleX@FP such that there was not a significant difference to the untreated
sample and there was a sifjnant difference with F90074Z900742 added at 1Q@y/ml. N = 3.
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In vivqg cells adjust the expression of OLE1 in response to exogenous palmitoleic acid
and oleic acid. Both monounsaturated fatty acids are present simultaneously at
physiolayically relevant levels and both modulate the expression of OLE1. Palmitoleic
acid or oleic acid individually did significantly reduce the amount of Q&P and
reversed the punctate relocalisations induced by FOOORKRt it was investigated
whether together oleic acid and palmitoleic acid had a more profound effect on
inhibiting the activity of F900742 (feige 4.13. As noted in both reversal experiments
with a single unsaturated fatty acid, together oleic acid and palmitoleic acid were able
to inducea reduction in amount of OleX@FP after 30 minutes of treatment. There

was a greater reduction in the number of remaining OKP puncta by 60 minutes
when both unsaturated fatty acids were added compared to just either oner@ig
4.13A. Furthermorefollowing 120 minutes with both unsaturated fatty acids, Olelp
GFP appeared to have a more even distribution throughout the cytosol, with only a
slight enrichment at the ER. This was not observed in the recovery of -GIERp
relocalisation when either ofhie unsaturated fatty acids were added aloeg(re
4.10andFigure 4.12

Overall, there was a greater reduction in the amount of Ol&KP expression when

both oleic and palmitoleic acid were added together, however either alone is sufficient

to inducesignificant reductions in the amount of protein
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Figure 413. Oleic acid and palmitoleic acid inhibited and reversed F900742 actiViy.
Unsaturated fatty acid supplementation induced thlengation of Ole1g5FP puncta after 30
minutes of incubation. There was a substantial reduction in the number of cells containin
relocalised Ole1465FP by 60 minutes. No observed cell contained redistributed Q&I aftel
120 minutes of incubation witbleic acid and palmitoleic acid. The addition of the unsatura
fatty acids was also associated with a reduction in OI8F® expression. (B) The addition of
oleic acid and palmitoleic acid induced a reduction in OleEP expression after 30 minutes
suc that there was not a significant difference to the untreated sample and there was a
significant difference to the F900742 treated cefi800742 was added at 10@§/ml. Oleic acid
and palmitoleic acid were both added at 0.5 mM. 0.5 mM of oleic acid afrdifpleic acid was
added to samples. 100g/ml F900742 was used. Samples were incubated 4C38 = 3
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4.2.7.3Stearic acid

Stearic acid is a saturated C18 fatty acid that is essential in the human dietrdike,

other saturated fatty acids, circulating levels have been linked to some health benefits
(168) Stearic acid can be synthesised through the elongation of palmitic acid (C16:0)
by elongases or can be obtained in the diet through meats anigtsu Stearic acid is

the precursor for its unsaturated counterpart, oleic acid (C18:1), that is synthesised by
a desaturation reaction catalysed by Olelp. To investigate the saturated fatty acid
effects on F900742, 1mM of stearic acid was added at theesame as F900742.

Unlike either of the unsaturated fatty acids, stearic acid did not inhibit OEP
relocalisation(Figure 4.14A)nor did it inhibit the associated increase in amount of
Ole1lpGFP fluorescencé&igure4.14B. Stearic acid alone did haffect the expression

of OlelpGFP relative to the untreated sample. During the initial screening phase, F2G
showed that F900742 was inhibited by unsaturated fatty acids, but not saturated fatty
acids. Here, | have shown that F900742 induced O@&ERo relocalise to puncta or
tubes withinBY OledGFRecellsand that this event is lipidependent. Tie

relocalisation of Olelp greventedby the unsaturated fatty acids oleic acid and

palmitoleic acid, but not the saturated fatty acid stearic acid.
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Figure 414. Stearic acid did noteverseF900742 activity(A)1 mM Stearic acid did nateverse
the redisribution of Ole1pGFP when added with F900742. Stearic acid addition did not inte
with OlelpGFP localisation nor the amount of protein at the ER. (B) Quantification of
fluorescence confirmed that there was no significant difference in amount of G&EHEP betwee
samples treated with F900742 supplemented with stearic acid compared to drug alone aft
either 2 or 4 hours. There was a significant difference in fluorescence between the untreat
sampleand both samples treated with F900742, irrespecti¥stearic acid supplementation
(significance between untreated and F900742 unlabeled here, but shown in figie Stearic
acid alone did not induce any significant growth effects relative to the untreated sample.
F900742 added at 100g/ml. Samples werincubated at 30C.N = 3.
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Thus far it has been demonstrated that the endogenous producB®afesaturases,

the unsaturated fatty acids oleic acid and palmitoleic acid, can reverse the activity of
F00742. Either of the unsaturated fatty alone or in combination were sufficient to
reverse the antifungal growth phenotype induced by F900742 and the relocalisation of
Olelp. In contrast, the substrate of this enzyme, stearic acid, was insufficient to

reverse the activity of F900742.

4.2.8F900742 initiated an increase in OledpFP protein synthesis

As discussed in more detail in the introduction, it is essential that Olelp is tightly
regulated. Mechanisms to alter the expression of Olelp at the @veanscription
and mRNA stability in response to various stimuli, including diet, temperature and

hypoxia are conserved throughout eukaryo{@81,138,139)

So far, data has shown that F900742 initiated a redistribution of Olelp and induced an
increase in Olel46FP fluorescenc€ycloheximide (CHX) exerts its effects as a pan
inhibitor of the translational elongation steps in proteiynshesis by interfering with

the movement of tRNA and mRNA in relation to the riboso(@ié9) To investigate

the increase in fluorescence of Ole@Q¥P as determined by measuring the arbitrary
fluorescence of confocal ingas, cells were grown to log phase and were treated with
F900742 and cycloheximide simultaneously. Cycloheximide was sufficient to inhibit the
redistribution of OlelpGFP in any cells treated with both the protein synthesis

inhibitor and FO900742 (Rige 4.15A). Importantly, although cycloheximide is a ron
specific protein synthesis inhibitor, it did not interfere with the localisation of Olelp
GFP to the ER, nor the morphology of the ER. Furthermore, cycloheximide inhibited
the increase in average celluldmorescence induced by FO00742 such that there was
no significant difference between the untreated sample and F900742 + cycloheximide
after 2 or 4 hours of treatment (Rige 415B). Cycloheximide induced a significant
difference between F900742 only andtivthe addition of cycloheximide. This data

suggested that the increase in OleG#-P fluorescence was due to an increas#ein
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novoprotein synthesis of the desaturase. It is likely that the newly synthesised

proteins were redistributing to the puncta dubes.
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Figure 415. F900742 induced an increase in OLEL transcript{dy BY OleGFP were treated with
F900742 and cycloheximide for 4 hours. Cycloheximide was sufficient to inhibit tlcalishtion of
OlelpGFP. None of the imaged cells contained OI&EF® puncta or tubes after treatment with
cycloheximide and F900742. (B) Quantification of fluorescence. Treatment with cycloheximide
inhibited the de novo synthesis of OleGFP. Samplesaated with F900742 and cycloheximide we
associated with a nosignificant difference in fluorescence to the untreated sample, whereas the
was a significant difference between F900742 and F900742 with cycloheximide sdr9fies42 wa
added at 100vg/ml. Cycloheximide was added at &@/ml. Samples were incubated at 30 for 4

hours.N =3
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4.2.9 F900742 altered the expression of Ubx2p and Sctlp

The precise mechanism(s) by which OLEL1 is transcriptionally activated remain to be
determined, however it requires the processing of the transcriptional activators Mgaz2p
and Spt23p via a series of ubiquitination reactions involving Ubx2p as a tethering
complex to the activation machinery and subsequent cleavage into their actives form
(136) Lubx2cells exhibit a reduction in OLE1 mRNA and a 40% reduction in Olel
enzyme level relative to wild type, and is associated with a shift in the lipidome to
more saturated lipidspecies (91). To investigate whéer there was also an increase

the transcriptional regulators of OLE1, the expression and localisation of Lk&Pp
wasassessed. BY UbEFP cells were treated with F900742 for 4 hours. USXEP is

an ER transmembrane protein that relocalised to similar puncta analaubtructures

that were observed in BY Ole@gFRFigire 4.16A) Furthermore, F900742 induced an
increase in Ubx2pGFP expression which was not unexpected given Ubx2p regulates
the expression of Olelp and F900742 has been shown to induce the protein synthesis
of Olelp(Figure 4.16B There was an increase in Ubx@pP expression after 30

minutes which incrased further by 60 and again at 120 minutes. As with OIBEP,

there was a slight reduction in UbxZpFP expression by 240 minutes.

The activity of Olelp is negatively regulated through contjmet with Sctlp for the
substrates C16 and C18 saturated Cb4V) Sctlp bindsa saturated CoA and
sequesters them into saturated lipids, whereas Olelp desaturates acyl chains to
generate unsaturated lipids. Therefore, there is a seesaw balancing act between the
expressions of Olelp and Sctlp to ensure that correct membrane liptdritas
maintained. Excess saturated or unsaturated fatty acids can induce lipotoxicity,
therefore cellular protective mechanisms ensure that excess saturated fatty acids are
either stored in lipid droplets or sequestered by Sctlp into saturated lipid 2
induced the relocalisation of SctApFP to tubes and puncta in greater than 80% of
observed cellait 4 hours(Figure 4.16Q, however this was associated with an overall
decrease in amount of SctdpFP a2 hoursand further at 4 hours (Fige 4.16D.

There was a significant difference in expression of the untreated and treated at both 2
and 4 hours.
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Figure 416.F90(0r42 induced the relocalisation of Ubx2@FP and Sct}@FP(A) A 2 hour incubation
with 100pg/ml F900742 was sufficient to induce the redistribution of Ubx&pP to tubes and puncia
80% of cells observedB) There was an increase in UbXZIpP expressin after a 30 minute incubation
with F900742. The amount of fluorescence further increase at both the 60 and 120 minute readings
decreased slightly after 240 minutg# and BN = 2. (C) F900742 induced a redistributidi®Scat1pGFP to
puncta and tules in 40% of cell§he overall expression of Sct@®F-P visually decreased after 2 hours v
the drug. (D) There was a significant decrease in the expression of GER after 2 hours in samples
treated with F900742 relative to the untreated control. Thevas a further decrease in SctGQFP
expression after 4 hour§amples were incubated at 3G.N = 3.
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4.3 Discussion

The experiments presented in this chapter usemfoal microscopy to identify the
localisation of a GFP tagged version of Ol&l$. cerevisiaeExperiments confirmed
that:

1) F900742 inducednsaturatedlipid-dependent relocalisation of Olelp
2) F900742 induced an increase in Olelp expression at the tratisoal level

3) The relocalisation of Ole1@FP was rapid and reversable

The data presented in this chapter extended the pan antifungal activity of F900742 to
includeS. cerevisia€The MIC of F900742 $ cerevisiawas approximately 100 times
greater than the MICs of pathogenic fungi identified by F2G in table 4.1. This could be
due to inherent difference between fungal species or could be due to difference in the
media that theS. cerevisiaand the pathogenic fungi MIC testing was performed in.
Per theEUCAST and CLSI recommendations, F2G performed the MICs in RPMI media.
This media contains a low level of lipid. Howe&rcerevisiaare unable to grow
sufficiently in RPMI so these strains were grown in §RMDutrient rich media that

does contain lims. The expression level of Olelp has been previously shown to be
negatively regulated by supplementation of external unsaturated fatty acids and
therefore it is possible that the requirement 8f cerevisiator Olelp is much less

when grown in YPD thahe requirements of the pathogenic fungi for this enzyme in
RPMI.

F900742 induced the relocalisation of OleGgP, mCherr@lelp, Ubx2g5FP, and
Sct1pGFP. All proteins relocalised to dense puncta that appeared at the cell periphery
and cytosolic compaments, as well as to long tubes that stretched the length of the
cell. The puncta increased in size, but decreased in number with longer treatments.
Concurrent with the relocalisation of these proteins was an increase in amount of
Olelp and Ubx2p, but a deease in the amount of Sctlp. The increase in expression of
OlelpGFP was due to an increase in transcription of OLE1. Furthermore, the

relocalisation of Olelp, as well as the increase in expression of this protein, was shown

131



to be lipid dependent: eitheof the products of Olelp (oleic acid and palmitoleic acid),
but not the saturated substrate (stearic acid), were sufficient to prevent the punctate
distribution of Ole1pGFP and the associated increase in protein expression induced by
F900742, and were fiicient to induce a redistribution of Olei@BFP to that of wild

type within 30 minutes. Importantly, the possibility that Olelp relocalises upon
exposure to antifungals that act independently of the OLE1 pathway was eliminated as
no Olelp redistribution as noted when cells were exposed to the polyene

amphotericin B.

Previous studies have demonstrated that chemical or genetic inhibition of Olelp
activity results in a lipid profile that has an increase in the amount saturated lipid
species at the expens#d the unsaturated counterparté91,147,157)Alterations to

the lipid balance via disruption to the OLE1 pathway requires the induction of Olelp
expression or the supplementation of unsaturated fatty acids for cells to remain viable
(116) It was predicted that F900742 inhibited Olelp that rendered cells with an
aberrant lipid profile that was skewed towards a more saturated lipidome thereby
activating processes to induce the expression of the desaturase. The data presented in
this chapter suggested a feedback mechanism whereby a 60 minute treatment with
F900742 was sufficient to inhibit the activity of Olelp which the yeast responded to by
increasimgy the transcription of OLE1 and relocalising OI&HP to puncta and tubes.
Inferring from previous studies, it is likely that the inhibition of Olelp activity by
F900742 reduced the desaturation content of free fatty acid pools and membrane
lipids to potentially lipotoxic levels. This would induce a reduction in membrane

fluidity. Mga2p, and possibly Spt23p, would sense the alterations in membrane

LIK& AAO020KSYAOIE LINBPLISNILIASaAad LYy | 06AR G2
Mga2p would dimerise ahrotate within the ER membrane with subsequent
recruitment of the proteasome and ultimately driving the activation of OLE1
transcription. This would increase the amount of Olelp available for fatty acid
desaturation. Concurrent with the increase in OLEahscription, there was a decrease

in the competitor of Olelp, Sctlp, which is likely to ensure the availability of the
maximum number of saturated acyl chains for Olelp. Despite the increase in Olelp

expression after 60 minutes, it is likely that the amobof drug overwhelmed the
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desaturase resulting in no desaturase activity and a further hupldf saturated lipids

and an additional increase in the amount of Olelp by 120 minutes. There was a slight
reduction in amount of Ole H&FP between 120 minute2 fiours) and 240 minutes (4
hours) after drug addition. This could be explained either by the natural metabolic
shifts that occur withirs. cerevisiaever a 4 hour period requiring less Olelp as the
yeast are exiting from a rapid growth (logarithmic) phasd entering into a more
stationary, slower growth phase, or it could be due to some populations of cells dying
due to lipotoxicity. The mechanism of drug action is investigated further in chapter 6.
However, it is important to note that although dateeictified unsaturated fatty acids,

but not saturated fatty acids prevent and reverse phenotypes induced by F900742, this
does not confirm that Olelp is the target of F900742. Further to studies to investigate

the target of F900742 were performed in chapger

Additional studies would help to cement the positive feedback loop suggested above.
Understanding whether F900742 does indeed induce an alteration in the lipidome
after 60 minutes and whether this is sufficient to induce lipotoxic protective responses
remain to be established. Whole cell lipidomic approaches, such as thin layer
chromatography or mass spectroscopy, could be utilised to investigate the lipidome at
various time points after F900742. Potential alterations in the lipidome could then be
married to changes in membrane fluidity using the fluorescent dye laurdan and
alterations in the expression of Olelp via real t#P€R. Furthermore, as with the
temperature sensitive mutants used in Tatzer ef1l&7) the physiological purpose, if
any, of Olelp relocalisation remains to be determined. Aberrant ultrastructural

features ofS. cerevisiamduced by F900742 was investigated in chapter 6.
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CHAPTER 5
FO900742 target verification

5.1 Introduction

Data presented in chapter 4 identified the mislocalisation of Olelp and its regulators as
a consequence of F900742 exposin S. cerevisiaédlongside the relocalisation of the
desaturase, C16 and C18 unsaturated fatty acids, but not saturated fatty acids,
reversed the action of F900742 suggesting that inhibition of the Olelp pathway is
essential for drug activity. Howevaifficulties in confirming that F900742 inhibits
Olelp stem from the challenges in purifying membrane prote@islp has four
transmembrane domains that anchor it to the HR.date, no group has reported the
successful purification of Olelp, therefotes not currently possible tdevelop ann
vitro assay utilising purified Olelp, nor is it possiblebdain adrug-protein crystal
structure. To confirm the target of F900742 was Oledperies of mutagenesis
experimentswere (Aim 2, 3, 4)This apprach is also not without limitations. OLEL is
an essential genats deletion renders cells neviable unless grown in the presence of
C16 or Cl8nsaturatedfatty acids(165) thereforethe mutagenesis experiments must
not interfere with the functional viability of the desaturase or risk lipotoxicity and cell
death.

The structure of Olelp has not been resolved, which makes the design of fungi
specific inhibitors chadhging. The majority of structural information about tBe
cerevisiaalesaturase has been inferred from crystal structures of the mouse and
human Scd1 isoformd.25,128) Assuming-900742 target®lelp, this proteins
consened throughout eukaryotes ancbuld risksevere adverse and intolerable
effects to patients through noselective inhibition of both the human and the yeast
D9 desaturase. To overcome this potential barrier to clinical use, it is possible to
design the druguch that it targetsequencalifferencesat the active site between
the humanand fungal (for exampl@spergillusand Candida enzymes F2G employed
a rational, activityfunction structural design process that aimed to ensure F900742
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targeted sequence tferences between the human and fungal active sitdsich of

the structural information on Olelp is based on inferences from the mammalian
isoforms and conservations between residues throughout eukaryotic species.
Truncated forms of the human and mouse Qdasoform, Scdl, have been

crystalised. The development of techniques to isolate and purify Olelp will prove
invaluable for understanding the OLE1 pathway and provide rational design of Olelp

inhibitors that do not target Scdl.

This chapter aimed to cdinm that Olelp was the target of F9007¢#ough a series

of mutagenesis experiments (Aims 2, 3, 4)

5.2 Results
5.2.1Deletion of OLE1 reduced the sensitivity 8f cerevisia¢go F900742

Oleic acid is the C18 monounsaturated product of Olelp. Uptakéemf acid from the
surrounding environment results in the rapid degradation of Olelp and its mMRNA. In
addition, 1mM of oleic acid has been previously shown to be sufficient to sustain
growth of cells containing temperatwi@duced or genetically knockexit reduced
levels of Ole1§157,165) To confirm the dependence ofelnull strains for oleic acid,
the strainBYblelwastaken from a widely availablgenedeletion collection and

grown on YPD agar or YPD supplemented with 1mM oleic acid4BWdld type was
used as a control. Biblelwas able to grow slowly on the plate supplemented with
oleic acid, however there was very minimal growth noted on the YPD only plateg(Fig
5.1). There was more BY4741 growth on the plate supplemented witls algd than

BYolel, and significantly more growth than on the oleic acid null plate
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Figure5.1. Deletion of OLE1 generated an unsaturated fatty acid auxotroBN4741 wild
type and BYr 2 f wena grown oreither YPD aganr YPD agahat had been supplemented
with 1mM oleic acidor 48 hours aB0°C Both strains grew on the oleic agidntaining plate.
BYn 2 fwhswnable to grow in the absence of exogenous unsaturated fatty acids. Oleic
had minimal effects on the growth of BY4741 wild type. N = 1.

Olelp is the sol®9 desaturase 5. cerevisia€elo validate that Olelp is the target of
F900742, BYblelweregrown in liquid medigupplemened with drug.The theory

was that in the absence of target, the drug would have no effect on cell growth.
However,olelnull cells require the supplementation of unsaturated fatty acids to
remain viable Figure5.1) which caused several cave#adsthis experiment which are
discussed in more detail belof®30) The growth of B¥blelwas assessed through
measuring the OD 600. BY4741 and BY-GIER were grown in parallel. As previously

demonstrated BY oleldid not grow when the media was not supplemented with
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oleic acid, tierefore no growth was noted in the untreated or F900742 only samples
(Figure5.2A). In contrast, there was substantial growdghthis strainwhen the media
was supplemented with oleic acid. There was also a considerably greater OD 600 in
both wild type andBY OledGFP in the presence of the unsaturated fatty dbhmh YPD
only (untreated) Interestinglythe OD 60Q@vas approximately a third less all three
strainswhen oleic acidogether withF900742vas supplemented to the media relative
to oleic acid aly. Oleic acid and F900742 addition slightly reduced the OD 600 of
BY4741 and BY OK&FP compared to the readings of the untreated samples.

It is important to note that there are several major flaws to this experiment due to the
requirement for oleic aeid supplementation to maintaiBolelstrain viability. Firstly,

the addition of oleic acid resulted in the formation of intracellular, cytosolic black dots
in all cells. These are assumed to be lipid droplets as a results of excess oleic acid.
These aredrge in size and there were multiple per cell. It was expected that an
increase in the number and size of lipid droplets would be sufficiedtstiort the light
path of the spectrophotomer making OD 600 measurement an unreliable method to
access cell grath (135) An increase in the number of lipid droplets observedlask
intracellular dots were noted in DIC images taken of samples treated with oleic acid
irrespective of F900742 addition (Erg 5.2B. Data not shown for DIC image of
F900742 treated cellsSecondly, unsaturated fatty acids negatively regulate the
expression of OLE1 suggesting that the expression and function of the desaturase is
mostly redundant under these conditioms BY4741 and BY OI&FP It waspredicted

that the expression of Olelp in BY4741 and BY-GIER grown in media

supplemented with oleiacid was lower than is physiologically relevant for desaturase
activity as such F900742 was not expected to initiate any cytotoxic effects. However, it
is interesting to note that all three strains did demonstrate a reduction in OD when
treated with F90042 and oleic acid compared to the fatty acid alone. A possible
explanation for this could be an alternative target to Olelp. This experiment was only

repeated twice, therefore statistically significant conclusions cannot be drawn.
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Figure5.2. Deletion of OLE1 altered the sensitivity of F9007BX4741, BY OlegdFP, and BYolel
were grown in YPD supplemented with FO0072ic acid, 0iF900742 analeic acidfor 24 hours
at 30°C (A)BY oleldid not grow in the absence of exogenaussaturated fatty acid
supplementation. Oleic acid induced a substantially greater OD 600 in BY4741, BE3FB|eind B’

olel F900742 and oleic acid-adldition reduced the OD 600 in all strains relative to oleic acic
only, but was increased relative E900742alone or the untreated sampleE900742 was added &
50 mg/ml. Oleic acid was added at 1mM.= 2. (B) Supplementation of external oleic acid induct
the formation of lipid droplets. Oleic acid, irrespective of F900742 addition, induced an iaérea
the number and size of lipid droplets as denoted by black dots within cells in DIC field in all c
imaged. In contrast, untreated cells or F900742 treatment only did not induce the accumulati
lipid droplets Data not shown for DIC image of 09@2 treated cellsF900742 added at 1Q@/ml.
Oleic acid added at 1 mM.
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To further investigate the possibility of an alternative target to Olelp, the growth of BY
[olelwas assessed across aefd range of F900742. As before, the media was
supplemented with oleic acid to ensure strain viability. There wasigmificant

reduction in cell growth of B¥blelafter 24 hours of treatment with either 100 or 250
>3AKYE CohnnanTtnH NBf I (A QJS%red.3 Thiskuggessdth#tlS 1 § SR
likely thatthe reduction noted in OD 600 between samples treatechwaleic acid only

and oleic acid with F900742 were also ragnificant(Figure 5.2A)n comparison,
F900742 was active against all other tesgderevisiastrains containing Olelp at
concentrations lower than 108g/ml (Figire 4.2). Both 500 and 1006 3k Yt 2 T
F900742 were sufficient for significant growth inhibitory actiyiigure 5.3) This
suggested that at very high concentrations of F900742, far higher than is required for
antifungal activity in strains containing Olelp, the dmagy havanducedgrowth

inhibition by binding to alternative targets. Alternatively, at very high concentrations,
the drug could have noeapecifically inhibited proteins inducing general cytotoxic
mechanisms that inhibéd cell growth. As discussed above, there are lar@ecats

with this experiment that stem frorthe requirement to add oleic acid to the media.
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Figure5.3. BY blelwas sensitive to F900742 at high concentratioifie OD 600 wassed to assess
cell growth of BYnlelafter 24 hours of incubatiorat 30°Cwith F900742 at 100, 250, 500, or 1000
mg/ml. 1 mM of oleic acid was supplemented to the media of all samples to maintain cell viability.
F900742 induced significantreduction in OD 600 at concentrations greater than 5@2ml. No
significant difference in optical density was noted in samples treated with either 100 argl60
F900742, however a significantly reduction was noted in samples treated with 500 on@G0OD N = 3.

5.2.20LEIoverexpression reduced the inhibity capacity of F900742

Experiments wittolelnull yeast are hampered by the fact that these cells require the
supplementation of oleic acid. An alternative approach to manipulate the expression
of Olelp is to express the proteaif exogenous promoters. 8741 and BY Ol&aFP

both express Olelp off the endogenous OLE1 promoetbereasBY mCherrDlel and

BY mChernbctl both contain an mCherry tagthe N terminus othe OLEIORF and

are expressed off th€ EFJpromoter. TEFIs a highly expressing pronestrelative to

the endogenous promoters, therefore it would be expected that both Olelp and Sctlp

levels in these strains would be greater than in the wild tyhough this was not
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done, the amount of Olelp and Sctlp in all strains could have been neebisy real

time PCRFurther to thisDe Smet et al have previously shown thatincrease in

Olelp or Sctlp expression would skew the lipid profile in favour of desaturated or
saturated lipids, respectivel(l47) To compensate for this imbalance, it is likely that a
concurent increase in expression of the saturated CoA competitor would be observed
rendering both strains with substantially increased Olelp and Sctlp, but a normal lipid
profile. Thin layer chromatography could be used to confirm the degree of lipid
desaturation in cells treated with F900742, however this was not performed due to
equipment restrictions. Based on inferences from previous studi4ég)and the

known strengths of promoters, it was predicted that tiBY mCherrngctl and BY
mCherryOlelhave a higher expression of Olethan either BY4741 or BY OI&FP. In
addition, the expression of Olelp was exogenously increased by the transformation of
BYvlelwith the plasmid pOLEL The plasmid contains the complete wild type OLE1
ORF which is followed immediately by a GFP tabisexpressed off the promoter

PHOS. The PHOS5 promoter is a stronger promoter than OLE1, as such it was expected
that Olelp would be more highly expressed in this strain than wild type. Of note, the
activity of Olelp was not assessed in any strains, lewthis would be an interesting
investigation for future studies. In summary, Olelp is expressed at wild type level in
BY4741 and BY OKEFP, expression of the desaturase is expected to be higher than
either of wild type strains in BY mChef@yel, BY m@rry-Sctl andBY/olel+

pOLE®!.

All' 5 of the abovementioned strains were grown to log phase and treated with 50
ng/ml of F900742 for 24 hours. Cell growth was inferred by measuring the OD 600.
After 24 hours of incubation, there was no significantatéhce in OD between any of
the untreated strains (Fi§.4). F900742 induced a significant reduction in grootth
BY4741, BY Ol€dFP, BY mCher@lel, and BYblel+ pOLE1 relative to their
untreated counterparts. F900742 did not induce a significadtiotion in growth of BY
mCherrySctl compared to thentreated sampleThere was a significant difference in
growth between BY4741, that express®lelp at the wild type level, and BY mCherry
SCT1, that is predicted to have the highest level of Olelp, 2dtdours of incubation
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with F900742 witBYmCherrySctl having a significantly higher OD. There were no
significant differences in growth between any of the other treated samples and wild
type. The decreased sensitivity B¥mCherrySctl to F900742 wasedicted to be

due to a high level of Olelp that overwhelms the inhibitory capacity of the drug.
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Figure5.4. Overexpression of Olelp reduced the inhibitory capacity of FOO0BAAIns expressing

OLE1 from exogenous proness were used to vary the expression of Olelp. Strains were grown in YPD
for 24 hours at 30Cwith 50 mg/ ml F900742F900742 did not significantlgduce the growth of BY
mCherrySctl relative to the untreated counterpart. F900742 induced a signifieghtation in optical
density in all other strains. There was a significant differenaggowth between the wild type strain
BY4741 and the OLE1 ovepeassing strain BY mChe®gtl treated with F900742. No significant
differences were observed between BM4 and other strains treated with F900742. There was no
significant difference in growth between any of the untreated strains. N =4
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5.2.3F900742 was not active in HelLa cells at concentrations relevant for

antifungal activity

Many of the currentlinical antifungal treatments are hampered by the fact that they
display significant adverse toxicity and sufficiently undesirable side effects, for
example nephrotoxicity, that often make completion of treatment programmes
impossible. This is frequenthssociated with a fatal patient outcome. As previously
discussed, antifungal drugs are required to target the pathogenic fungi, but not host
cells. However, like humans, fungi are eukaryotes thereby limiting the availability of

uniquedrug targets.

Ther is just 36% primary sequence similarity between$heerevisiaand humanD9
desaturase isoforms, Olelp and Scdl respectivewever there is greater than 70%
sequence homology at the active sifeo avoid adverse toxicity through F900742 also
targeting the human isoforms, the drug was desighgd=2Go targetprimary
sequencdifferences between fungi and human desaturaaethe active site The
structure of Olelp has not been resolved which makes the design of specific inhibitors
more challengingThe majority of structural information about tH&. cerevisiae
desaturase has been inferred from crystal structures of the mouse and human Scdl
isoforms(125,128) The purification and structural resolution of Olelp will

undoubtedly aid the design of future fungpecific desaturase inhibitorS. cerevisiae
contain just oneD9 desaturase, humans contain two (Scd1 and Scd5). Scdl is
ubiquitously expressed, but particularly high expressions are noted in adipose tissues
and the iver. SCD5 was more recently identifi@d@0) Current data has only identified

Scd5 expression in the human brain grahcreas.

To assess the efficacy of F90074a mammalian cell lineHelLa cells were grown until
they were 50% confluent and treated with F900742 over af@idrange for 24 hours.
It was expected that F900742 would have a higher MIC than any ofitigalf strains
tested. The MIC was determined as 5@ml, the IC90 at 2785g/ml, and the IC50 at
62.5mg/ml (Figures.5AandFigure 5.5B Therefore, the MIC of FO00742 in HeLa cells
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was over 10 times greater tha® cerevisiaand over 500 times greatéhan any of

the pathogenic fungal strains testéy F2G (Table 4.13s such it would be expected

that at clinically relevant doses there would be limited F900742 adverse toxicity to the
patient through Scdl inhibitiorAdditional human cell lines, includj from the

pancreas and brain, an vivomammalian studies would be required to provide a

greater representation of the effects of F900742 to human tissues.

Next it was investigated whether FO00742 induced morphological changes to HelLa
cells. Cells wertransfected with Sec61 to visualise the ER and stained with LD540 and
DAPI to visualise the lipid droplets and nucleus. Dr Emily Eden kindly helped with the
staining and slide preparation. HeLa cells were treated withrsfithl for 4 hours

(Figure 5.5Q. Untreated cells appeared to have continuous ER and also contained
many small lipid droplets distributed throughout the cytoplasm (white arrowhead).
F900742 induced large holes scattered throughout the ER (orange arrowhead) and an
increase in amount of ERenoted by the brightness of the stain. There was also an
increase in lipid droplet size, but a decrease in number (white arrow). No differences
were observed in nucleus size or shape. Although this experiment was performed at a
concentration of F900742 #t was far greater than required for antifungal activity,
F900742 did induce large morphological changes and significant cytotoxic effects in the
HelLa cell line. It would be interesting to investigate the early morphological changes
induced by F900742 irrganelles that are directly regulated by Saich as th€&R,

lipid droplets and mitochondria.
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Figure5.5.F900742 was not active in HelLa cells at concentrations relevant for antifungal activit
Hela cells were cultured until 50%ndlaent before treatment with F900742A) and (BT onfluency
was visually assessed after 24 hours. The MIC was determined ag/d01C90 as 278g/ml, IC50
as 62.51gy/ml. N= 3. (CHelLa cells were treated with 5@@/ml F900742 for 4 hours prior R and
lipid dropletsanalysis F900742 induced multiple holes in the ER (orange arrowhead) and an inc
in size, but a decrease in number of lipid droplets (white arrowhead). Images taken by Emily E
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5.2.4F900742 inhibited Scdfunction in olelnull yeast

Stukey et al decribed arolelnull S. cerevisiastrain that was functionally viable

through the expression of the r& desaturase Scdl in the absence of unsaturated
fatty acids(116) It would, therefore, be expected that other mammalian Scd1l

isoforms for example human Scdwpould also render anlelnull strain viable. The
F900742 inhibitory concentration in HelLa cells was substantially higher than any of the
fungalstrains tested so it walsypothesisedhat replacement of OLE1 for SCD1 would
render a strain that is functional, but resistant to F900742. This would confirm that

Olelp was the target of F900742.

The strategy to construct a strain of yeast that expresSedl as the sol&d

desaturase was to utilise the yeast homologous recombination system to insert the
SCD ORFtmanolelnull strain. Early into the cloning it was discovered that Professor
w20SNI 9NYyailQa S diedslathkdxpesed SEDILNlakeynul? F
background. Professor Ernst kindly agreed to share this strain (referred to as
humanised Olelp). The humanised strain was created using a BYdig4l

background that wasransformedwith a plasmid containing SCD regulated by ti¥G
promoter. It was confirmed that the humdb® desaturase substitution was sufficient

to rescue the growth oblelpnull cells in the absence of unsaturated fatty acid
supplementation and that the humanised strain contained SCD1 in place of Olelp by

PCRdata not shown).

BY4741 wild type and the humanised strain were grown to log phase and treated at
the BY4741 MIC (5@y/ml) for 24 hourswvith F900742 0D 600 was used to determine
the amount of cell growth and, therefoiiefer the degree of F900742 growt

inhibition. Contrary to original expectations, the humanised strain was as sensitive to
F900742 as the wild type (Figuseb). There was no significant difference in growth
between BY4741 and the humanised strain following a 24 hour incubation with
F900742. There was a significant decrease in growth between the treated and

untreated humanised strain. These results were repeatable (N = 5).
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For an antifungal to be an effective clinical treatment, it must target only the fungal
enzyme at therapeutic doses adverse side effects could prove intolerable for the
patient. The design of the drug was such that it would targstduedifferences

between the Olelp and Scdl active sites, therefore it was initially hypothesised that
F900742 would not inhibit growtim the humanised strain as it would not target Scd1
function. However, figure 5.6 demonstrated that irrespective of whether the human or
the S. cerevisiaB9 desaturase is expressed, F900742 induced a not significantly
different amount of antifungal actity. Although the result of this experiment was
contrary to original expectations, it did prove incredibly valuable and, when taken
alongside other data, it does affirm that the target of F900742 is Olelp through the
elimination of alternative possibilitee This is discussed further in the discussion in
section 5.3Furthermore, and of significant concern for the development of this drug
and its use in patients, F900742 displayed significant activity against Scdl at antifungal
relevant concentrations in #humanised strain. Although there are predicted to be
sufficient residue differences between the active sites of Olelp and Scdl, a high
degree of structural similarity is to lexpectedas they share common substrates and

mechanisms.
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Figure5.6. P00742 inhibited Scdl function iolel null yeast.Growth ofS. cerevisiaeontaining the
human 9 desaturas&sCQ wassignificantly reduced by F900742 compared to the untreated sample.
There was no significant difference in F9007dl2bited growth between the wild type S. cerevisiae and
the humanised strainF900742 was added at 5@/ml. OD 600 wa measured after 24 hours. Samples
were grown at 30C. N = 5.

5.2.5 Identification of residues essential for F900742

It is not currently possible to obtain a crystal structure of the OlE900742 complex.
Although this would be useful to determinbd stoichiometry of drug binding,

mutagenesis methods can also be used to ascertain residues essential for complex
formation. However, it is important to note that this is not without difficulties. OLE1 is

an essential gene, as such mutations must mainflakS LINRP 0 SAy Qa Fdzy O
would induce lipotoxic cell death. Equally, mutations that enhance F900742 binding
would exacerbate the antifungal activity of the drug: only mutations that rer®ler
cerevisiaanore resistant to and result in a hypergrowphenotype to the drug would

be identified. Several mutagenic strategies were employed to further investigate the
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binding of F900742 to Olelp. The first induced random mutations throughout the OLE1
OREF to investigate residues essential for drug bindingutindypergrowth assays.
SecondlyS. cerevisiawere repeatedly exposed to F900742 through repeat passaging

to induce mutations that make the yeast resistant or tolerant.

The initial strategy was to identify hypgrowth mutants that displagd differing

resistance to F900742 through the generation of a library that contained random
mutations throughout the OLE1 ORF. Mutant strains were to be grown on YPD and
transferred to a YPD plate supplemented with a concentration of F900742 that

enabled only minimajrowthin OLE1 wild type. The OLE1 ORF would be sequenced
from colonies that demonstrated an increased growth phenotype, thereby identifying
residues that are essential farhibitingdrug binding. This strategy required the
substitution of the native OLIEORF for a mutant copy through utilising the yeast

innate homologous recombination system. The initial step of this strategy was to
generate a plasmid containing the wild type OLE1 ORF and subsequent steps would be
to generate a library of mutants throught the ORF that would be cloned into the
SYLlie LXFaYAR® t NPFSAaa2NI ¢AY [SOAYS YIRS
containing the first and last 80 bases of OLE1 with a GFP tag immediately following the
end of the ORF (Rige 5.7). This plasmid was Barised and simultaneously

transfected inton 2 f ySamt with the PCR product of the entire, wild type ORF. Yeast
were grown on selective media and after 72 hours there were small colonies. 10 of
these colonies were tested and all were shown to have successfully cloned the wild
type ORF into the plasd by PCR (data not shown). However, although cloning was
seemingly successful, Olelp appeared mislocalised in both lag and log phastatlls (
not shown). This method was repeated multiple times, but Olelp was distributed
throughout the cytoplasm or lalised to puncta at the periphery in all cells imaged. As
this initial phase was unsuccessful, the assessment of F900742 binding to Olelp was

not pursued by the recovery ofiutant OLEIDNA

To overcome the failure in the homologous recombination of mutaLE1 approach, a
library of plasmids containing random mutations in the OLE1 ORF at a frequency of 3

10 substitutions per kb was purchased from Genscript (Oleg&FP). It was confirmed
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that both the promoter and GFP tag wereframe with the OLE1 GRPart of the

library was transformed into bacteria and selected for on ampicillin. The plasmids were
purified and the entire OLE1 ORF of 15 plasmids was sequenced. A summary of amino
acid substitutions and their position within the OLE1 ORF are sumrdani$igure5.8.

30 amino acid substitutions were noteas sucht was estimated that each plasmid
containedtwo amino acid substitutions. One plasmid contained wild type OLE1. This
was plasmid was used in all preliminary experiments and as a contraliglas

subsequent experiments.
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Figure5.7. OLE1 homologous combination mutagenic cloning strateg@lje strategy to generate a
library of OLE1 mutants using homolga@combination was tested with wild type OLE1. OLE1
successfully integrated into the plasmid as determined by colony growth on selective media
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Figure5.8. Summary of amino acid substitutions within the OLE1 OR%-plasmids from the OLE1
mutagenic library were sequenced. 30 base sitlnions that resulted in amino acid substitutions were
observed and are summarized here. Additional redundant base substitutions were also noted (data not
shown).Top figure provides a reference for the location of the four transmembrane domains and the

ten cytosolic helices relative to the amino acid substitutions. TMrépresents the four transmembrane
domains. H 410 represents the ten cytosolic helices which are clustered in to two groups wité id 1

cluster 1 between TM 2 and TM 3, and Hincluster 2 after TM 4. The red bars indicate the 9

conserved histidine residues. Two are within TM 2, three are in H 2, one is in TM 4, and three are in H 8.
The region after amino acid 396 contains the cytochromeetuctase domain.

Prior to transforméion with the mutant library, the concentration of F900742 that

only just allowed growth of Bi#blelcontaining pOLEL was determined. Sterile glass
beads were used to evenly distribute the transformation mix across the plate. Plates
were supplemented wit F900742 at a concentration betwe&0and0.1ng/ml. 6.25
ng/ml of F900742vas sufficient to just allow the growth of yeast colonies in an evenly
distributed manner without overcrowdin@~igure 5.9) This would ensure that single
colonies that demonstri&d hypergrowth could be easily isolated for sequencifge
mutant library was transformed in BY2 f aSdvgrown on YPD supplemented with
F900742. Colonies that displayed a hygeswth phenotype were sequenced to

identify base substitutions that rendered the yeast more resistant to F900742.
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Figure5.9. Pilot study to determine F900742 concentraiti for minimal growth of yeastBYn 2 f S m

were transformed with pOLE1, diluted 100 fold, and plated onto YPD agar containing F900742.

Colonies were grown at 3 for 48 hoursSufficientgrowth of colonies but sparsely distributed across

the platewasnoted when 6.25 3k Yt 2F ChnntnH S+ a &dzlLX SYSyiSRo®
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There are several limitations to this strategy. Firstly, only mutations that rendered
yeast more resistant to the drug were observed; mutations that rendered a more
sensitive strain displayed a hyjgmowth phenotype and were unable to grow.
Furthermore, the mutagenic library is expressed off a PHO5 promoter which
overexpressed OLEL1 relative to wild type levels. It was confirmed thabIBY
transformed with pOLEdisplayed correct desaturase localisatjdfnvowever F900742
induced minimal relocalisation of OledXpFP likely due to overexpression of the
protein overwhelming the inhibitory capacity of the drug (Figbr&#0A. Therefore, it
was decided that the library would be transformed into the Sctlp oxgressing

strain BY mCherf$ctl. Under normal conditions, overexpression of either Sctlp or
Olelp is paralleled by an increase in the other to maintain the balance of lipid acyl
chain saturation. It was expected that the overexpression of Sctlp in BYrmGSioel
would balance the increase in Olelp expressiom the plasmid A caveat to this is BY
mCherrySctl contains a copy of OLE1 which is already likely to be overexpressed and,
therefore, Olelp expression from the plasmid would further increase tied®©
content. F900742 did induce OleGF-P relocalisation in BY mChe8atlp (Figure
5.10B)

BY mCherngctl was transformed with pOLE%and grown on YPD supplemented

with 6.25ng/ml F900742. Hyper growth, characterised by a larger colony size eelativ

to the wild type control plasmid, was only noted in 5 colonies out of the hundreds of
micro colonies on the plate. This process was repeated until there was a cumulative
total of 30 hyper growth colonies. Colonies were sequenced and there was an average
number of 3 base substitutions per OLE1 ORF, however these did not confer any amino
acid substitutions. Hyper growth was predicted to be due to other factors that would
render the cell more resistant to F900742, for exampietural variation in influx or

efflux pumps preventing intracellular drug builgh. This experiment was limited by

the fact that only a low number of colonies were screened and only colonies that
displayed a hyper growth phenotype. A more pertinent method would be to screen for
hyper and hypo growth in a high throughput screen such that thousands of colonies

(or more) could be efficiently tested.
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Figure5.10. Olelp expressed off pOLEdid not relocalise The plasmid pOLEcontains the wild typ
OLE1 ORF followed by a GFP tag off a PHO5 promp@kE Y was transformed into Bjfoleland into
BY mCheyrSctl. (Ale1pGFHRlid not relocalisavhen pOLEY was expressed in Bileland grown
in the presence of 106g/ml F900742 for 4 hour¢B) Ole1pGFP did relocalise to puncta when
expressed in BY mChei8gtl. F900742 was added at 189 ml. Samples we incubated for 4 hours ¢
30°C. N =3.
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5.2.6Inducing mutations in OLE1

In parallel to screening for hyper growth mutations, aset approach to investigate
residues essential for F900742 binding involved taking advantage of the ability of fungi
to rapidly evolve antifungal drug resistance. Drug resistance is considered an
unfavourable outcome in the clinic, however inducing resistin experimental

strains can prove a powerful tool to predict likely response to antifungal agents. One
frequently annotated mechanism of drug resistance is through alterations to the drug
binding site of the target proteirs. cerevisiawere repeatedy exposed to F900742 in

an attempt to induce resistance. It was expected that a likely mechanism of resistance
would be through base substitutions in the OLE1 ORF, therefore the ORF was

sequenced to identify residues essential for F900742 binding.

Complee YPD agar plates were made. A hole was created in the middle of the plate
using the wide end of a 100 pipette tip. F900742 was added into the well to ensure
a linear diffusion gradient of drug such that there was the highest concentration at the
middle and the lowest concentration at the periphery of the plate (Fegp.11A). To
determine the optimum concentration of F900742 such that the gradient of drug
induced no growth, limited growth, and high growth regions, F900742 was made at
final concentratons from10 mg/ml to 0.1 mg/ml100m of F900742 at the relevant
concentration was added to the well and the plate allowed to rest for at least 6 hours
at room temperature. 1001 of log phase BY Ol&FP were evenly spread onto the

agar and incubated fo8 hours. Dense growth was noted in the low drug
concentration (green zone), reduced growth characterised by micro colonies in the
middle (yellow zone), and very limited growth in the area immediately surrounding the
well (red zone) in the plate contairgdmg/ml F900742 (Figurg.11B). Other
concentrations of F900742 either caused an over growth so there was no zone of
inhibition or insufficient growth (data not shown). A swab of approximately 30 colonies
was collected from the zone of lowest growth. Ebeecolonies were resuspended in
100ni of sterile water and rgolated on to a fresh drug concentration gradient plate.

Plates were incubated at 3 for 48 hoursThisprocess was repeated to exethigh
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level ofselective pressure onto the yeast. Theadfrom every 8 passage was also
grown on a drugree YPD agar plate. 3 colonies were isolated, and the MIC of these
colonies was determined as previously described. In addition, the OLE1 ORF and
promoter region of these colonies were sequenced. A tofdl5 passages were
completed. None of the passaged colonies had a MIC that was significantly different
from that of BY OleGFP (Figre 5.11C), nor any mutations in the OLE1 ORF (data not
shown). Further to this, there was no significant difference imginoof passaged
colonies when grown in the presence of F900742 relative to BY-@H€IRigure

5.11D) suggesting that 65 passages was not sufficient to induce mutati@s in
cerevisiaghat render the yeast more resistant to this drug. Furthermore, the
localisation of Ole146sFP was also assessed in the isolated cells. @&Rpwas

normally localised in all cells observed at all passages.

The MIC and growth of passaged cells was not sufficiently different from BXGBR1

to suspect that an alternativenechanism of resistance had been induced. However, it
would be interesting to continue with the passages and determine how many rounds
would be required to induce resistance. Whole genome sequencing would also be
advantageous to identify possible alternagipathways that render the cell resistance.
The passage method described here has been previously used by F2G to induce
resistance in a clinically resistant isolateAspergilluso a novel antifungal compound
that does not target fatty acid desaturatioflinical isolates that have developed
resistance to all antifungal drug classes already have a genome that is very susceptible
to further mutations. As such, it is likely that resistance was induced faster in the
Aspergillugsolate compared t&. cerewiaedue to the inherent differences in genome
stability. Alternatively, there is substantial variation in the frequency of resistance
between different drug classes and also between strains, therefore, it is also possible
that there is an inherently lowerhance of developing resistance to F900743. If
derivative ofF900742 proceeds to clinical trials, it would also be of profound clinical
use to determine the susceptibility of comm@andidaand Aspergilluspecies to

develop resistance against this drug
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Figure5.11. Repeated exposure to F900742 to induce mutation in O&1Cartoon of
YPD plates containing a gradient of F900742. Drug was addedwl ia the middle of
the plate (black) and allowed to diffuse to create an even gradient with the highest
concentration of drug closest to the well (red) and the lowest at the periphery of the
(green). (B) Representative passage plate. The higleestity of yeast colonies was
towards the edge of the plate where the lowest concentration of F900742. (OYThef
BY OleidGFP and the #0and 65" passage were tested as previously describedr@has
no substantial difference in MIC between BY GBHAP and thé0" nor 65" passage. MIC
was determined as 2fag/ml. (D) The growth of passage 60 and 65 was assessed relat
BY OledGFP at 30C over a 24 hour period. The OD 600 was measured to infer cell g
F900742 did not induce any signifitatifferences in the growth of BY OK&FP, passage
60, and passage 625ug/ml F900742 was added. N =3.
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5.3 Discussion
The experiments presented in this chapter used genetic manipulatitmeds.
cerevisiadD9 desaturase expression to investigate the target of F@Q0Experiments

confirmed that:

1) Olelp was likely to be the target of F900742
2) F900742 also targeted the hum&®9 desaturase Scdl

The expression of Olelp was modulated through varying the promoter strength of
OLEL1 or SCT1 which enabled the characterisatid-900742 activitgFigure 5.4)This
enabled the prediction of cellular Olelp content. However, it must be noted that this
study is limited by the fact that the expression of Olelp was not measured. A
guantitative approach to determine Olelp expressitor example RPCR, could be

used to validate the level of the desaturase in each strain and therefore enable more
robust conclusions to be drawn. Further to this, the alterations to the lipidome in
response to F900742 exposure in strains with varyinguarts of Olelp would have
proven beneficial for a more conclusive data set. Despite these limitations, it is
possible to link together data presented here with previously published data
identifying alterations in expression of proteins in the Olelp pathaay lipid profiles
(91,147,157)As such, it was possible to predict the likely changes in the lipidome as a
result of varying the promoter strength of OLE1 and the gene encoding the Olelp
competitor for saturated fatty acids, SCT1. De Smet baa¢ shown that deleting

either OLE1 or SCT1 rend&:scerevisiawith a fatty acid profile that is skewed in

favour of saturated fatty acids or unsaturated fatty acids, respectively, however, when
both OLE1 and SCT1 wereaarexpressed the lipid profilappeared norma|147).

From this piece of evidence, it was possible to infer that the lipid profile would be
normal in BY mChern@LE1 and BY mChe®¢T1, however the expression of both
Olelp and Sctlp was greater than when expressed from the respective wild type
promoters.Both of the mCherry strains have the respective genes under the control of
the TEF1 promoter. TEFL1 is a highly expressing promoter relative to the endogenous
OLE1 and SCT1 promoters as such the increase in expression of OLE1 would be
balanced by an increg in expression of SCT1, and vice versa, to ensure the lipid
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profile remains normal. BY mChef®LE1 was not sensitive to f§/ml F900742,
whereas all other strains tested were (Figure 5.4). It was expected that this was due to
the expression of Olelp by the highest in BY mChet8CT1 thereby overwhelming
the inhibitory capacity of the drug. Alternatively it could be due to the greater
expression of Sctlp sequestering saturated fatty acids into lipids, therefore lower
amounts of lipotoxicity from fresaturated fatty acids. Data in chapter 4 suggested
that there was in fact a decrease in Sctlp expression after 4 libigsre 4.16),

however it is plausible that this might in fact only be in the early stages of lipotoxicity
and would be counterintuitivéo cell survival over longer periods of time (24 hours).
Overall, this data suggested that the greater the expression of Olelp, the less active
F900742 is i1s. cerevisiad=uture experiments that confirmed the expression level of
Olelp and lipid profiles the various strains would be beneficial to confirming the

interpretation of these results.

Replacement of OLE1 with the gene encoding the huBfadesaturase SCD1 provided
the most striking result: there was no significant difference in growth betwen
cerevisiaexpressing either the endogenous or the human desaturase. EukaBitic
desaturases are predicted to be structurally similar, however, due to inherent
difficulties with purifying membrane proteins, only truncated versions of the mouse
and human Scdl have been crystaligd@5,128) The topology of Olelp has been
inferred from the solved mammalian structures. Human Scdl1&rzkrevisia®lelp
have just 36% primary sequence iden{if28) howeverthere is substantial structural
homology between the active sites thfe enzymeswhich is not unexpected as they
share common substrates. Differences between mammalian and fungal primary
sequences were used to predict residue differences within the active site of the
desaturases, and F2G used this to guide drug design with the aim tlyatheniungal

enzyme was targeted.

In light of FO00742 targeting a broagdectrum of fungi, moulds, and dermatophytes,
as well as targeting Scd1 expresse&.ircerevisiaat the MIC of wild typgit is
expected that F900742 is a parhibitor of D9 desatirases throughout eukaryotes.
Yet inhibition ofHelLa cell growtkvas not observed at antifungal relevant
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concentrationsPossible explanations for tliiscrepancy in respondeetween HelLa

cell and humanised yeast gromthight be as follows: Firstly, FO08Z inhibiton of

Scdlin HelLa cellsould activate feedback mechanisms that initiate the overexpression
of the desaturase such th#éte proteinoverwhelms the inhibitory capacity of the drug.
Suchafeedback mechaniswould not be present in the humanisetirainas SCD1

was present on a plasmid in afelnull backgroundSecondly, humans have two

forms of the desaturaseSCD1 and SCD5, thereféteLa cellbaveboth isoforms

encoded within the genome. SCD1 has been previously identified in HeL@ 28)ls
SCD5 was more recently identified. Very few studies maxestigated the action of

Scd5 and,hus far, it has been identified in the brain and pancreas, but no studies have
ruled out its expression in cervical or HeLasq@lr0) It is theoretically possible that

Scdl is the major isoform expressed in cells, however, in times of sr&slb

inhibition, Scd5 expression is upregulated and is able to compensate for the reduction
in Scd1 activity. Sufficient structural differences between these isoforms could elicit
Scdl asmuch more sensitive protein than Scd5, therefore the growthhitian

noted at lower F900742 concentrations in the humanised strain relative to HelLa cells
could be a result of functional redundancy between the two human isoforms. It would
be interesting to investigate whether the same growth phenotype is not&d if
cerevisiaeexpressed the alternative human SCD gene, SCD55 océfrevisiaexpress

both SCD isoforms together, or if the same results are observed whehQ@TDs
expressed in the genomé.is pertinent to note that HeLa cells are not represenati

of all human tissues. Future studies would also need to explore the action of F900742
in additional human cells lines, including ones derived from the brain and pancreas,
and measure the expression level of both Scdl and 2dttough experiments here

do show that Scdl is likely to be targeted by F900742 at concentrations relevéht for
cerevisiagthe concentrations of F900742 used here is over 100 times greater than the
MIC in any of the teste@spergilluor Candidaspecies Table4.1). Therefore, a

interesting future experiment would be to generate humanigespergillusand
Candidastrains that express the humdpP desaturase. An alternative novel regulator

of lipid metabolism cannot be eliminated as the target of FO00742.
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Data presented here hast unequivocally proven that Olelp is the target of F900742,
however it does remove the possibility of some of the alternative targets. The activity
of the OLE1 pathway is regulated by multiple proteins and any one of these could be
the target of F900742Alternative targets that result in the indirect inhibition of the
OLEL1 pathway and relocalisation of Ol&dpP could be regulators of Olelp expression
such as protein synthesis or protein degradation machinery, a posttranslational
modifier of Olelp, or @rotein that affects an entirely separate part of the lipidome
which subsequently effects the OLE1 pathway. The likelihood of FO00742 targeting

these alternative targets will be discussed below.

Firstly, regulators of Olelp expression (for example twapsonal (Ubx2p, Mgaz2p,
Spt23p) or degradation elements) cannot be the target of FO007didiGonal

inhibition of the OLE1 pathwdyy FO00742ltered the subcellular localisation of
OlelpGFP and was associated with an increase in desaturase expriésgioras
shown to be a result of an increase in protein transcrip{ibigure 4.15)Taken

together with theobservation that F90074&Iso targeted Scdl (expressed at high
levels from the plasmid) andduced an increase in Olelp expressibims possitd to
conclude that the antifungal effects were not a result of low Olelp levels and that
F900742 did not induce a reduction in Olelp expression through inhibiting any of the
regulators of Olelgxpression, including proteins involvedtranscriptionand
translation In addition, the sensitivity of the humanised strain eliminated the
possibility that an alternative target was a transcriptional or translation regulator of
Olelp. The expression of ti¥® desaturase in the humanised strain is independent of
the endogenous OLEL1 transcriptional and translational elements, therefore their
inhibition would not have affected the expression or activity of S€ditthermore, the
expression of Olelp was shown to increase in response to F900742 which also
eliminated thepossibility that the target ioreasedhe rate ofprotein degradation
However, none of the data presented here can rule out thabamon, but
unidentified, posttranslationainodifier of both Olelp and Scdasa possible target

for example a kinase. Albugh an unidentified posttranslation protein is a possible
alternative target, it is verynlikelyas humansnd yeast divergedne billionyears

ago, as such eommam ancestraprotein that regulates posttranslational modifications
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that are essential fothe functionof both enzymes is improbable. In addition,date,
there have not been any posttranslational modifications notedeither proteins.
Therefore, it is unlikely that F900742 attenuates its activity through inhibition of a

direct regulator ofOlelpexpression or activity.

An alternative theory is that F900742 inhibits a protein that sufficiently effects the
saturation content of the lipidome whiatouldinduce lipotoxic effectand thus
expression changes in Olelp are as a counter responsbadance the lipidome

Major progress has been made in the field of lipid metabolism, though there are still
many remaining questions. Unidentified pathways that initiate an increase in saturated
lipid content could be the true target of F900742, and @eE1 pathwagffects area
secondary response. The degree of membrane lipid saturation could be increased
through several hypothetical, yet plausible pathways. Firstly, the inhibition of an
unidentified sensor that detects the requirement to hek novdipid synthesis would
render the cell in a perpetual state dé novofatty acid synthesis. This would initiate

an increase in Olelp expression, b rate at which saturated fatty acids are
generatedcould still overwhelm the desaturation capacity obQp resulting in a net
saturated lipidomeAlternatively F900742 could a¢hrough the inhibition of a protein
that sequesters saturated fatty acids into lipids, thereby resulting in a pdotéef
saturated fatty acids. High levels of free saturatedyfattids could overwhelm the
storage capacity of lipid droplets or the rate at which they are converted to
triacylglycerol (TAGhereby increasing the cytoplasmic content of free saturated fatty
acids. The expression of Olelp could increase to convert sbthe saturated pool

into unsaturated fatty acids and subsequent insertion into membrane lijfidse

target of F900742 was an alternative protein involved in lipid metabolism and effects
to Olelp are secondary, it is predicted that OLE1 transcripltiacia/ation would be
through membrane lipid sensing by Mga2p. Although this theory remains hypothetical,
it has not been disproven. To date no pathways or proteins have been identified that
would affect the lipid profile in a manner that would induce theerexpression of

Olelp. As such, it is most likely that Olelp is the target of FO0742, although an
unidentified regulator of lipid biosynthesis remains a plausible alternative target to

Olelp.
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Experiments to identify residues key for F900742 bindirgdyfan overcoming F900742
were unsuccessful. The approaches to express Olelp with random mutations
throughout the ORF and to induce mutations through repeated passaging are limited
by the fact that these select only for mutants that render a hypergrowthnoltgpe.
Mutants that render the yeast more sensitive would be lost. To compensate for the
information that is lost by hypogrowth colonies, a more pertinent method to screen
the mutant plasmid library would have been to plate the transformed yeast on to a
plate containing YPD only and then grow individual colonies in YPD broth with drug. By
measuring the OD 600, it would be possible to determine whether each colony has a
hyper- or hypogrowth phenotype relative to wild type. The plasmid could then be
extracted from colonies with either high or low growth and the OLE1 ORF sequenced

to identify mutations that result in the aberrant growth profile.

Passaging has proven a successful technique to identify the likelihood that resistance
will develop in previous gties by F2G (data not published). Difficulties in inducing
mutations in OLE1 may stem from yeast species differences or differences in
susceptibilities of genes to mutate. Currently no clinical or agricultural antifungal
GFNBSGa pdod RS athis meNdaniSunlkelydordiSpiag dirgchlBesistance
as a result of use of crop treatments in the environment. However, one study has
demonstrated that Olelp is only essentiallncerevisiaander aerobic conditions
(171) Dekker eal demonstrated that the yeast had unsaturated fatty acid
independent growth in anaerobic conditions in a@e1null mutant, whereas Olelp
was required for growth in aerobic conditions. This suggests that yeast, or aSeast
cerevisiagare capable of@ivating unsaturated fatty acid independent growth
pathways to adapt to conditions where the activity of Olelp would be insufficient to
sustain growth. The OLE1 promoter region and ORF was sequence of epagsage,
but no alterations were noted in &ier region nor to the MIC. It is possible that more
than 65 passages would be required to induce mutations in OLE1 and this would
render F900742 ineffective. An alternative, plausible outcome of further passages
would be that the unsaturated fatty aciddependent pathway would be activated

even under aerobic conditions and that Ole1lp would be a redundant protein under
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these conditions, therefore FO00742 would not have any effect on inhibiting fungal cell
growth. Further FO00742 passages and additionalisgito investigate the

unsaturated fatty acid independent growth of yegsbposed by Dekker et al is

NBIjdzA NBR (12 Fdz feé& Ay@SadAaarasS GKS L2aaio.
is also possible that because OLE1 is the sole copy of an essential gene (at least under
aerobic conditions), that this gene is veryhily regulated to ensure correct function.
DNBFGSNI GKIYy ym: 2F GKS | OGAGS aAGS aSi|dz
throughout eukaryotes suggesting that there is little scope for mutations that prevent
F900742 from binding, but do not affect the adyvof the enzyme. However, the tight
regulation of this gene may be met by a significant energy cost, as suchféroess

balance that eventually results in the resistance to F900742 is a possible outcome.

Overall, when taken together with data preged in chapter 4, this chapter provides
compelling evidence that Olelp is the target of F900742 and that it is unlikely that
resistance would develop to this drug. Additional studies to verify this interpretation

are required.

167



CHAPER 6

Investigating the mechanism of
action of F900742

6.1 Introduction

Chapters 4 and 5 identified that F900742 is likely to induce growth inhibitory effects
through alterations to the OLE1 pathway. Olelp is the sole desatur&ecirevisiae

and it ha been previously shown that its deletion generates an auxotroph that is lethal
in a few cell divisions unless media is supplemented with unsaturated fatty @€ds
Inhibition of the activity of Olelp, whether through the chemical or genetic mezars,
been previously shown to induce an imbalance of saturated to unsaturated membrane
lipids which induces irreversible, lethal lipotoxicity unless the media is supplemented
with unsaturated fatty acid§116) Lipotoxicity is defined here as the toxic
consequences of abnormal lipid load which can induce cellular dysfunction or stress if
not corrected and, in extreme cases, can lead to cell death. Lipotegid®varies
between lipid species and cause of the disruption to lipid metabolism. Lipid induced
cell death as a consequence of fatty acid overload can occur via necrosis or through
more regulated autophagic and apoptotic routes. It has been previoushodstrated

that high doses of long chain saturated fatty acids are-toxic to wild typeS.
cerevisiagwhereas low levels of unsaturated fatty acids are linked to the activation of
processes such as the unfolded protein respsone (UPR) and reactive spgpess

(ROS) productiofil72,173) The prede mechanisms by which lipotoxic events are
activated remain somewhat elusive; however, this must be a multifaceted,
coordinated response as highlighted by Iymdluced activation of either the UPR or

ROS production will induce the activation of the other
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This chapter investigatefims 5 and 6The mechanism of action of F900742 was
inferred from a series of experiments investigating dmiduced ultrastructural

defects.

6.2 Results
6.2.1F900742 inhibited growth in logarithmic phase

Initially, the timing of the onset of the growth inhibitory activity of F900742 was
investigated. The MIC of FO00742 in wild typecerevisiawas determined as 50
ng/ml (Figure 4.2)Cells were grown to mid log phase (approximately OD 0.5) and
diluted back to OD 0.1 befe addition of 5ag/ml F900742. The OD 600 was
measured every 2 hours for the first 12 hours ptsstatment and at 24 hours (Rige
6.1). There was no difference in growth rates between the treated and untreated
samples for the first 2 hours, and onlgléght, nonsignificant growth difference
following 4 hours of treatment. The untreated sample continued in logarithmic growth
phase for a further 6 hours. By 10 hours, the untreated yeast predicted to have
entered into stationary growth phase iden&fl by a constant Owhich remained
steadythrough to 24 hours. The untreated sample followed an expected growth
pattern for the growth of wild typeS. cerevisiadn contrast, F900742 inhibited the
cells from continuing logarithmic growth. Although thevas a slight difference in
growth between the two samples by 4 hours post treatment, the first significant
difference was at 6 hours. Throughout the experiment, the OD remained relatively
constant at approximately OD 0.6, less than 10% of the growtheo@ittinhibited
sample. It was concluded that treat&l cerevisiae/ere unable to continue in
logarithmic growth phase as observed in the untreated sample. Ov8ralkrevisiae
were unaffected by F900742 for the first 4 hours of treatment, however F900742
inhibited any further growth of cells after this point.
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Figure 61. F900742 inhibited growth in logarithmic phas€he growth of BY4741 in the presences6f

Hg/ mIF900742 was assessed against an untreated sample by measuring the OD 600 evesyf@ hou

the first 12 hours and at 24 hours post treatment. A significant difference in optical density was first
observed between the F900742 and untreated sample after 6 hours. There was a significant difference
in everyreading after this time point. Therwas no significant difference in growth for the first 4 hours

of treatment. Significance not showBamples were grown at 3C.N = 3.

6.2.2F900742 exerted a fungistatic mechanism of action

Antifungals can act through either fungistatic or fungatichechanisms, that is they

can halt the growth of fungal cells and rely on the host to rid the live fungi through
epithelial turnover or the antifungal can kill the cells, respectiy&k4) Fungicidal
agents would be prefeed over fungistatic as the majority of patients with invasive
fungal infections are immunocompromised, therefore require more assistance from
the drug. However, the majority of clinical antifungal agents act through a fungistatic
mechanism, for example éhazoles. The method for determining the fungistatic or
fungicidal ability of a novel compound is to treat the sample for 24 hours at the MIC
and then plate on to complete media agar without drug. If growth is observed, then

the drug is fungistatic; if gmth is not observed the drug is fungicidal.

BY4741 and BY OKEFP were treated with FO00742 at 50 ancdh@éml, respectively,
for 24 hours before being diluted and grown on YPD agar & 36r 48 hours.
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F900742 was identified as primarily a fungistatihibitor as there was growth in both
BY4741 and BY OK&FP samples that had been treated with FOOORI(e 6.2).
However, there wasra85% and 96%eduction in colony numbein BY4741 and BY
Ole:GFRcompared to their untreated counterpatt the geatest cell dilutiorwhich
suggested some fungicidal activity as well. As suggested in earlier MIC and growth
assessment experiments (kg 4.9, BY OIeIBFEwas more sensitive to F900742 than
BY4741.
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Figure 62. FO00742 exerted a fungistatic mechanism of acti&Y.4741 and BY OkFP
were treated attheir respective MIC (50 and 2&/ml F900742for 24 hoursat 30°C prior
to growth on complete media agar for 48 hours. There was growth in both of the treate
samples: F900742 exerted a fungistatic mechanism of action. However wasra
substantial reduction in growth in both strains that had been treated with F900742 rele
to their untreated counterpart which also suggested some fungicidal activity. BYGHEL
was more sensitive to F900742 than BY4741. N = 3.
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6.2.3 F900742 effectwere selective forthe OLE1 pathway

It has been demonstrated that there wasedistribution ofOlelpGFRo dense

punctathat were most often at the periphery of the cédillowing at least 2 hours of
treatment with F900742, however it is somewhat urasibow this relocalisation

occurs and indeed the exact region within the cell where these puncta reside. Olelp is
an integral ER membrane anchored protein. The ER can undergo a variety of
morphological changes in response to a multitude of stresses arse thikerations

appear to be dependent on the type of insult. For example, ER stress induced by DTT
initiates proliferation of the peripheral ER orfl75), whilst whorl formation of the
perinuclear ER has been observed by electron microscopy in cells containing a
shortage of unsaturated fatty aciaghich are reversed on unsaturated fatty acid
supplementation(91). In addition, Tatzeet al (157)describes Ole1p® relocalising to
unidentified membranous structuragbat are ERike and derived from the ER

following incubation at nofpermissive temperatures.

The localisation of otherHEresident membrane proteins was examined under
conditions where OleH&FP displayed subcellular relocalisation. ER morphology was
assessed is. cerevisiastrains that contained fluorescently tagged ER membrane
proteins that are not involved with the OLpathway. The tag was either incorporated
into the genome after the ORF (BY SeGF3, BY Sc&FP) or the strain contained a
plasmid with a fluorescent tag before the transmembrane domain region of Scs2p
(RFPTMD). Neither the nuclear nor the periphefaR appeared morphologically
different to that of untreated cells following 2 or 4 hours of treatment with F900742 in
any of the strains (Fige 6.3A) suggesting that thenorphologyof the ERvas

unaffected by the drug. To simultaneously detect an ER rasp®tein and Olelp

GFP, BY Olg&FP was transformed with RFRID. Under untreated conditionRFP
TMDcolocalised with the desaturasBigure 6.3B). In comparison, F900742duced
Ole1lpGFP to redistribute to puncta that appeargdvery close proximityith the

nuclear and peripheral Edtter 2 hours No puncta were noted in cytoplasmic regions.

This data suggested that the ER membrane is not affected by the drug and that Olelp
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GFP is redistributing either to a specific area(s) on the ER or that Olelfpésin an

unidentified region of the cell that is in close proximity to the ER
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Figure6.3. The localisation of ER membrane proteins was unaffected by FO0B%Sec6&FP, BY
Scs2GFP, pTMIRFP, and BY Ol&FRransformed with RFFMD were treated with 10Qug/ml
F900742 for 2 hours at 3C.(A) The localisation of the ER membrane resident proteins Sec63p ar
Scs2p was used to assess ER morphology througha@§ed strains or pkmids containing a truncate
form of the protein such that only the transmembrane domain is expressed. There were no differ¢
in protein distribution between the untreated and F900742 treated samples for any of the strains
tested. N = 2. (B) BY Ol&FPRwas transformed with RFPMD. F900742 induced the relocalisation of
OlelpGFP to regions that in close proximity to RF#D. N = 3.
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6.2.4F900742 induced the formation afnidentified structures

The localisation of the ER lumen marker HDEL was assessed. The &R fet@etion
sequence HDEL is equivalent of the mammalian ER retention sequence KDEL. This
sequence is a target peptide of a single histidine (H), aspartate (D), glutamaaedE)
leucine (L) residues located at theegZminal end of a protein. The HDEL sequence
retains proteins in the lumen of the ER by preventing their secretion from the ER, as
well as facilitating their return if accidently exported. TREPHDEL sequenceas
inserted into theTRP1ocus ofS. cerevisiastrains by digestion of RFHFDEL and

subsequent homologous recombination.

RFPHDEL was transformed intaild typeBY4741, as well as into the null strains of the
regulators of Olelp, BBubx2 BYDmga2 amd BYDspt23 The correct localisation of
RFPHDELto the ERvas confirmed by confocal microscof8trainswere treated with
F900742 for 2 hours prior to imaginthere was clear peripheral and nuclear ER
localisationin all untreated strainsin contrasto all tested ER integral membrane
protein strairs, F900742 induced theslocalisation of RFADEL to tubular structures

in over 90% of cells observed following 2 hours of treatment (Figure 6.4). Thea was
least one aberranstructureper cellin allbackgroundstrains testedFigure 6.5)This
observation is not consistent with any previously published reports of altefed
morphology. The tubes were long, straight structures that extended between the poles
of the cell and into the daughter cell of bdithg yeast. Cells containing more than one
tube were most often observed with tubes intersecting to form a triangular shape
(Figure 6.5F and Figure 6.6D)e tubes werainable to pass through the nucleus,
instead they branched and passed around the nucteambranelmaging cells a&

stacks, it was confirmed that the structures extended throughout the majority of the
depth of the cell in greater than 75% of cells, however they were narrow in width in all
cells observed. As can be inferred from the HDI§uesace, these structures are likely

to be consistent with the lumen of the ER. There were no obvious differences in tube

morphology between the different background strains.
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Figure6.4. F900742 induced the relocalisation of RAPEL in wild type yeas€Celk were treatec
with 100ug/ml F900742 for 2 hours at 3€.F900742 induced a redistribution of the ER lumin
marker RFPHDEL to unidentified tubular structures that extended between the poles of the «
After 2 hours of treatment, the tubes were straigand wide. RFPIDEL was mislocalised in
greater than 90% of cells treated with F900742. N = 3.
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Figure 65. F900742 induced the relocalisation of RAPEL irOLE1 null pathway strainstrains
were treated with 10Qug/ml F900742 for 2 hours at 3C.BY4741 wild type and strains containin
deletion for a regulator of OLE1 were transfected with {REEEEL. RFRDEL localised to the nucle
and peripheral ER inlaintreated samples. F900742 induced the relocalisation of HRBEEL to tube
that extended between the poles of the cell and into daughter cells in all strains. The tubes w
relatively narrow, but extended throughout the majority of the depth of the.ddlE 3
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The tubular structures were first noted in a minority (less than 20%) of BY4DEL

cells after 30 minutes of treatment with FO007@&agure 6.6F).ddlowing 1 hour with

the drug, almost all cells (greater th&3%) observed contained the tubes which
appeared thicker and darker than at the previous time pdkigure 6.6G)Tubes were
even thicker and darker at 2 hours and again at 4 hours-peatment (Hgure 6.6H

and 6.6). The formation of the tubes correled with a decrease in amount of HDEL
localised to the peripheral and nuclear ER. Following 4 hours of treatment, HDEL
appeared as smaller, intense fragments and there was an increase in cytosolic
background fluorescence. Following 24 hours of treatmentehgas some

resemblance of classical nuclear and peripheral ER morphology, however there were
still faint tubes. Furthermore, at this time point, there was also the appearance of
peripheral and nuclear puncta that were not observed in any cells imagedyaither

time point (Figire 6.6). These puncta could possibly be the ends of tubes or they could
be fragments of former long tubes. As with the 4 hour treatment, there was also a
large amount of cytosolic staining at the 24 hour time poirite partial reistribution

of HDEL to wild type ER distribution after 24 houissistent with F900742 beirgy
fungistatic inhibitor. Fungistatic drugs halt the growth of the cell only until the point

when the drug is no longer at inhibitory concentrations.

It haspreviously been demonstrated that Oled®FP relocalisation was lipid
dependent and that supplementation of either oleic acid or palmitoleic acid was
sufficient for normal Gi1p-GFP distribution (Figure 4.9 to Figure 4.There were 0
tubesnotedin anycell treated with oleic acid and F900742 for 2 hoursuiei§.7D.
Oleic acid alone did not affect HDEL localisation, nor am(tigure 6.7B)

Furthermore, oleic acid supplementation was sufficient to reverse this phenotype to

normal ER distribution anamount g 6.8).
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Figure 66. F900742 induced a rapid relocalisation of RFIPELWild type BY4741 containing
the integrated RHPIDEL tag were treated wittDOug/ml F900742 for 24hoursat 30°C.
Samples were taken after 30, 60, 120, and 240 minutes, as well as at 24 hours. The tub
first noted in less than 20% of cells after 30 minutes of treatment. All cells imaged contai
tubes that extended between the poles of the catid into daughter cells by 2 hours. The
tubes were denser by 4 hours, and some appeared to have fragmented. After 24 hours,
structures appeared as puncta rather than tubes. N = 3
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Figure 67. Oleic acidnhibited RFPHDEL relocalisatiorBY4741 cells containing RABPEL were
treated with 100pug/ml F900742 and mMoleic acid for 2 hourat 30°C. Oleic acid inhibited the
formation of tubes in all cells observed. Oleic acid did not interfere with the ablmealisation of RFI
HDEL tothe ER.N =3

183



H K2 diNAH CKp2

Figure6.8. Oleic acid reversed RIHDEL relocalisatiorBY4741 containing RIHDEL were treated with
100pug/ml F900742 for 2 hours beforemM oleic acid supplementatiofor a further 2 hours. Samples
were grown at 30C Oleic acid completely reversed the distribution of REFEL to tubes. No cells
observed contained tubes after 2 hours with oleic acid. N = 3
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Thus far, | have demonstrated that chemical inhdritofthe OLE1 pathway with
F900742 induced the formation of aberrant tubular structures that extended
throughout the cell in a variety of backgrounds. Discussions RvibfiessoiRobert

Ernst (University of Saarland, Homburg, Germany) revealed that hip bes

observed a similar tubular phenotype in untreatBchga2cells tagged with HDEL
grown in complete media liquid after 24 hours. This phenotype calsdbe rescued

by 90 minutes of oleate supplementation (unpublished data). Their interpretation is
that chronic reduction in desaturase activity (through thedetionof Mga2p(91)) over

a 24 hour period is sufficient to substantially skiwe fatty acid content oDmga2

cells in favour of saturatefhtty acids thereby rendering toxic levels of free saturated
Frade FOARA YR al ddzNF SR f ALIARAD -ERS@
that contains high levels of saturatedtfgacids making it less fluidhat is a side
compartment to the normal ERrofessor Ernst has suggested that purpose of a

gel phase ER could be twofold: firstly, the structure would sequester toxic levels of
saturated fatty acids in order to protethe nuclear and peripheral ER from any
alterations in lipid balance and, therefore, ensures normal function; secondly, the
structure is very large and extends throughout the cell which could provide a physical
force that pushes cytosolic content towartte periphery of the cell, increasing the
availability of required substrates and cellular metabolism in timegresfs.
Alternatively, the formation of tubes could be a process that occurs to separate
regions of ER containing very high saturated acyincbantent from areas of normal
lipid composition. This would ensure the isolation of lipotoxic regions of membrane
and that ER processes are unaffected by the alterations in lipid content. Though
unlikely, it also plausible that tube formation is a pasgivocess that has no

physiological benefit in sick yeast.

. FaSR 2y tNRTFSaaz2NI 9NyaldQa 20 aBdgareelda A 2y
after 24 hoursit was expected that tubes would also be observed in null cells for the
alternative transcripional activator of OLEMDspt23tagged withRFPHDEL. Bispt23

was treated with F900742 for 24 hours. F900742 induced the formation of demi tubes

that extended only part way across the c&lgire6.9). UntreatedDspt23had
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morphologically normal nucleand peripheral ERith small tubes that appeared to
extend from the nucleus. Nona the untreatedimaged cells contagd longtubesas
observed in the samples treated for 2 hovifhere was alsan increase in HDEL

content within the nucleusas well as slight increase in cytosolic HDEL in areas
surrounding the nucleus relative to the periphery. The formation of tubes in untreated
BYDmga2has not been tested, but it would be interesting to see whether tubes also
develop in this background after 24 haun untreated samples, and whether these
tubes are morphologically similar to those induced by FO00T42as expected that

the relocalisation of HDEL was a result of an increase in saturated fatty acid content in
both the genetic knock out strains an8@0742 treated samples. The differences in
timing of tube formation is likely due to F900742 inducing a complete inhibition of
Olelp activity after 4 hours, whilst a knockout of eitinega2or spt23induces a less
rapid effect due to functional redundan®gtween the transcriptional regulators:
deletion of either gene is associated with a reduction in OLE1 mRNA rather than a

complete inhibition of Olelp syntheg81)
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Figure 69. Deletion of SPT23 was not sufficient to induce the relocalisation of-RBEL100
pg/ml F900742 was required for the redistribution of RFPEL. Small tubes extending from the
nucleus were noted in the untreated sample after 24 ho@&amples were grown at 3C.N = 2.
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It would be expectedhat olelnull cells would enter a similar state of stress responses
in media lacking unsaturated fatty asids those that have had Olelp chemically
inhibited by F900742. It has been previously demonstrated dtest null cells are able

to survive for a few cell divisions without the addition of exogenous unsaturated fatty
acids(167) It was predicted that 2 hours of growth in the absence of oleic o
palmitoleic acid would initiate early lipotoxic stress response pathwByBolelcells
were grown in complete liquid media for 2 hours in the absemgaresence of

F900742 and oleic aciflubesthat appeared morphologically similar in length and
shapeto ones previously described were observed in the untreaibbklsample
F900742 did not have any effect on tube formation in/B¥1 (Fgure 6.10A and

Figure 6.10% The addition of oleic acid to both the F900742 treated and untreated
samples preventethe formation of the tubes and HDEL assumed classical ER
localisation Figure 6.10B and 6.10D
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Figure 610. Deletion of OLE1 induced the redistribution of RAHDELThere were no
morphological differences in the relocalisation of RHHPEL between the sample treated with
F900742 and un&ated. Oleic acid was sufficient to prevent the redistribution of the ER lum
marker.F900742 was added at 1Q@/ml. Oleic acid was added at 1 mM. Samples were gro
at 30°C for 2 hoursN = 3
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To determine whether Ole1@FP relocalised tareasthat colocalised with the tubular
HDEL compartments, BY OWIFP was transformed with HDELle1pGFP and RFP
HDEL cdocalised in untreated sampleB900742 induced the formation of tubes as
observed in all other genetic backgrounds, however it was difficult to clearly identify
Ole1lpGFP riocalisation in the majority of cells due to a high ambahbackground.

Of note, this was the only experiment where difficulties in observing O@&EP
relocalisation occurred. In a minority of cells, Ol€dpP was apparent. In these cells,
Ole1lpGFP raicalised near to or adjacent to the tubesalhcells (Figre 6.1)).

However, it is unclear whether this is because of the difficulty in clearly detecting both
fluorescent tags. Therefore, Ol&FP was mated with BY4ZBWDEL. To this point, all
HDEL stuéis had been conducted in haploid strains; the GBAPBY-HDEL strain is a
diploid, therefore contains two copies of OLEine copy of OLEGFP and one copy of
untagged OLEI1t was assumed that the diploid would be less sensitive900742

than the hapbid due to an increase in amount of Olelp in the dipldid
circumnavigate this potential problerglls were also treated with laigher
concentration of F900742 (10@y/ml and200ng/ml). Tubes were observed as
previously noted, however it was still ddtlt to clearly identify Olel46FP
relocalisation. Olely65FP tubes did colocalise with HDEL, whereas @i puncta
appeared in close proximity to HDEL tubes. The possibility of-chassel bleed
through was eliminated by checking for fluorescencbath channels with strains

containing either a red or a green tag (g 612).
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Figure 611. Ole1lpGFP relocalised to RHRDELBY OleidGFP expressing RAPEL was treated witi00
png/ml F900742 for 2 hours. OledpFP relocalised to areas in close proximity to-RBEL. All cells

observed contained relocalised HDEL. Not all cells contained relocalesba@FP Samples were grown
30°C.N = 2.
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Figure6.12. Ole1pGFP relocalised to RFHDEL in the diploid OleGFP RFPIDELBY OleidGFP was
mated with BY474RFPHDEL and treated with FO007## 2 hours at 30C Ole1pGFP relocalised to

tubes that colocalized with RFHIDEL.
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6.2.50le1p-GFP did not relocalise to lipid droplets

Previous studies have demonated that altering the expression of components of the
OLEZ1 pathway, either through deletion or overexpression, does render an abnormal
cellular fatty acid profile. For example, deletions of eitnbk2or mga2results in a
significant increase in the amatiof saturated fatty acids at the expense of
unsaturated fatty acid®revious studies have demonstrated that excestsirated

fatty acidsare storedin lipid droplets(172) It was speculated that Ole1BFP wa
relocalising nearby to pools of saturated lipids stored in lipid droplets in an attempt to
V2NXIFfAES GKS OSttQa oFftlyOS 2F &l (edzNJ G S|
of lipid droplets. A haploid strain that contained a plasmid with ERG6 and a red
fluorescent marker was mated with BY GI8EP such that the diploid expressed both
OlelpGFP and ErgéRFP. F900742 induced a substantial increase in the size, but a
reduction in number of lipid droplets (Rige 6.13). OlelpGFP was observed in close
proximity to some lipid droplets in some cells, howeved@walisation between the

desaturase and lipid droplets was not observed
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Figure6.13. Ole1pGFP did not relocalise to lipid dropletBY OledGFP was mated with RIBRG6. The
diploid was treated witHL.00 pg/ml F900742 for 2 hourat 30°C. F900742 induced an irease in the size
lipid droplets, but a reduction in the number per cell. Ol€adpP relocalised to areas in close proximity -
lipid drolets. N =3
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6.2.6F900742 induced mitochondria fission

The alternative name for Olelp is Mdm2, or Mitochondrial Distribution and
Morphology 2 (MDM2). McConnell etiaitially identified a temperaturesensitive

mdm strain that resulted in a failure to diger mitochondria to daughter cells along

with extensively clumped mitochondria and altered morphology in both mitotic and
non-mitotic cells following 90 minutes at nonpermissive conditi(h&). Stewart et al
then demonstrated that there was a significantly different fatty acid profile e th
mdmz2strain with a vast increase in the amount of saturated C16 and C18 fatty acids at
the expense of their unsaturated counterpaft09) They also demonstrated that

both the inherited and morphological mitochondrial phenotypes could be inhibited by
the additionof 1 mM oleate prior to incubation at nopermissive temperature.

Together these data suggest there is a direct a role for fatty acids in the regulation of
mitochondrial movement, distribution, and inheritance as the aberrant phenotype can

be rescued bytte addition of unsaturated fatty acids.

The mitochondria are essential organelles in eukaryotic cells. Their most prominent
function is to generate energy for the cell via oxidative phosphorylation, as well as a
variety of other metabolic processes. T$teucture of mitochondria is complex: they
are double membrandound organelles with a highly dynamic morphology and
distribution that reflects the energy requirements of the cell. The mitochondr& in
cerevisiads maintained by a series of fusionaddd a A 2y S @Sy Ga Ay NBa
metabolic status. During periods of high energy requirement, mitochondria fuse to
form a highly branched network that ensures sufficient energy output. Mitochondria
fusion also allows for healthy mitochondria to coemsate for defects in others

through the sharing of components. Conversely, mitochondria fission results in the
segregation of mitochondria to regulate a lower energy output during times of low
metabolic activity, and, importantly for this work, fissios@Facilitates the protection

of the healthy network from irreversibly damaged mitochondd&7) Figure 6.14A
illustrates the mitochondria morphology distribution between a mother and daughter

cell.

195



Mitochondria

~.

Figure6.14. Mitochondria morphology and distribution in wild typ8. cerevisiag(A) Cartoon to
represent the morphology and distribution of the mitochondria in budding yeast mother and
daughter cells. (B) Tom&RFP distribution in wild type, log phase S. cerevisiae.
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The mitochondria were examined by assessing the localisation of the outer
mitochondrial membrane protein Tom6p (Big 6.14B). Untreated, log phase samples
contained mitochondria that appeared mostly continuous, indicative of a more fused
mitochondria morphology. In stark contrast, F900742 induced fragmentation of
mitochondria indicating that one mechanism tHat cerevisiaevoke in response to
desaturase inhibition arenitochondrial fission event@-igure 6.15)Mitochondria

fission wasobserved in all cells imaged after 30 minutes. The mitochondria fragments
appeared morphologically the same and of comparable fluorescence at both 30
minutes and 1 hour after treatment. The average size of the clumps appeared larger by
2 hours, suggestintipat several had fused together or were in very close proximity.
The timings of the mitochondria fragmentation suggested that mitochondrial fission is
an early cellular stress response to F900742 and it occurred prior to GIEPp
relocalisation. InM of deic acid was sufficient to completely inhibit this phenotype
when added with F90074ZFfure6.16). Oleic acid alone did not have any effect on
mitochondria morphology or distribution. Furthermore, one hour of incubation with
oleic acid was sufficient fahe mitochondria to resume a wild type morphology and
distribution following 2 hours of incubation with F900742 (irfgg6.17). This data
suggestd thatone mechanism by which F900742 exerted liptoxicity was through the
disruption of mitochondriaand corrdoorated earlier discussions on the regulatory role

of fatty acids on the mitochondria.
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Figure 615. F900742 induced mitochondrial fissioMitochondria fragmentation was first
observed after 30 minutes of incubation wit®0ug/ml F900742. The fragments appeared
larger as though mitochondria fragments had clumped after 2 hours which was associate(
an increase in brightness of Tom&d-P. Mitochondria were observed in daughter cells treat
with F900742Samples were incubated at 3CG.N= 3
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Figure 616. Oleic acid inhibited F90074hduced mitochondrial fissionThere were no
morphological differences in mitochondrial morphology between untreated cells and san
treated with 100 ug/ml F900742 and mMoleic acid. Mitochondria appeared continuous ir
the presence of oleic acid. Oleic acid alone did not affect theamdndrial morphology.

Samples were incubated at 3G.N=3
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Figure6.17. Oleic acid reversed FOO0Htluced mitochondrial fissionThere was a complete
reversal in mitochondrial morphology to that of wild type following 60 minutes of incubation
1mM oleic acidSamples were prreated with 100ug/ml F900742 for 2 hours prior to oleic aci
addition. Samples were incubated at 30O.N = 3.
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6.2.7 The morphology of dter organelles was unaffected by F900742

Organelleseachhave a uniquanembranelipidome and proteome. Organelles
synchronise theimetabolic processe® fit with cellular requirements to ensure the
maintenance of propecellular functionF900742 induag morphologicabdefects to
the mitochondriaand Ipid droplets, and also the formation of an unidentified-ER
derived compartment which are all lipependent alterationslnhibition of the OLE1
pathway couldalsohave profound effects on the structuresdifunctions of other
subcellular structuredt was next investigated whethehe organelle membrang of
the ds Golgi BY Min9-GFPR, nucleusBY NmH#I-GFP, peroxisomeBYPex3-GFR, and
vacuole BYVadi-GFR, as well as acti(BY Sec&FRwere also attcted by F900742
using the strains of GRBgged proteins indicated=900742 did not induced any
differences in the localisation of thegeotein markers inany of the organelles
observed after 4 hours (Figure 6.18). It was concluded that 4 hours waBdref
time for morphological differences to be induced for these organelles, however it
would be interesting to observe the protein localisation after longer incubations with

the drug.
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Figure 6.18 coimues over page
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Figure6.18. F900742 did not induce morphological defects to other organellds localisation o
nuclear, peroxisome, Golgi, vacuolar, and actin proteins was used to assgg®ingical defects
to these organelles induced by F900742. There were no differences in protein distribution in
the strains tested after 4 hours of treatmerf900742 was added at 1Q@/ml. Samples were
incubated at 30C.N = 2.

203



6.2.8 Ultrastructural analysis of F900742 treated fungi

OlelpGFP is an integral membrane protein that relocalised to unidentified cellular
compartments in the presence of F900742. In additiongrieRbrane proteins that are

involved in the OLE1 pathway also exhibited subcellular relocalisation along with the
formation of aberrant compartments that are consistent with the lumen of thedSR

well as mitochondrial fission. Previous studies by Tatzat éemonstrated the

mislocalisation oble1p® to aberrant puncta within the cytosol and adjacent to the

nuclear and peripheral membranes upon growth at nonpermissive temperatures or

when the OLE1 pathway was inhibited witte iron chelatorssodium azie or

potassium cyanide in wild typ®. cerevisiag-urthermore, they showed the formation

2T AGPPFOSNNFYG YSYONIy2dza aidNHzOGdzNBa Ay |
Ay (KS Oedz2az2f odé gKSyYy 221AyIA5RGwasKS (S
expected thatOlelp andHDElwererelocalising to a similar sort oiembranous

structure(s) as to those observed by Tatzer et al.

To further investigate ultrastructural defects induced by FO0074£& icerevisiagnd

to explore whether similar morphologies were observeiralbicansindA.

fumigatus,these strainsvere treated with F900742, fixed, and prepared for electron

microscopy.

6.2.8.1S. cerevisiae

BY OledGFPS. cerevisiaeere treated with 100rg/ml FO00742 for 2 or 4 hours. At

both incubation times, Ole H&FP relocalisation was confirmed by confocal asicopy

(Figure 619). Briefly, samples were prepared for EM by first staining them in 1.5%
potassium permanganate before dehydration in increasing amounts of acetone. Dr.

al GG 118848 1AyRfé& FTAESR GKS &l YLX Sa Ay {

S. cerevisiasamples. Untreated control samples were prepared in the same manner.

Ultrastructural analysis revealed that F900742 induced multiple morphological
phenotypes withinS. cerevisiathat were not observed in control samples. The most
strikingfeature was the formation of a long, double membramaclosed structure that
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stretched throughout the cytoplasm of cells after 2 hours of treatment (white afrow
FHgure6.19Q. Greater than 90% of celt®ntained one aberrant compartment ordy

this timepoint. These structures often came into very close proximity with other
cellular membranes, for example the nucleus and plasma membrane, yet they
remained as separate entities that did not fuse with organelles in any of the imaged
cells. Most often they we relatively straightwider than the lumen of the ERnd
runsbetween the poles of the cell, however some cells contained shorter tulgsré
6.19D), whilst other cells had much wider membraheund compartments (§ure

6.19F. Despite slight morphotpcal differences between cells, it was assumed that
these structures would all serve the same purpose and the differences were either due
to observing alternative planes of the cell or were a result of inherent differences in
the rate of cellular response These structures could not be assigned to any organelle,
nor any aberrant feature described in the literature. These aberrant structures were
observed in approximately 90% of analysed sections that had been treated with
F900742 for 2 hours and only omes observed per cell. Surprisingly, there were
tubular structuresin aminority of the daughter buds imagedespite RFHPIDEL
containing tubes transcending into the buds in the majority of imaged.geh®urs of
treatment induced the formation of furtheaberrant tubes with a greater proportion

of cells containing multiple structures that appeared wider, longer, and less linear than
at 2 hours. Based on the morphology of the aberrant compartments, it seemed likely
that this is where HDEL was relocaligimgnd, therefore, it was predicted that the

structures originated from the ER.

There were additional abnormal ER morphologies such as the presence of ER whorls in
the cytoplasm and at the nuclear membrane which were larger and more frequently
noted at4 hours than 2 hourdgure 6.19hrange arroyy. Large membrane

delineated structures that were associated with the nuclear membrane were noted at

4 hours in the majority of cells imageldigure 6.19H and 6.19%Fange arrow head)

Smaller, membranesncbsed structures were observed at or in very close proximity to
the nuclear membrane in a minority of the cells imaged after 2 hours of treatment
(Figure 6.19E, orangerow head). Furthermore, similar round, membraeeclosed

structures were observed in ¢ghcytosol in cells treated for 2 hourSigure 6.19D and
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6.19Eblack arrow head), however these were not observed in any cells from the 4
hour sampleThere was the appearance of very electron dense round structures that
were in close promixity to the cederiphery, cytosol, and at the nuclear membrane

after 4 hours (Figure 6.19H and 6.19J, light blue arrow head). It was predicted that the
electron dense regions developed from the membrane enclosed structures observed

at 2 hours

It was somewhat surprisg that only a limited number of cells displayed an obvious
increase in the number and size of lipid dropldigy(re 6.19dight blue). However,
F900742 induced the accumulation of content at the inner and outer nuclear
membranes in a minority of cellbat is likely to be lipid conter(Figure 6.19C and
6.19D,white arrow head). In addition, there appeared to be an increase in vacuolar

material in both of the treated samples relative to the untreated.

At least one of the described alterations was olvgel in all sections analysed. There

were no similar membrane alterations in any of the untreated sections analysed,

indicating that these aberrant membrarenclosed structures were as a result of
ChnntnH AYKAOAGOAZ2Y 27F (KS ahaysdyitviduldibé 6 I & & |
interesting toconfirm the confocal microscopy results demonstrating thasaturated

fatty acids inhibitednorphological differenceby EM
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