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Abstract

Drug discovery is a multi-disciplinary field incorporating both chemistry

and biology to create novel pharmaceuticals. Nature synthesizes a

diverse range of chemical entities that can demonstrate a wide range of

biological interactions, though often produces these compounds in small

amounts. Using natures structural diversity as a template, organic

synthetic chemistry can tap into the structures of natural products and

provide novel structures as well as overcome supply issues through

large-scale synthetic chemical processes. A novel benzopyran library

was synthesised by Sandile Simelane by reacting

3,4,6,-tri-O-acetyl-D-galactal with various phenols to create a novel

focused library of bridged benzopyrans. Each molecule has unique

functional groups at defined points in the structure due to varying the

functional groups on the phenol, allowing for variation within the library

whilst retaining the core scaffold. In this thesis, the bioactivity of this novel

benzopyran library was explored using a phenotypic screen measuring

growth inhibition. A compound, S13, was determined to be the most

potent in the library, therefore genome-wide screening was performed

using S13. High-throughput microscopy of 4,100 strains, each with a

different GFP-tagged protein, was utilized to determine proteins that

increased in abundance or changed localization in response to

perturbation with S13. Following treatment with S13, the yeast vacuole

increased in size due to an aggregation of proteins in the vacuolar lumen.

The increase in vacuole size was coincident with a decrease in vacuolar



acidity, potentially disrupted autophagy and the upregulation of several

proteins involved in ergosterol biosynthesis. Together, these results

reveal a novel bridged benzopyran that increases vacuolar size and pH

through an epistatic mechanism involving ergosterol biosynthesis.
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Chapter 1

Literature Review

1.1 Drug Discovery

The earliest recorded use of medicine by humans is from a

5,000 year old Sumerian clay slab. The slab described 12 recipes for

medicinal concoctions utilising over 250 plants, including poppy and

mandrake, which are still used in medicine today (Petrovska, 2012).

Other examples of ancient medicines taken from nature include

descriptions found in the Indian holy books Vedas and traditional Chinese

medicines that mention numerous plants that were used to treat various

pathologies (Cheng, 2000; Petrovska, 2012). The pursuit of new

medicines continued throughout history, such as the discovery of

vaccines by Edward Jenner and the serendipitous finding of penicillin by

Alexander Fleming (Fleming, 1929; Jenner, 1801).

Modern drug discovery is a multi-disciplinary field incorporating

both chemistry and biology to create novel pharmaceuticals.

Pharmaceuticals are a billion dollar industry with $150bn USD spent on

research and development in 2015 alone and is expected to increase to

$182bn USD by 2022 (World Preview 2016, Outlook to 2022 n.d.).
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Although a record number of products were approved by the FDA in

2015, few drugs are available to effectively treat an array of common

diseases including neurodegenerative disease, metabolic diseases,

cardiovascular diseases, and cancer. Therefore there is still a

requirement for novel drugs to be brought to market.

Developing a new drug takes on average 14 years to get from the

initial compound discovery (e.g., a hit in a screen) to a commercial product

(Fig. 1.1). The process begins with screening candidates to determine

”hits”, which are compounds that fulfil all screening parameters. Hits are

modified to form ”lead” compounds that are optimised to give more drug

like properties and increase efficacy. Phase 0 animal studies are carried

out after lead optimisation is finished to determine toxicity and estimate

dosages for human trials. From there clinical trials are carried out starting

with phase 1 trials in a select group of healthy volunteers to determine

tolerable doses for humans. Phase 2 and 3 trials involve testing the drug

in patients that are afflicted with the target disease. If by the end of phase

3 trials the drug proves efficacious and safe for human consumption, then

the approval agency will consider the application for release to the general

population. Each step of the drug discovery process sees drug candidates

fail due to various reasons, though generally due to a lack of efficacy or

toxicity (Harrison, 2016).

Clinical trials are the most costly aspect of the drug discovery

process. The length of Phase II and phase III clinical trial are increasing,

with the median trial length increasing by 7 months in phase II and 6 for

phase III in the 2013-2015 period compared to the 2006-2008 period

(Martin et al., 2017). Returns on R&D investment are continuing to

decline, having dropped more than 50% from 2010 to 2016 (Mullard,
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Figure 1.1: Drug discovery time-line. Approximate time-line for drug

discovery from hit discovery to product launch. Redrawn from (Payne et

al., 2007)

2016). Due to this increase in time and expenditure, robust screening

methods are required earlier in the drug discovery process to create high

quality leads for drug development.

1.1.1 Drug Screening

There are two main approaches for drug screening:

target-based and phenotypic drug discovery platforms. Target-based or

reverse drug discovery takes an isolated drug target and screens drug

candidates for binding affinity in vitro (Takenaka, 2001). Reverse drug

discovery was popularised following the sequencing of the human

genome allowing for rapid cloning and synthesis of proteins (Bauer et al.,

2010). Protein targets are generally critical for disease function whereby

knocking out the protein inhibits disease progression (Takenaka, 2001).

Using a predefined target means little work is required to determine the

compounds mechanism of action, out of all possible mechanisms.

Knowing the drug target also allows for easier post-screen modifications

due to rapid screening of modified molecules. However, target-based

drug screens require prior knowledge about disease dynamics in order to

determine potential targets. Computer algorithms can be used to help

determine potential drug targets, however off target effects cannot be

determined (Khurana et al., 2015). Cells are also not static, having

dynamic responses to environmental and xenobiotic perturbation. It is
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thus nearly impossible to determine how a living cell will compensate

when exposed to a drug.

Phenotypic drug discovery involve unbiased screening of live

cells to determine compounds that give a desired phenotype. Such a

method offers a number of advantages to target-based screening. For

instance each hit in a phenotypic screen is active in vivo and cellular

compensation is determined early in screening. Each compound is also

screened against a library of mutants, meaning potentially ”undruggable”

proteins are also screened. It’s estimated that 50% of drugs target the

same four classes of proteins: nuclear receptors, G-protein coupled

receptors, and voltage- and ligand-gated ion channels. Having limited

target variation in commercial drugs can bias researchers to these protein

types when designing screens (Adams et al., 2012; Overington et al.,

2006). However, as the target is unknown in phenotypic screens,

researchers need to manually determine the cellular target. Structure

activity relationships (SARs) also become more difficult due to more

confounding factors such as drug metabolism. The phenotype chosen

must be robust enough to screen for drug candidates but simple enough

to be screened in high-throughput. This means much work needs to be

put into choosing a cell based assay or model organism to screen for

potential phenotypes (Khurana et al., 2015).

1.1.2 Medicinal Chemistry

Medicinal chemistry plays a crucial role in hit to lead

development, involving the identification, modification and synthesis of

novel bioactive compounds utilising both chemistry and medicinal biology.

Once hits are identified modifications are made to develop hits into what’s

known as a ”lead compound”. Lead compounds have improved chemical
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properties such as binding affinity, potency, half-life and toxicity compared

to hits. SARa are used to determine structural changes for lead

optimisation. SAR is the relationship between a compound’s structure

such as functional groups and biological activity. SAR is vital for

determining structural modifications that improve chemical properties

whilst simultaneously retaining bioactivity. Quantitative structure-activity

relationships QSAR is a method that involves using computer models to

predict variables that affect the potency of a compound (Perkins et al.,

2003). Other methods involve generating libraries of compounds with

slight modifications and determining constituents that modify or enhance

activity (Ballard et al., 2008). The ideal end result for each method is a

more efficacious compound for pre-clinical and clinical trials.

Combinatorial chemistry involves chemically synthesising

thousands of compounds using a single process. Molecules found in

compound libraries synthesised via combinatorial chemistry typically

follow absorption, distribution, metabolism, excretion and toxicity

(ADMET) characteristics in order to exhibit ”lead-like” properties (Lipinski

et al., 2001). The benefit of a compound library approach is that a high

proportion molecules will be cell permeable and orally available due to

being designed according to the ADMET criteria. In theory the ideal

compound libraries for drug discovery would be synthesised. However,

compound libraries generated via combinatorial chemistry are

under-represented in distinct bioactive structures found in natural

products. For instance, 83% of core ring scaffolds represented in natural

products are absent in commercial screening libraries (Hert et al., 2009).

This covers a large area of biologically relevant chemical space, which is

not investigated with commercial libraries. It has been theorised that
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including natural products with such scaffolds into compound screening

would likely increase hit rates over purely synthetic libraries (Hert et al.,

2009).

1.1.3 Natural Products

Natural products are compounds produced by living organisms.

The use of natural products in medicine has persisted from ancient times

to modern pharmaceuticals. The utilisation of natural products as a

source for novel drugs is significant; natural products either directly (as

natural products) or indirectly (as drugs based on natural products)

accounted for 42% of drugs released between 1981 and 2014 in the USA

(D. J. Newman and Cragg, 2016). In 2008 only 35% of all FDA-approved

drugs were from natural sources, whereas in 2010 natural products or

naturally derived products accounted for 80% of approved drugs that

year. These data show that natural products and naturally derived

products are still highly prevalent in drug discovery and a continuous

source of new molecular entities.

Natural products contain biologically relevant molecular

scaffolds that have evolved over millennia to elicit biological activity such

as compounds involved in allelopathy. Allelopathy is a natural defence

mechanism found in many organisms involving the release of molecules

that target specific pathways in neighbouring organisms, giving a

competitive fitness advantage (Song et al., 2017). Studying allelopathy

has lead to important breakthroughs in the field of medicine, such as the

discovery of penicillin, and offers a wealth of information due to the

diversity and structural differences natural products offer over purely

synthetic compounds (Ligon, 2004). Nature produces compounds that

differ from those readily accessed through synthetic methods in many key
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areas; e.g., a high number of chiral centres, low nitrogen content, slightly

higher oxygen content and enrichment for aliphatic compounds over

aromatic rings (Lee and Schneider, 2001)(Henkel et al., 1999).

Natural products have contributed some of the most important

drugs of the last century, such as antibiotics, statins, anticancer agents,

immunosuppressants and pain relievers (Harvey et al., 2015). A number

of such drugs came from microbial sources, for example the antibiotic

penicillin, which was isolated from Penicillium notatum in 1928 (Fleming,

1929) or the immunosuppressant rapamycin (Sirolimus) from

Streptomyces hygroscopicus (Vezina et al., 1975). In addition to

microbes, natural product drugs have been derived from other organisms

such as the chemotherapy drug paclitaxel, isolated from the Pacific yew

Taxus brevifolia (Wani et al., 1971), or the analgesic ziconotide isolated

from the snail Conus magus (McIntosh et al., 1982).

Much like molecules from synthetic libraries, natural products

may also undergo lead optimisation via medicinal chemistry.

Semi-synthetic drugs are natural products that have been modified

post-isolation giving altered chemical properties compared to the original

natural product. Tetracycline describes a group of protein synthesis

inhibitors sharing a four hydrocarbon ring system (Charest, 2005).

Chlorotexacycline was the first tetracycline isolated from Streptomyces

aureofaciens and has undergone numerous modifications creating a

number of different commercial drugs termed tetracycline antibiotics

(M. L. Nelson and Levy, 2011). Doxycycline is a tetracycline antibiotic

used for the treatment of a wide range of bacterial infections including

acne, chlamydia and cholera (Alam et al., 1990; Nilsen et al., 1992;

Skidmore et al., 2003). Doxycycline differs from chlorotetracycline in only
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three functional groups that increased both the efficacy and stability of

doxycycline compared to chlorotexacycline (M. L. Nelson and Levy, 2011;

Stephens et al., 1963).

Natural products often demonstrate unique biological activity

that has recently been difficult to replicate through wholey synthetic

libraries; however, abundance and availability are limiting factors for their

use as pharmaceuticals. For example, the Pacific yew that produces

paclitaxel faced extinction due to over-harvesting of the much needed

chemotherapeutic (Mayor, 2011). Whilst it is possible to synthesise

paclitaxel in a laboratory, the same is not possible for all natural products.

Through organic synthesis or semi-synthesis abundance issues can be

overcome and lead to large scale production. However, as stated,

libraries generated through purely synthetic means often lack the diversity

seen in natural products. The bridge between natural products is to

harvest the ”privileged scaffolds” of nature and optimise these through

synthetic means.

1.1.4 Privileged Scaffolds

Privileged scaffolds are molecular frameworks with inherent

bioactivity capable of binding different proteins due to slight structural

changes (Duarte et al., 2007; Welsch et al., 2010). Privileged scaffolds

are not to be confused with promiscuous inhibitors, which are groups of

molecules that create false positives during High throughput screening

(HTS) due to binding large numbers of targets without specificity (Feng

and Shoichet, 2006). The idea of privileged scaffolds was first presented

in 1988, when it was discovered that varying affinities for CCK receptors

were achieved by altering functional groups on a core benzodiazepine

structure (Evans et al., 1988). Another reported that 32 structures
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accounted for more than 50% of compound variability, out of 5,120 drugs

(Bemis and Murcko, 1996). Therefore, privileged scaffolds offer an ideal

starting point for drug discovery, due to their ability to bind a wide range of

proteins.

Privileged scaffolds have been discovered with the ability to

bind a wide variety of proteins. For instance, the class of molecule

benzodiazepines, are able to mimic β-turn structures found in many

biological ligands (Hata and G. R. Marshall, 2006). Another example are

non-steroidal anti-inflammatory drugs used to treat pain and

inflammation. A key target of non-steroidal anti-inflammatory drugs is the

cyclooxygenase enzyme COX2, which catalyses the formation of

prostaglandin H2 from arachadonic acid (Corcoran et al., 1992; Pentland

et al., 1995). Two types of privileged structures, indole rings and

indomethacin have proven to be effective inhibitors of COX-2 (Hu et al.,

2003). Determining priveleged scaffolds that specifically bind proteins of

interest allows researchers to focus compound libraries on specific sets of

molecular structures to treat specific diseases.

1.1.5 Benzopyrans

Benzopyrans are a privileged scaffold consisting of a benzene

ring fused to a pyran ring (Fig. 1.2) (Welsch et al., 2010). Benzopyrans

are found in a wide variety of biologically active compounds and have

been used for decades in the pharmaceuticals industry to treat a range of

different pathologies. For example Nebivolol is a β-blocker, used to treat

hypertension and left ventricular failure (de Boer et al., 2007). Flavoxate

is used to treat urinary bladder spasms as well as a number of other

pathologies (Bradley and Cazort, 1970 Jan-Feb). Phenprocoumon is a

vitamin K antagonist that acts as an anticoagulant by inhibiting synthesis
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Publication Library size Brief description of findings

(Staats et al.,

2013)

500 Found molecules that act as a mast

cell activator to be used as a vaccine

adjuvants. Determined a class of

benzopyrans that were capable of

degranulating mast cells

(Nicolaou et

al., 2001)

10,000 The library showed enrichment in

molecules involved in reported gene

activation under hypoxic conditions

(Ko et al.,

2006)

22 Synthesised benzopyran library and

determined bioactivity in an A549 lung

carcinoma cell line.

(Kumar et al.,

2011)

Not stated Discovered benzopyran molecules with

antitubercular activity

Table 1.1: Summary of studies that screened libraries of benzopyrans.

of various coagulation factors (Hirsh et al., 1992).

Much work has been performed into utilising benzopyrans as a

core structure for library generation and screening. Chemists are

increasingly using benzopyrans as core structures in the design of novel

focused compound libraries. A study by Tan et al. created a benzopyran

library consisting of 10,000 unique molecules and found enrichment in

compounds involved in reporter gene activation under hypoxic conditions

due to the targeting of hypoxia inducible factor-1 (Ferguson et al., 2017;

Tan et al., 2005). Other studies have found that benzopyrans have

diverse mechanisms of action with activities such as mast cell activation

as well as antitubercular and anti-cancer activity (Table. 1.1). Due to

these robust activities, benzopyrans offer great potential for novel

compounds to treat a number of pathologies.
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Figure 1.2: Benzopyran structure. Figure showing the core structure of

a benzopyran.

1.2 Saccharomyces cerevisiae as a model for

drug discovery

Saccharomyces cerevisiae is a single cell eukaryote

colloquially known as ”Baker’s yeast” that is widely used as a model for

various cellular processes (Botstein and Fink, 2011). Yeast is

inexpensive, grows on simple media, has a doubling time of only 90

minutes and was the first organism to have its whole genome sequenced,

with the initial genome map published in 1996 (Goffeau et al., 1996;

Simon and Bedalov, 2004). The yeast genome is small, comprising 16

chromosomes and contains just over 6,000 open reading frames (ORFs)

(Gavin et al., 2006). Approximately 45% of yeast genes have an

orthologous human gene (Hughes, 2002) including 950 human genes

implicated in disease (Heinicke et al., 2007). Protein functions and amino

acid sequences have been conserved to such an extent that gene

function can be inferred between yeast and other eukaryotes, including

humans (Botstein and Fink, 2011).

Homology to higher eukaryotes extends to a number of key

cellular processes, such as the secretory pathway and autophagy.

Pioneering work performed using yeast shaped our knowledge of the
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secretory system. Using S. cerevisiae, Randy Schekman and Peter

Novick created 23 temperature-sensitive ”sec” mutants that helped form

the basis for our understanding of the secretory pathway (Novick and

Schekman, 1979; Novick, Field, et al., 1980). Their work earned the

Nobel prize in 2013 in Physiology or Medicine (Rothman et al., 2017).

Yeast was also used as a model organism by Yoshinori Ohsumi in the

1990’s for the discovery of 15 genes required for autophagy. The

elucidation of these genes then allowed for the identification of the major

regulator of autophagy, the mammalian the target of rapamycin (mTOR)

(Kamada et al., 2000). The pioneering work of Ohsumi’s earned him the

Nobel Prize in Physiology or Medicine in 2016 (Ohsumi, 2017).

Due to conservation of genes and processes the Gene

Ontology (GO) Consortium was established to create a set of terms that

transfer functional information between species (Ashburner et al., 2000).

GO has three highly structured and controlled levels of classification:

biological process, cellular components (localisation) and molecular

function. Each GO term is described in a species independent manner

allowing for translation between species. A large proportion of proteins

with GO annotations were characterised in S. cerevisiae and translated

into higher eukaryotes (Heinicke et al., 2007). With GO annotations S.

cerevisiae is a well positioned organism for translating genetic data to

higher organisms, as 85% of protein coding genes in yeast have

assigned biological functions (Botstein and Fink, 2011). A major reason

for S. cerevisiae having such a well characterised genome and its use in

drug screens are the numerous tools available to researchers. The

versatility of S. cerevisiae has fuelled the development of a number of

genome-wide libraries. These include protein over expression, yeast two
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hybrid and tandem affinity purification libraries (Ghaemmaghami et al.,

2003; Sopko et al., 2006; Uetz et al., 2000). Of particular interest to this

study are the homozygous deletion collection and the yeast green

fluorescent protein (GFP) collection.

1.2.1 Homozygous Deletion Collection

Each of the 6,000 ORFs in yeast’s genome was systematically

deleted creating a library of haploid deletion mutants (Giaever and

Nislow, 2014; Giaever, Chu, et al., 2002; Winzeler, 1999). Deletions were

created by inserting a ”deletion cassette” into each ORF. Deletion

cassettes contain a kanamycin resistance marker that allows gene

deletion mutants to grow in the presence of the antibiotic kanamycin.

Each cassette also contained a unique synthetic barcode sequence to

identify individual mutants. From these deletions, 1000 were determined

to be essential for viability on nutrient rich media (Giaever, Chu, et al.,

2002). The non-essential genes were used to create a deletion mutant

array (DMA) containing approximately 4,800 strains (Giaever, Chu, et al.,

2002; A. H. Y. Tong, 2004).

The DMA is a powerful genomic tool for characterising the

bioactivity of novel compounds. Exposure to various stressors causes

changes in gene and protein expression in order to effectively handle the

stress, making different genes essential (Hillenmeyer et al., 2008;

Parsons, Lopez, et al., 2006). This is related to the principle of synthetic

lethality whereby the deletion of each individual gene is viable but the

deletion of both causes death (Dobzhansky, 1946; Nijman, 2011). Gene

deletions can be substituted for drugs, that inhibit the function of a gene,

thereby inducing synthetic lethality upon treatment in relevant deletion

strains (Fig. 1.3). Synthetic lethality or synthetic sick interactions form the
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basis for probing the yeast DMA with xenobiotics.

The unique barcode found in each mutant strain in the DMA

allows for pooling of each mutant in liquid media (Smith, Ammar, et al.,

2010). Cells are treated with an inhibitory concentration of a compounds

and the barcodes are quantified using microarray or next-generation

sequencing to determine strains that are under or over represented in

each pool (Pierce et al., 2006). Under-represented strains are considered

hyper-sensitive or synthetic lethal. Strains that are over-represented are

considered resistant to treatment. Each deletion strain can also be

pinned onto agar and grown in the presence of a bioactive compound and

hypersensitivity or resistance to compound treatment is determined by

measuring colony size in relation to untreated colonies (Parsons, Brost,

et al., 2004). In summary, determining strains with altered sensitivity

gives insight into the genes and pathways required for viability in the

presence of an inhibitory compound (Smith, Heisler, et al., 2009).

1.2.2 Synthetic Genetic Array Methodology

Synthetic Genetic Array (SGA) methodology involves

high-throughput en mass mating of a query strain with a yeast library.

SGA methodology exploits the ability of yeast to grow in both a haploid

and diploid life cycle. Query MATα strains are mated into a library of

MATa strains forming diploids containing the genetic material from both

parents. Diploids are then induced to sporulate via growth under

starvation conditions, forming haploids. As the haploids formed have

various genotypes, a number of selection steps are undertaken to

sequentially select for each desired genotype. The outcome of an SGA is

a library of strains consisting of the starting strains with the addition of a

selectable trait such as a gene deletion or GFP tagged protein
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(A. H. Y. Tong and Boone, 2006; A. H. Tong et al., 2001).

SGA methodology is traditionally used to study genetic

interactions between genes by mass mating a query gene deletion into

the DMA (A. H. Y. Tong and Boone, 2006; A. H. Tong et al., 2001).

Genetic interactions can either be positive or negative. Positive

interactions are when two gene deletions rescue or buffer the phenotype

caused by the individual gene deletion. Negative interactions are induced

when two gene deletions have greater than expected fitness defects than

each of the single gene deletions. Positive and negative interactions can

also be looked at in terms of gene knock-down in the case of essential

genes, where the knock-down of a gene induces synthetic lethality when

paired with another gene deletion. In a powerful investigation of yeast

genetic interactions Costanzo et al. used SGA methodology to construct

over 23 million double mutants, which resulted in the identification of

555,000 negative and 350,000 positive interactions (Costanzo et al.,

2016).

SGA methodology proves useful in the addition of new

selectable traits into already established libraries. Such matings allow for

the creation of new S. cerevisiae libraries containing novel insertions to

study various phenotypes at a genome-wide level. Coorey et al.

constructed a library of strains hypersensitive to xenobiotics by mass

mating two gene deletions, pdr1∆ and pdr3∆ into the yeast DMA (Coorey

et al., 2015). PDR1 and PDR3 encode transcription factors for a number

of drug efflux pumps, therefore their deletions increase sensitivity to drugs

(Mamnun et al., 2002). Another study introduced a reporter for length

dependent mRNA accumulation into the yeast DMA to discover gene

deletions that act as elongation factors (Milln-Zambrano et al., 2013).
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Figure 1.3: Synthetic lethality. A drug-gene interaction whereby a drug

treatment or single gene deletion by themselves are viable but when when

in conjunction, the cell is no longer viable. Circles and squares represent

proteins and the triangle represents the end result of both pathways. Red

and blue indicate two separate biological pathways that lead to the same

end result (green triangle).

1.2.3 Green Fluorescent Protein Collection

Living cells express thousands of proteins at any given time.

Protein expression and localisation change in response to various stimuli

such as nutrient availability, temperature, pH and other stressors (Brett

et al., 2011; Gasch et al., 2000). GFPs are a group of proteins that

fluoresce green when excited with light with a wavelength of 488 nm

(Heim et al., 1995). GFPs can be attached to either the carboxyl- or

amino-terminus of a protein with minimal altering of protein function or

localisation (Breker et al., 2013; Landgraf et al., 2012).

Introducing fluorescent tagged proteins via plasmids has been

extensively used in research to study protein localisation (Eugster, 2004;

Stringer and Piper, 2011). Plasmids containing GFP-tagged proteins have

especially been used in the study of autophagy and vesicular trafficking in

S. cerevisiae (Estrada et al., 2015; Reggiori, 2004). However, GFP-tagged
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proteins expressed via plasmids are not controlled by their endogenous

promoter meaning it is not possible to extrapolate expression data from

such assays.

GFPs are commonly incorporated into ORFs, usually just

before the stop codon (Huh et al., 2003). ORF incorporation of GFPs in

the genome allows for the visualisation of natural protein localisation and

abundance levels. A library of 4,156 genome integrated S. cerevisiae

GFP strains was created by GFP tagging at the carboxyl terminus (Huh

et al., 2003). Each GFP tagged protein remains attached to its natural

promoter allowing GFP fluorescence to be used as a proxy for protein

abundance as well as localisation (J. R. S. Newman et al., 2006). S.

cerevisiae is currently the only organism in which such a library has been

constructed. This library has been used to study protein localisation (Huh

et al., 2003), protein abundance through flowcytometry (J. R. S. Newman

et al., 2006) and high-throughput microscopy (Breker et al., 2013;

Y. Chong et al., 2015; Tkach et al., 2012).

S. cerevisiae is a model candidate for high-throughput

microscopy due to ease of growth, genetic tractability and the

aforementioned GFP collection (Y. T. Chong et al., 2012).

High-throughput microscopy used in conjunction with the yeast GFP

collection allows for proteomic level studies of protein localisation and

abundance in response to chemical perturbation (Tkach et al., 2012).

High-throughput microscopy screens when used in tandem with

multi-parametric image analysis are referred to as high-content screens

due to the enormous amounts of data generated at the single cell level

(Mattiazzi Usaj et al., 2016).

The large amounts of data generated by high-throughput
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assays are uninformative without robust analysis tools to extract relevant

information. High-content screens generate large quantities of images,

which are impractical to analyse by eye due to time constraints and

inherent human biases. Researchers have thus adopted automated

image analysis software, capable of recognising and measuring GFP

signals at the individual cell level. A common method to identify single

cells is to utilise fluorescent markers of specific cellular compartments

such as the nucleus or cytoplasm (Bircham et al., 2011; Handfield et al.,

2013). RFPs are often used to label nuclei and cytoplasm due to their

separation from GFPs in both the emission and excitation spectra, thus

minimising crosstalk. The ability to recognise single cells and analyse

both localisation and abundance changes allows for the study chemical

perturbation at the proteome level.

1.2.4 Aims

A novel benzopyran library was synthesised by Dr. Sandile

Simelane by reacting 3,4,6,-tri-O-acetyl-D-galactal with various phenols

to create a novel focused library of bridged benzopyrans (Simelane et al.,

2014). Each molecule has unique functional groups at defined points in

the structure due to varying the functional groups on the phenol, allowing

for variation within the library whilst retaining the core scaffold. This

compound library was kindly gifted by the Ferrier Institute for the use in

this thesis. The bioactivity of the compound library is unknown, therefore

using chemical genetics this thesis aims to:

1. Determine the bioactivity of a novel focused compound library using a

phenotypic screen for growth inhibition.

2. Determine the mechanism of action for a single compound using

chemical genetics.
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Chapter 2

2.1 Introduction

Medicinal chemicals derived from natural products has been a

mainstay of human therapeutic treatments from ancient times until the

modern day. Natural products contain biologically relevant molecular

scaffolds that have evolved over millennia to elicit biological activity. A

number of core structures are found on natural products and have been

described as ”privileged scaffolds”; molecular frameworks with inherent

bio-activity capable of binding different proteins due to slight structural

changes (Duarte et al., 2007). Benzopyrans are a privileged scaffold

consisting of a benzene ring fused to a heterocyclic pyran ring (Welsch

et al., 2010).

A novel benzopyran library was synthesised by Sandile

Simelane by reacting 3,4,6,-tri-O-acetyl-D-galactal with a number of

phenols to create a novel focused library of bridged benzopyrans

(Simelane et al., 2014). By varying the functional groups on the phenol

each molecule could have unique constituents whilst conserving the core

structure. Therefore a novel bridged benzopyran library could be created

by reacting the same 3,4,6,-tri-O-acetyl-D-galactal compound with a

number of substituted phenols.
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Chemical genetics serves to bridge the gap between chemistry

and biology. The chemical genetic tool set in S. cerevisiae allows for the

determination of a compound’s mechanism of actions through the use of

various libraries such as the deletion mutant array and GFP library (Huh

et al., 2003; Parsons, Brost, et al., 2004). The GFP collection consists

of over 4,000 strains each with a different carboxyl-terminal GFP tagged

protein. The GFP collection has been used successfully to help elucidate

the mechanism of action for a number of different compounds or deletions

(Bircham et al., 2011; Breker et al., 2013; Y. Chong et al., 2015; Tkach et

al., 2012). Such methods use the are able to measure protein abundance

and localisation at the single cell level, giving insight into cellular responses

to chemical perturbation.

Herein the bioactivity of a novel focused bridged benzopyran

library was determined and one of the molecules, S13, was determined to

be the most potent in the library, therefore genome wide screening was

performed using S13. High-throughput microscopy using 4,100 strains,

each with a different GFP-tagged protein, was utilized to determine

proteins that increased in abundance or changed localization in response

to perturbation with S13. Following treatment with S13 yeast’s vacuole

appeared to increase in size due to an aggregation of proteins in the

vacuolar lumen. The increase in vacuole size was in parallel with a

decrease in vacuolar acidity and the upregulation of several proteins

involved in ergosterol biosynthesis. These findings show a novel bridged

benzopyran that increases vacuolar size and pH through an epistatic

mechanism involving ergosterol biosynthesis.
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2.2 Matarials and Methods

2.2.1 Strains

Strain Genotype

Y7092 MATα, can1∆::STE2pr-HIS5, lyp1∆, his3∆, leu2∆0,
ura3∆0, met15∆0, Lys2+

pdr1∆pdr3∆ MATα, pdr1∆::natR, pdr3∆::URA3,
can1∆::PrSPH:S5, lyp1∆, his3∆1, leu2∆o, ura3∆

pdr1∆pdr3∆ MATα, pdr1∆::natR, pdr3∆::kanR, can1∆::PrSPH:S5,
lyp1∆, his3∆1, leu2∆o, ura3∆

pdr1∆pdr3∆ MATα, pdr1∆::KanR, pdr3∆::URA3,
can1∆::PrSPH:S5, lyp1∆, his3∆1, leu2∆o, ura3∆

xxx-GFP

pdr1∆pdr3∆
MATa, xxx-GFP HIS5, pdr1∆::natR,
pdr3∆::URA3, can1∆::STE2pr-sp LEU2,

lyp1∆::HPH::NLS-RS2::TEF2pr mCherry, his3∆1,
leu2∆0, ura3∆0, met15∆0

xxx∆
pdr1∆pdr3∆

MATa, pdr1∆::natR, pdr3∆::URA3, xxx∆::KanR,

can1∆::STE2pr-sp HIS5, lyp1∆, his3∆1, leu2∆0,
ura3∆0, met15∆0, LYS2

Table 2.1: S. cerevisiae strains used in this report.

2.2.2 Materials

SC media amino acid mixture:

3 g adenine, 2 g alanine, 2 g asparagine, 2 g aspartic acid, 2 g cysteine, 2

g glutamic acid, 2 g glutamine, 2 g glycine, 2 g histidine, 2 g inositol, 2 g

isoleucine, 10 g leucine, 2 g lysine, 2 g methionine, 0.2 g

paraaminobenzoic acid, 2 g phenylalanine, 2 g proline, 2 g serine, 2 g

threonine, 2 g tryptophan, 2 g tyrosine, 2 g uracil and 2 g valine.

HEPES:

1M HEPES with a pH of 8.0.
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SC broth:

0.1% (w/v) monosodium glutamate W/O acids or ammonium sulphate

(Sigma-Life Sciences), 0.17% (w/v) Yeast Nitrogen Base (Formedium),

0.2% (w/v) amino acid mixture to suit (Formedium), 2% (w/v) glucose

(Sigma-Aldrich), 20 mM pH 8 HEPES (Formedium).

SC agar media:

0.1% (w/v) monosodium glutamate W/O acids or ammonium sulphate

(Sigma-Life Sciences), 0.17% (w/v) Yeast Nitrogen Base (Formedium),

0.2% (w/v) amino acid mixture to suit (Formedium), 2% (w/v) glucose

(Sigma-Aldrich), 2%, 20 mM pH 8 HEPES (Formedium) (w/v) agar

granulated bacteriological grade (Formedium).

Synthetic dropout (SD) broth:

Same as with SC broth but with appropriate amino acid(s) missing.

Synthetic dropout (SD) agar:

Same as with SC agar but with appropriate amino acid(s) missing.

Yeast extract peptone dextrose (YPD) media:

2% (w/v) yeast extract (Formedium), 2% (w/v) peptone (Formedium),

0.012% (w/v) adenine (Formedium), 2% (w/v) agar granulated

bacteriological grade (Formedium) and 2% glucose (Sigma-Aldrich).

YB broth:

0.5% (w/v) yeast extract (Formedium), 1% (w/v) tryptone (Formedium),

0.5% (w/v) NaCl (Thermo Fisher Scientific).
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YB agar:

0.5% (w/v) yeast extract (Formedium), 1% (w/v) tryptone (Formedium),

0.5% (w/v) NaCl (Thermo Fisher Scientific), 2% (w/v) agar granulated

bacteriological grade (Formedium).

Sporulation media:

1% (w/v) potassium acetate (Sigma Aldrich), 0.1% (w/v) yeast extract

(Formedium), 0.05% (w/v) glucose (Sigma-Aldrich), 0.2% (w/v) amino

acid mixture to suit (Formedium), 2% (w/v) agar (Formedium).

2.2.3 Compound preparation

All compounds were dissolved in dimethyl sulfoxide (DMSO)

(Sigma-Aldrich) to make a 200 mM stock solution, which was stored at

-20◦C.

2.2.4 Liquid-Based Bioactivity Assays

Bioactivity for the focused compound library was determined by

measuring yeast’s growth in the presence and absence of each compound.

Growth was measured in two strains, Y7092 and a pdr1∆pdr3∆ strain.

Y7092 and pdr1∆pdr3∆ were inoculated into a 2 mL synthetic complete

with HEPES (SC) broth from YPD agar and grown at 30◦C in a rotating

drum overnight. Optical density (OD) was measured at 660 nm using a

Jenway Genova MK3 spectrophotometer. Each culture’s cell density was

determined using an OD to cell count conversion. Y7092 and pdr1∆pdr3∆

cultures were then diluted in 10 mL of SCmedia to a final cell concentration

of 5x105 cells/mL. 100 µL of the diluted culture was added into a Biofill 96-

well tissue culture plate. 1 µL of relevant compound was added to each

well in triplicate to give a final concentration of both 100 µM and 10 µM.

The plate was then shaken at 1000 rpm for 60 seconds using a MixMate
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Eppendorf plate shaker. A t0 reading was then taken using the Perkin

Elmer Envision 2102 Multilabel plate reader, with software 1.13.3009.1401

at wavelength of 590 nm. Further absorbance readings were taken after

16 hours and every 2 hours after that until an OD of 0.4 was achieved the

control wells. OD values were normalised by subtracting the initial at time

zero. Residual growth was then calculated for each compound treatment

using the following equation

Residual Growth =
Absorbance(treated)

Absorbance(untreated)
× 100

2.2.5 Cytoxicity assay

pdr1∆pdr3∆ was cultured overnight in 2 mL of SC media at

30◦C with rotation. The culture was diluted to give a final concentration of

5x105 cells/mL. 1:5 serial dilutions of S13 were performed to give final

concentrations of 200 µM to 0.96 µM. 1 µL of each concentration was

added to the relevant well in triplicate. 1% of DMSO was used as a

vehicle control. The plate was incubated at 30◦C for 16 hours.

The 96 well plate was shaken at 1,000 rpm for 30 seconds and

an OD reading was taken as described is Section 2.2.4. The plate was

then centrifuged at 2,000 rpm using a Eppendorf centrifuge 5810 for five

minutes, the supernatant removed and the cells washed with 100 µL water.

The wash step was repeated twice to remove all compounds from solution.

Cells were suspended in 100 µL of water and pinned onto YPD agar plates.

Plates were incubated at 30◦C for 24 hours and pictures taken after 24

hours. Colonies were quantified using gitter, which measures colony size

based on pixel count (Wagih and Parts, 2014).
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2.2.6 Agar-Based Bioactivity Assays

Using a 24 well Biofill plate, 1 mL of SC agar was added to

each well followed by 1 µL of the respective compound. 1 in 2 serial

dilutions were performed. The plates were left to set and dried for 15

minutes under the Holten HB2460 LaminAir After drying the pdr1∆pdr3∆

strain was diluted to give three different concentrations of cells: 1×108

cells/mL, 1×104 cells/mL and 1×104 cells/mL. 2 µL of each yeast

concentration was spotted into each well. Plates were incubated at 30◦C

for 48 hours with pictures taken after 24 and 48 hours using a Canon

EOS 600D with EOS Utitlity software version 2.10.2.0.

2.2.7 PCR amplification

natMX4 and URA3MX4 genes were amplified from the p4339

(kind gift from Charles Boone, University of Toronto) and pAG60

(Euroscarf) plasmids respectively. PCR reagents and volumes are listed

in Table 2.3 and the primers used for each amplification are listed in Table

2.2. The PCR protocol used for both reactions is as follows: 105◦C

preheat, 94◦C initial denaturation (5 min), 94◦C denaturation (40 sec),

58◦C annealing (1 min), 68◦C extension (2 min) and 72◦C final extension

using an Alphatech Prime thermo cycler.

PCR products were visualised on a 1% agarose gel with

ethidium bromide to stain the DNA. Gels were visualised under an

Alphatech AlphaImager mini to ensure the product was the predicted size.
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Primer Name Primer Sequence

5’ PDR3-UraMX deletion F ACTGCATCAGCAGTTTTATTAATTTTTTC

TTATTGCGTGACCGCAACATGGAGGCC

CAGAATACCCT

3’ PDR3-UraMX deletion R CCATTTACTATGGTTATGCTCTGCTTCCC

TATTTCTTTTGCGTTTCAGTATAGCGACC

AGCATTCAC

A pdr3∆::URA3 confirmation

primer forward external

TACCGCCTAGGTAACCAT

B pdr3∆::URA3 confirmation

primer reverse internal

AATTCAACGCGTCTGTGAGG

C pdr3∆::URA3 confirmation

primer forward internal

GACACCTGGAGTTGGATT

D pdr3∆::URA3 confirmation

primer reverse external

TTATGAACACGCACAGGC

PDR1 deletion primer forward CATCTCAGCCAAGAATATACAGAAAAG

AATCCAAAAACTGGAAGACATGGAGG

CCCAGAATACCCT

PDR1 deletion primer reverse AGGAAGGAAGTTTTTGAGAACTTTTATC

TATACAAACGTATACGTCAGTATAGCG

ACCAGCATTCAC

A pdr1∆::natR confirmation

primer forward external

GCAGGACCATAGCGGCCA

B pdr1∆::natR confirmation

primer reverse internal

TACGAGACGACCACGAAGC

C pdr1∆::natR confirmation

primer forward internal

TGGAACCGCCGGCTGACC

D pdr1∆::natR confirmation

primer reverse external

CGCCTTTACTGGTGGGCC

Table 2.2: Primers used in this study
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PCR Reaction Mix Components Volume (µL)

ddH2O 18.38

dNTP mix 2

10x extaq buffer 2.5

forward primer (10 µM) 0.5

reverse primer (10 µM) 0.5

eqTaq 0.125

Template DNA 1

Table 2.3: PCR reaction mix. Components and volumes for a 25 µL PCR

reaction.

2.2.8 Yeast Transformations

The starting strain contained a double RFP attached to

hygromycin B resistance (lyp1∆::HphR::mCherry::RS2). µs strain was

first transformed with a pAG60 URA3 deletion cassette to generate a

pdr3∆::URA3 strain, then subsequently with a NatR deletion cassette to

generate a pdr1∆::NatR pdr3∆::URA3 strain. Both transformations were

performed as previously described, with partial alterations (Gietz and

Schiestl, 2007; Hill et al., 1991).

Cells were inoculated into a 5 mL culture of YPD and grown

overnight at 30◦C. The culture was then subcultured into 50 mL’s of YPD

with a starting OD of 0.2. µs culture was grown for a further 6 hours or

until an OD of 0.8 was achieved. Cells were pelleted by centrifugation

(get the centrifuge) at 3,000 rpm for five minutes. The supernatant was

removed and the cells were washed with 25 mL of water. The cells were

again pelleted by centrifugation at 3,000 rpm for five minutes and wash in

10 mL of 1M LiAc TE. The cells were pelleted once more by centrifugation

at 3,000 for five minutes and suspended in 1 mL 1M LiAc TE.

100 µL of the cell suspension was moved to a separate tube and
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Transformation mix components Volume

PEG 50% w/v 240 µL

LiAc 1 M 36 µL

SS-carrier DNA 50 µL
PCR amplified DNA

or

Plasmid DNA

34 µL

or

4 µL
Total volume 360 µL

Table 2.4: Transformation reaction mix

Transformation reaction mix

pelleted by centrifugation at 16,000 rpm for 30 seconds. The supernatant

was then removed. 326 µL of the transformation reaction mix without DNA

(Table 2.4) was added to each pellet followed by the appropriate DNA insert

or plasmid. The pellet was resuspended by repeatedly pipetting up and

down. The tubes were incubated at 30◦C for 30 minutes without shaking

but were inverted 10x every 10 minutes to stop cells pelleting. The cells

were then heat shocked at 42◦C for 20 minutes again with inversion every

10 minutes. 36 µL of DMSO was then added to each tube, which were

then incubated at 42◦C for five minutes.

After the heat shock cells are pelleted and resuspended in 1 mL

of YPD broth and incubated at 30◦Cwith rotation. After three hours the cells

were pelleted and suspended in 1 mL ddH2O. For plasmid transformations

20 µL of cells was plated onto SD-Ura agar using a cell spreader. For

PCR product transformations 150 µL, 300 µL and 500 µL volumes were

plated onto three separate plates of the appropriate selection using a cell

spreader. Plates were left for 30 minutes to sit before being incubated at

30◦C for two days.
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Query GFP Library

pdr1∆::NaTR PDR1

pdr3∆::URA3 PDR3

lyp1∆::HphR::mCherry::RS2::Ste2pr-LEU2 LYP1

can1∆ CAN1

his3∆ xxx-GFP::His5

Table 2.5: Strains used for SGA

2.2.9 Transformant Functional Validation

A dose response was performed using cyclohexamide (Sigma

Aldrich) as it is more potent in pdr1∆pdr3∆ mutant strains (Balzi et al.,

1987). A starting concentration of 4 mM cyclohexamide was used and

serial 1:5 dilutions performed until a concentration of 50 nM was reached.

Transformants were cultured in SD-URA + NAT overnight at

30◦C with ration. The starting strain as well as a separate pdr1∆pdr3∆

strain and the pdr3∆ transformant were cultured in SC media overnight at

30◦C with rotation. 100 µL of the overnight culture was added to 2 mL of

SC media and cultured for a further six hours. Cells were then diluted as

described in section 2.2.4 and 99 µL of each transformant was added to

the appropriate well in a 96 well plate. 1 µl of cyclohexamide described

above was added to the appropriate wells in triplicate giving final

concentrations of 40 µM to 0.5 nM. The 96 well plates were read as

described in section 2.2.4.

2.2.10 Synthetic Genetic Array Methodology

For the duration of this SGA the Singer ROTOR HDA (Singer

Instruments) was used for all pinning and mating steps. Unless stated all

pinning steps were performed in 384 colony format.

The GFP library (Invotrogen) consists of 4,159 MATa yeast
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strains, each with a different protein fused to a GFP protein using a

Histadine selection.

A pdr1∆::NatR, pdr3∆::URA3, lyp1∆::HphR::Mcherry::RS2

MATα was used as a query strain for the SGA (Table 2.5). 384 colony

query plates were generated my growing a 6 mL overnight culture and

pouring this onto a YPD Singer plate. Using The Singer ROTOR HDA

(Singer Instruments), the query plate was pinned into 384 colony format.

Mating Query with GFP library: Mass mating was achieved

by pinning the GFP library onto fresh YPD singer plates and the query

pinned directly on top, allowing mating to occur. Plates were incubated at

30◦C overnight.

Diploid Selection: MATa/α diploids generated from mating

were selected by pinning onto SD - HIS + NAT media to select for genetic

markers derived from each parent strains, removing any haploid cells.

The plates were incubated at 30◦C for two days.

Sporulation: Diploids were pinned onto enriched sporulation

media, which are deficient in nutrients, which stimulates dipoids to

sporulate generating haploid spores. These plates were incubated for

seven days at room temperature.

MATa Selection: MATa selection was achieved using the

MATa specific promoter STE2 promoter, which controls an attached

LEU2 gene. The attached LEU2 genes allows MATa cells to synthesis

their own leucine and grow on leucine deficient media.

can1∆ and lyp1∆ are another form of haploid selection. CAN1
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and LYP1 encode arganine and lysine permeases respectively, therefore

when deleted, cells can’t take up arganine and lysine. When treated with

arganine and lysine analogues Canavanine (Sigma Aldrich) and µalysine

(Sigma Aldrich), cells with functioning CAN1 and LYP1 genes can take up

these toxic analogues and are killed, whilst cells containing can1∆ and

lyp1∆ survive.

Cells from sporulation plates were therefore plated onto

SD-Leu/His/Arg/Lys + Canavanine + µalysine to select for MATa cells

with GFP proteins. These plates were grown for two days at 30◦C. µs

selection step was repeated again with cells plated back onto

SD-Leu/His/Arg/Lys + Canavanine + µalysine and grown for one day at

30◦C.

MATa + URA3 Selection: To select for pdr3∆::URA3, cells

were grown on SD-Leu/His/Arg/Lys/Ura + Canavanine + µalysine for two

days at 30◦C.

MATa + URA3 + HphR Selection: To select for

lyp1∆::HphR::mCheery::RLS2, cells were grown on

SD-Leu/His/Arg/Lys/Ura + Canavanine + µalysine + Hygromycin B

(Formedium) for two days at 30◦C.

MATa + URA3 + HphR + NatR Selection: To select for

pdr1∆::NatR, cells were grown on SD-Leu/His/Arg/Lys/Ura + Canavanine

+ µalysine + Hygromycin B (Formedium) + NAT for two days at 30◦C. µs

selection step was repeated twice with cells plated back onto

SD-Leu/His/Arg/Lys/Ura + Canavanine + µalysine + Hygromycin B
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(Formedium) + NAT for one days at 30◦C

2.2.11 Genomic Extraction

Each yeast strain was inoculated into 2 mL of YPD broth and

incubated overnight at 30◦C. 1.5 mL of the overnight culture was

centrifuged at 16,000 rpm for 30 seconds and the supernatant removed.

50 µL of glass beads, 250 µL of breaking buffer (2% Triton, 1% SDS, 100

mM NaCl, 10 mM TRIS pH 8, 1mM EDTA) and 250 µL of

phenol:chloroform:isoamyl alcohol (25:24:1) was added to the pellet and

briefly vortexed. The cells were then centrifuged for 10 minutes at 16,000

rpm and the aqueous phase removed and added to a separate tube. 200

µL of chloroform (Fisher Chemicals) was added to the isolate,vortexed for

30 seconds on high and centrifuged for 10 minutes at 16,000 rpm. The

aqueous phase was removed and added to a separate tube. 1 mL of

100% ethanol (Pure Science) and 40 µL of 3M NaAC with a pH of 5.3

was added to the solution. Tubes were then inverted 10x and stored at

-20◦C for 20 minutes. The solution was then centrifuged for 10 minutes at

16,000 rpm and the supernatant removed. The resulting pellet was then

washed in 70% ethanol and centrifuged at 16,000 rpm for 5 minutes. The

ethanol was removed and the pellet dried in a Holten HB2460 LaminAir.

Once dry the gDNA was suspended in 1M TE and incubated at 65◦C for

10 minutes to disolve the pellet. Extracted gDNA was stored at -20◦C.

2.2.12 Plasmid Extraction

Escherichia coli containing plasmids with an ampR cassette

were streaked onto YB + Amp agar media and grown overnight at 37◦C.

A single colony was inoculated into 2 mL of YB broth + Amp and

incubated overnight at 37◦C with shaking. The culture was then pelleted

by centrifugation at 12,000g for 30 seconds and the media removed.
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The cell pellet was resuspended in 100 µL of ice cold solution I

(50 mM glucose (Sigma Aldrich), 25 mM TRIS pH 8.0 (Formedium), 10 mM

EDTA pH 8.0 (Aplichem)) by vortexing. 200 µL of fresh solution II (1:1, 0.2

M NaOH (Fisher Chemicals): 1% SDS (invitrogen)) was then added and

the tube was inverted rapidly so that the whole surface came into contact

with the solution. 150 µL of solution III (60:11.5:28.5, 5 M KAC (Sigma

Aldrich): glacial acetic acid: ddH2O)) was added and mixed in by light

vortexing for 10 seconds. The tube was then left to sit on ice for three

minutes.

The resulting bactarial lysate was then centrifuged at 16,000g for

5 minutes and the supernatant transferred to a new tube. 2 volumes 100%

ethanol was added to precipitate the DNA. The tube was then vortexed

and left to sit at 4◦C for five minutes, before centrifuging at 16,000g for five

minutes. The supernatant was removed and the pellet washed in 1 mL of

70% ethanol and centrifuged at 16,000g for 5 minutes. The ethanol was

removed and the pellet was left to air dry in a Holten HB2460 LaminAir.

The pellet was suspended in 50 µL of 1M TE pH 8.0, vortexed briefly and

incubated at 37◦C for 15 minutes to dissolve the pellet. Extracted plasmid

DNA was stored at -20◦C.

2.2.13 PCR confirmation

Transformants were confirmed via PCR using A and D, A and

B, and C and D primers (Table 2.2). A and D primers give a different

sized product depending on whether the resistance cassette is inserted.

Whereas A and B, and C and D primers only amplify if the deletion

cassette is inserted into the correct space in the genome (Fig. 2.1).
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2.2.14 High-throughput microscopy

The pdr1∆pdr3∆ GFP library consists of 11 plates and

approximately 4,100 strains. The library was pinned in 384 colony format

onto SC agar and grown overnight at 30◦C. Plates were then pinned

again onto SC media in 384 colony format and grown for 16 hours at

30◦C. Each plate was staggered by 1 hour so that 16 hours of growth was

achieved. After precisely 16 hours, cells were pinned into a 384 well

Perkin Elmer Cell Carrier, optically clear bottom tissue culture plate with

either 1% DMSO or 10 µM S13 using the following settings: using 384

long pin repads cells from the source plate were picked up with a 0.15

mm offset and inoculated into the 384 well tissue culture plate using a 2D

wet mix with 20 rotations. The plates were then shaken for 15 seconds at

2,000 rpm and incubated for 6 hours at 30◦C. After incubating each 384

well plate was run through a Perkin Elmer Opera high-throughput

confocal microscope to capture images of each well using the settings

listed in Table 2.6.

2.2.15 Automated image analysis

Images were analysed using AcapellaTM software as

previously described (Bircham et al., 2011). Each GFP strain contains two

two RFP markers, mcherry, a low intensity cytoplasmic marker and Red.

Star2, a nuclear marker. The RFP markers were used to recognise cells

by the software as well as normalisation of fluorescence within each cell

so that each cell can be compared as each cell should express consistent

levels of RFP. Gene enrichment was determined using Gene Mania

(Warde-Farley et al., 2010). For secondary analysis the GFP and RFP

expression levels were measured as pixel intensity by using a automated

quantitative pipeline developed by Senanayake (2017, unpublished).
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Figure 2.1: TransformationConfirmation Primers. A, B, C andD primers

are used to confirm insertion of the resistance cassette into the correct

genomic location. Primers A and D are located in the genome whilst primer

B and C and unique for the inserted resistance Cassette. Therefore in the

wild-type (A), only primers A and D will amplify. Whereas in the deletion

mutant (B) primers A and D will amplify as well as A and B, and C and D.

Therefore you can use these primers to determine if the deletion cassette

has inserted in the correct location.

Parameter Setting

Focus height 4 µm

Camera 1 and 2 exposure time 400 ms

Camera 1 and 2 binning 2

Laser 1 power 2000 µW

Laser 2 power 900 µW

Laser 1 colour 488

Laser 2 colour 561

Filter camera 1 520/35

Filter camera 2 600/40

Filter detect dichro 568

Filter primary dichro 405/488/561/640

Lens magnification 60x

Table 2.6: High-throughput microscopy parameters and settings.

Perkin Elmer Opera high-throughput confocal microscope settings used

for high-throughput GFP microscopy screen.
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2.2.16 Filipin staining of ergosterol microscopy

An overnight culture of pdr1∆pdr3∆ cells was grown and diluted

to a starting concentration of 2.55 x 106 cells/mL. Yeast were grown for 6

hours in 2 mL of SC broth either treated with 10 µM S13 or 1% DMSO as a

vehicle control. 500 µL of broth was removed and pelleted by centrifugation

at 13,000 rpm for 5 minutes. The pellet was resuspended in YPD broth

with 2 µL of 25 mg/mL filipin in DMSO giving a final concentration of 100

µg/mL. Samples were viewed immediately after staining on an Olympus

BX63 Upright Microscope under a DAPI filter using cell Sens Dimension

version 1.15.

2.2.17 Calcofluor white staining of chitin

Calcofluor white staining was performed as previously

described (Lindstrom and Gottschling, 2009). An overnight culture of

pdr1∆pdr3∆ cells was grown and diluted to a starting concentration of

2.55 x 106 cells/mL. Yeast were grown for 6 hours in 2 mL of SC broth

either treated with 10 µM S13 or 1% DMSO as a vehicle control. Cells

were stained with 0.1 mg/mL of calcofluor white (Sigma Aldrich) for 5

minutes and washed 3 times with PBS then visualised. Images were

taken on the Olympus BX63 Upright Microscope under a DAPI filter using

cell Sens Dimension version 1.15.

2.2.18 GFP-ATG8 as a marker for autophagy

pdr1∆pdr3∆ cells were transformed with a plasmid containing

a GFP-Atg8 cassette (Addgene). ATG8-GFP was used as a marker for

autophagy according to (Klionsky et al., 2016). Overnight cultures of

pdr1∆pdr3∆ cells were grown at 30◦C with rotation. The overnight

culture was diluted in 2 mL of SC broth to a starting culture of 2.55 x 106

cells/mL and were treated for 16 hours with 10 µM S13 or 1% DMSO as a
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vehicle control. Cells were then was twice with SD-N and resuspended in

2 mL of SD-N. 1 mL of the culture was centrifuged at 13,000 rpm and

resuspended in 50 µL of SD-N and visualised using a Olympus BX63

Upright Microscope using cell Sens Dimension version 1.15 under a FITC

filter. The other mL was resuspended in 2 mL of SD-N with or without 10

µM S13 and incubated for a further 4 hours. After 4 hours the culture was

centrifuged at 13,000 rpm and resuspended in 50 µL of SD-N and

visualised as before. Cells were determined to be performing autophagy

if ATG-8 localised primarily to the vacuole. Cell counting was performed

using the built function in ImageJ. At least 300 cells were counted for

each treatment and time-point using the multi-point function in ImageJ.

Cells that showed a clearly sick, dead phenotype or lacked any

detectable GFP signal were ignored.

2.2.19 Chloroquine staining of vacuolar pH

Staining was performed as previously described (Watanabe et

al., 2005). pdr1∆pdr3∆ cells were diluted to a starting concentration of

2.55 x 106 cells/mL from an overnight culture of pdr1∆pdr3∆ or the relevant

triple deletion mutant. pdr1∆pdr3∆ was treated with or without 10 µM S13

for 6 hours whereas the triple deletions were grown for 6 hours in SC with

1%DMSO. Cells were centrifuged and resuspended in 0.2 M phosphate

buffer containing 2%glucose and 10mMchloroquine (SigmaAldrich) for 20

minutes at 30 ◦C. Cells were visualised instantly using an Olympus BX63

Upright Microscope using cell Sens Dimension version 1.15.

2.2.20 MUP1 localisation assay

pdr1∆pdr3∆ cells were transformed with a plasmid containing

a Mup1-GFP (a kind gift from Scott Emr, Cornell University). An overnight

culture of pdr1∆pdr3∆ cells containing a MUP1-GFP plasmid were grown
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at 30◦C with rotation. The overnight culture was diluted giving 2.55 x 106

cells/mL, which were grown for 6 hours with or without 10 µM S13. 1%

DMSO was used as a vehicle control. Cells were visualised using a

Olympus BX63 Upright Microscope using cell Sens Dimension version

1.15 under a FITC filter.

2.2.21 FM4-64 staining of the vacuole

FM4-64 staining was performed as previously described (Vida

and Emr, 1995). From an overnight culture of pdr1∆pdr3∆, cells were

diluted to give a starting concentration of 2.55 x 106 cells/mL and were

treated with or without 10 µM S13 for either 6 hours at 30◦C. After

incubation, cells were centrifuged at 13,000 rpm for 1 minute, the

supernatant removed and resuspended in 50 µL of YPD. 1.25 µL of 1.6

mM FM4-64 (ThermoFisher) was added to each culture, with a final

concentration of 25.6 µM. Cultures were then shaken at 23◦C for 30

minutes. After 30 minutes cells were washed once with water and

resuspended in 30 µL of SC broth with or without 10 µM S13. Cells were

visualised at 20, 60 and 240 minutes after FM4-64 staining.
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2.3 Results

2.3.1 Phenotypic screen shows S13 is the most potent

compound from focused benzopyran library

Baker’s yeast (S. cerevisiae) was used as a model organism to

evaluate bioactivity of a novel benzopyran library. The phenotype

screened was growth inhibition of S. cerevisiae in a liquid medium. Two

strains of S. cerevisiae were used, a wild-type Y7092 strain and a

pdr1∆pdr3∆double deletion mutant in the Y7092 background. PDR1 and

PDR3 are zinc finger proteins, upregulated during xenobiotic treatment,

that function as homodimers or heterodimers and act as transcription

factors for ABC transporters (Mamnun et al., 2002; Schuller et al., 2007).

ABC transporters are drug efflux pumps that actively pump xenobiotics

from the cell. Deletion of PDR1 and PDR3 decreases ABC transporter

expression and increase sensitivity to compounds that would normally be

pumped out (Balzi et al., 1987; Coorey et al., 2015; Delaveau et al.,

1994). Both strains were tested with serial dilutions of each compound in

triplicate with 200 µM as the highest concentration and 0.8 µM as the

lowest. Residual growth was calculated by taking the percentage of

treated cell growth compared to control (untreated) cells.

Most compounds showed residual growth of 100% at each

concentration tested, indicating they elicit no growth inhibition and are not

bioactive in yeast (Fig. 2.2). S13 was the most bioactive molecule from

the compound library showing growth inhibition at each concentration

tested. S13 showed slight growth inhibition in Y7092, with an IC20 of 200

µM. However, S13 was significantly more potent in the pdr1∆pdr3∆

mutant compared to Y7092 with an IC20 of 800 nM, a 250-fold decrease
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compared to the concentration required in the wild-type. S12 was the

only other compound bioactive at concentrations lower than 10 µM with

an IC20 between 3-8 µM, approximately 10-fold higher than S13. S9 and

S33 both showed approximately 50% inhibition at 100 µM in pdr1∆pdr3∆

and about 10% growth inhibition in Y7092 at 200 µM. S11, S14, S15, S21

and S23 all showed activity at 200 µM in pdr1∆pdr3∆ but not in Y7092.

These results indicate the compound library can induce growth inhibition

in S. cerevisiae with nine out of 14 showing bioactivity at the tested

concentrations.

An S13 dose response was conducted on agar to determine the

type of media that exhibited the greatest bioactivity. Cells were treated with

serially diluted S13 starting at 4 µM, which showed to be inhibitory in the

liquid dose response. Cells displayed growth inhibition at concentrations of

S13 as low as 0.5 µM after 24 hours and 1 µM at 48 hours (Fig. 2.3). This

result indicates that S13 has approximately the same bioactivity in agar as

it does in liquid broth.

These data indicate that S13 is themost potent molecule in yeast

from a focused benzopyran library and is as active in liquid broth as solid

media. Unless stated otherwise all future experiments are conducted using

liquid broth.

2.3.2 S13 is a pdr5 substrate

Pdr1p and Pdr3p control the expression of a large number of

genes including ABC-transporters (DeRisi et al., 2000). An additional

dose response was performed to determine whether ABC-transporters

mediated the resistance seen in Y7092 cells. If ABC-transporters were

involved the efflux of S13 from the cell then deletion of these genes

should cause the same sensitivity seen in pdr1∆pdr3∆ mutants. Three
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Control 4 M 2 M 1 M 0.5 M 0.25 M

24 Hours

48 Hours

Figure 2.3: S13 is bioactive in solid media. pdr1∆pdr3∆ was spotted at

1 x 108, 1 x 106 and 1 x 104 cells/mL onto agar with or without S13 (4, 2,

1, 0.5 and 0.25 µM) and incubated for 48 hours, with photographed at 24

and 48 hours.

ABC-transporter mutants: pdr5∆, snq2∆ and yor1∆ were treated with

S13. All three deletion mutants showed increased sensitivity to S13

compared to the wild-type. However, snq2∆ (Fig 2.4A) and yor1∆ (Fig

2.4B) both showed significantly less sensitivity to S13 treatment relative

to the pdr1∆pdr3∆ mutant. On the other hand pdr5∆ showed no

significant differences to S13 treatment compared to pdr1∆pdr3∆ at any

of the concentrations tested (Fig 2.4C). These results indicate that S13 is

predominately a Pdr5p substrate, however it is likely Snq2p and Yor1p

both efflux the compound but to a lesser extent. The lack of significant

differences in S13 sensitivity between pdr1∆pdr3∆ and pdr5∆, indicates

that the increased sensitivity of pdr1∆pdr3∆ compared to the wild-type is

due to S13 efflux from the cell.

2.3.3 The benzopyran compound library is cytostatic

In order to determine whether or not the S13 is cytotoxic or

cytostatic, a dose response was performed by treating with the same

concentrations used in Figure 2.2. The maximum concentration was not

used due to precipitation of compounds at this concentration. Cells were

treated for 16 hours with S13 and spotted onto YPD agar and grown for
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A B

C

Figure 2.4: S13 is pdr5p substrate. Residual growth of Y7092,

pdr1∆pdr3∆, snq2∆ (A), yor1∆ (B) and pdr5∆ (C) grown in the presence

of increasing concentrations of S13. Data shown asmean±SD of triplicate

cultures, significance compared to pdr1∆pdr3∆; * p ≤ 0.05, ** p ≤ 0.01,

*** p ≤ 0.001, student’s T-test.
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Figure 2.5: S13 is cytotoxic. Dose response showing pdr1∆pdr3∆
treated with S13 at concentrations ranging from fully inhibitory to not

inhibitory. Cells were treated with each compound in SC broth at a range

of concentrations, then washed and pinned onto YPD agar and grown at

30◦C. Photographs were taken at 24 hours after pinning. Data shown as

mean ± SD of triplicate cultures; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001,

student’s T-test relative to 0 µM.

24 hours. It was assumed that if S13 was cytotoxic then there would be

no growth at the highest concentrations due to cell death. Likewise, if S13

was cytostatic, then there would be slower growth at the higher

compound concentrations due to fewer cells being present but colonies

would still form over time. Even at 200 µM, the highest concentration,

S13 was not completely toxic as there was cell growth at every spot (Fig.

2.5). However, there was significantly smaller colonies at higher

concentrations. S13 showed the greatest growth inhibition with

concentrations as low as 1.6 µM showing significantly less growth

compared to the control at all concentrations but the lowest tested (0.8

µM).
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2.3.4 S13 treatment induces upregulation of ergosterol

biosynthesis proteins

As high-throughput microscopy has been used previously to

determine protein abundance and localisation changes in response to

chemical perturbation (Bircham et al., 2011; Tkach et al., 2012), this

method was utilised to determine changes in the proteome due to

treatment with S13. Therefore to perform a high-throughput microscopy

screen, a GFP library had to be constructed with the pdr1∆pdr3∆

background. First, PDR1 and PDR3 were deleted from a wild-type strain

with a double-RFP construct containing mCherry (a nuclear marker) and

RedStar2 (a cytoplasmic marker) (gift from Namal Coorey in our lab),

using a NatR and a URA3 cassette respectively. This newly made

pdr1∆pdr3∆ strain containing a double-RFP construct was used as the

query strain for the Synthetic Genetic Array in which the query strain was

mated into a library of yeast strains, each with a different protein tagged

with a GFP at the carboxyl-terminal. The end result was a library of

approximately 4,100 strains with a pdr1∆pdr3∆ background, each

containing a unique genome integrated GFP-tagged protein and a

double-RFP construct for use in high-throughput microscopy.

Increasing drug concentrations can lead to off target effects due

to target saturation (Marton et al., 1998). The pdr1∆pdr3∆ GFP collection

was treated with 10 µM S13, which induces approximately 75% inhibition,

in order to ensure S13 induced a strong phenotype in six hours and not to

saturate yeast with S13. This concentration was chosen due to the large

amount of inhibition exhibited, so that S13 induced phenotypes should be

visible after only six hours of treatment. The entire library was treated with

or without 10 µM S13 for 6 hours visualised using a Perkin Elmer OPERA
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high-throughput confocal microscope. Cells were simultaneously excited

by a 488 and 561 laser to visualise both the GFP and RFP respectively.

The initial screen was performed in singleton, with each strain only having

a single well tested. A total of three fields of view (images from different

locations within the well), were taken for each strain in a 384 well plate.

Automated image analysis was performed using Acapella software, which

used the cytoplasmic and nuclear RFPs to recognise cells and quantify the

GFP intensity at a single cell level (Bircham et al., 2011).

When cells are treated with a compound it is expected that the

majority of proteins do not change in abundance therefore, GFP signals

should remain constant for these strains (Tkach et al., 2012).

Accordingly, treated and non-treated GFP signals should form a linear

regression when plotted against each other. Cells with lowly abundant

GFP signals may exhibit auto-fluorescence, therefore potentially showing

change in intensity when none is present (Breker et al., 2013). GFP

strains that had a fluorescence value less than the lowest intensity value

plus 1.5x the median absolute deviation in both the control and S13

treatment were removed from the analysis. Strains that had fewer than

25 cells per strain for either the control or treated were also omitted,

leaving 3,029 strains for analysis.To explore the S13 screen data, logged

median control GFP intensity and logged median treated intensity from

the remaining 3,029 strains were compared. The graph shows a strong

linear relationship (r2 = 0.97) between both the treated and control

indicating fluorescence levels did not deviate significantly therefore any

changes are likely authentic (Fig. 2.6).

Automated image analysis identified proteins that were

upregulated, proteins that were downregulated and proteins with altered
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Figure 2.6: Control-Treated GFP intensity. Control and treated GFP

intensities for each strain were logged and compared. Strains with less

GFP intensity than the strain with the lowest intensity GFP plus 1.5xmedian

absolute deviation or contained less than 25 cells were omitted. A total of

3,029 strains were compared between treated and control.

localisation. As high-throughput assays inherently contain increased false

discovery rate (e.g., false positives), strains that were either upregulated

or re-localised were pinned to a separate plate and validated.

Confirmations were performed by using the same microscope parameters

used for the initial screen but two replicates were used instead of one.

Each pair-wise comparison between control and treated duplicates was

performed using the same automated analysis conducted in the initial

screen as well as a secondary method to confirm the original results (Fig.

3.2). Each of these strains was also treated with S12 to determine any

phenotypic differences to S13 treatments Both S13 and S12 treatments

showed a high amount of concordance in regards to the proteins

upregulated due to treatment (Fig. 2.7). 13 strains showed a 1.2 fold

increase in both S12 and S13 with there 5 and 4 unique strains

respectively.

The median GFP for each treatment and control was
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normalised to their respective median RFP. GFP intensity values from

strains with a 1.2 fold increase in intensity were then logged and

visualised using a heat map (Fig. 2.8). Nearly half of the 16 upregulated

proteins were involved the ergosterol biosynthesis (ERG3, ERG5,

ERG28, ERG10, ERG11, ERG13, ERG25, ERG27, ERG28 and MVD1)

(Fig. 2.8). The upregulated genes were involved throughout the synthesis

of ergosterol (Fig. 2.9), and showed dose dependent upregulation (Fig.

2.10). Yeast treated with S13 showed most upregulation of ergosterol

biosynthesis proteins at 10 µM and 5 µM after 6 hours treatment, whilst

for all proteins 1.5 µM shows no significant upregulation. Treatment with

20 µM S12 displays similar upregulation patterns to 10 µM S13

treatment. These data indicate that both S12 and S13 upregulate

ergosterol biosynthesis proteins and for S13 the level of upregulation is

dependent on concentration.

To determine the interactions between the genes upregulated

by S13 treatment, GeneMania was used to plot network diagrams and

determine enrichment and interactions. The steroid metabolic process

was significantly enriched (false discovery rate = 3.74 × 10−15) with 10

out of the possible 16 proteins upregulated with S13 treatment (Fig. 2.11).

There was no significant enrichment other than sterol biosynthesis found

in proteins upregulated with S13 treatment. Proteins that were

upregulated but not involved in ergosterol biosynthesis include Sam2p,

involved in the transfer of an adenosyl group onto methionine, Tir1p, a cell

wall mannoprotein, Aft2, involved in the removal of damaged sterols and

Yhb1, involved in the oxidative and nitrosative stress responses (Table

2.7). As expected, these proteins showed a large amount of genetic (Fig.

2.11A) and physical (Fig. 2.11B) interactions as well as co-localisation
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4 513

S13 S12

Figure 2.7: S13 and S12 show high concordance between upregulated

genesVenn diagram showing number of strains that had 1.2 fold increase

in GFP intensity in S13 and S12 treatments

(Fig. 2.11C) due to the ergosterol biosynthetic proteins being involved in

the same biological process. A number of the genes have human

homologues, however the genes involved in the later steps of ergosterol

biosynthesis do not have a human homologue (Table. 2.7). Whilst these

genes do not have human homologues, the sterol biosynthesis pathway

is conserved between yeast and mammals (Nielsen, 2009).

2.3.5 S13 treatment increases vacuole size

The high-throughput microscopy screen showed two clear

phenotypes involving the vacuole. The first phenotype was that the

vacuole was more prominent in S13 and S12 treated cells. GFP-proteins

that localised to the vacuole membrane showed a more defined vacuolar

membrane when treated with S13 (Fig. 2.12A). Neither Ypq1-GFP, a

cationic amino acid transporter (Jzgou et al., 2012), nor Cot1-GFP, a

vacuole membrane zinc transporter (Conklin et al., 1994), show any

change in abundance between the treated and control. Control cells

showed slightly fragmented vacuole morphology yet in treated this
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Figure 2.8: S13 treatment induced upregulation of ergosterol

biosynthesis genes. Total GFP intensity values for each strain were

normalised to their respective RFP intensity value, then logged and

visualised in a heat map for each control and treated replicate.
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HMG-CoA

Mevalonate

Mevalonate-5-phosphate
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Geranyl-pyrophosphate
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Lanosterol

4,4-dimethyl-cholesta-8,12,24- 
trienol

5,7,24(28)-Ergosta-trienol
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Figure 2.9: Ergosterol biosynthesis pathway showing genes

upregulated in S13 treatment. Ergosterol biosynthesis pathway

highlighting genes with a 1.2 fold GFP intensity increase during S13

treatment in green.
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Figure 2.10: S13 and S12 treatment upregulates genes involved

in ergosterol biosynthesis Ergosterol biosynthesis pdr1∆pdr3∆ GFP

strains were treated with S13 (10 µM, 5 µM and 1.5 µM) and S12 (20 µM)

for 6 hours, then visualised using a Perkin Elmer Opera high-throughput

confocal microscope. Each treatment was normalised to the RFP in the

control frame
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A BA B

C

Genetic Interaction
Physical Interaction

Colocalisation

Figure 2.11: Network summaries of S13 screen. Network diagrams

showing (A) genetic interactions, (B) physical interactions, and (C)

colocalisation for proteins that had a 1.2 fold increase in GFP intensity

due to S13 treatment. Nodes coloured red indicate proteins involved with

steroid metabolic processes (false discovery rate = 3.74× 10−15). Network

diagrams and enrichment were made using Gene Mania.
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phenotype is abolished with one distinct vacuole being presented in the

majority of cells. Both Ypq1-GFP and Cot1-GFP show distinct vacuolar

membranes in S13 treatments at 10 µM and 5 µM as well as 20 µM S12

treatment. Cot1-GFP showed clear vacuole membranes at 1.5 µM, whilst

Ypq1-GFP showed moderate membrane localisation. An increased

number of punctate Cot1-GFP structures were seen in 10 µM and 5 µM

S13 treatments but not 1.5 µM or S12 treatment. These results were

backed up by cytoplasmic GFP-tagged proteins, such as Eno1-GFP (a

phosphopyruvate hydratase that catalyses formation of

phosphoenolpyruvate), which showed a more prominent non-fluorescent

space for the vacuole in S13 treated cells at all concentrations and

compounds tested (Fig. 2.12B). Due to the normalisation methods used

to display images it can appear like the nucleus is extra-cellular.

However, this is due to the GFP intensity drowning out the cytoplasmic

RFP marker (Fig. 3.1).

The other phenotype saw a number of proteins, especially

plasma membrane transporters, localised to the vacuolar lumen (Fig.

2.13). Thi7-GFP, a thiamine transporter (Singleton, 1997), and Fet4-GFP,

a low affinity iron transporter (Dix et al., 1994), showed an increase in

localisation to the vacuole lumen at all concentrations of S13 and S12

treated. However, not all plasma membrane transporters showed the

same vacuolar localisation phenotype, for example, Hxt6-GFP, a

high-affinity glucose transporter (Reifenberger et al., 1995), did not show

the same degree of vacuolar lumen localisation that other membrane

transporters showed. These data indicate that S13 treatment increases

the size of yeast’s vacuole and this may be related to increased protein

localisation to the vacuole.
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Figure 2.12: S13 and S12 treatment increases prominence of the

vacuole membrane. Vacuole membrane pdr1∆pdr3∆ GFP strains Ypq1-

GFP and Cot1-GFP, and cytoplasmic GFP strain Eno1-GFP were treated

with S13 (10 µM, 5 µM and 1.5 µM) and S12 (20 µM) for 6 hours,

then visualised using a Perkin Elmer Opera high-throughput confocal

microscope. Each treatment was normalised to the RFP in the control

frame.

Figure 2.13: S13 and S12 treatment increases localisation of

membrane transporters to vacuole lumen. Plasma membrane

pdr1∆pdr3∆ GFP strains Thi7-GFP, Fet41-GFP and Hxt6-GFP were

treated with S13 (10 µM, 5 µM and 1.5 µM) and S12 (20 µM) for 6 hours,

then visualised using a Perkin Elmer Opera high-throughput confocal

microscope. Each treatment was normalised to the RFP in the control

frame.
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2.3.6 S13 treatment does not alter cell wall or membrane

morphology

Ergosterol is a vital component of the fungal plasma

membrane, as shown by many of the genes involved with ergosterol

biosynthesis pathway being essential, making them key targets for

antifungals (Tsay and Robinson, 1991; Yoshida and Aoyama, 1987). A

number of genes involved in ergosterol biosynthesis were upregulated

(Fig. 2.10). Filipin staining was performed to determine whether there

was a change in ergosterol distribution in the plasma membrane. Filipin

specifically binds to un-esterified cholesterol (in mammals) and ergosterol

(in yeast) and is commonly used to visualise sterol defects (Fei et al.,

2008; Hankins et al., 2015). Cells were grown with and without 5 µM S13

for 16 hours and visualised using fluorescent microscopy. 16 hours was

chosen to give cells time to accumulate any defects that S13 may be

inducing. There was no change in ergosterol distribution in cells treated

with S13 compared to control cells (Fig. 2.14A).

Ergosterol is also involved in the dynamic homeostasis of the

plasma membrane (Guan et al., 2009) calcofluor white staining was also

performed to determine whether S13 treatment induced changes in cell

wall morphology. Calcofluor white specifically binds to chitin in the cell wall

(Elorza et al., 1983). Cells were again treated with 5 µM S13 for 16 hours

and visualised using fluorescent microscopy. No changes were seen in

the chitin distribution of the cell wall under S13 treatment (Fig. 2.14B).

Together, these data indicate that S13 is not interfering with ergosterol and

chitin in the plasma membrane.

To determine whether the increased expression of ergosterol

biosynthesis proteins is involved in resistance to S13, a number of
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Figure 2.14: S13 has no affect on ergosterol or chitin distribution.

pdr1∆pdr3∆ cells were treated with or without 5µM S13 for 16 hours and

stained with either 100 µg/mL filipin (A) or 0.1 mg/mL Calcofluor-White

(CFW) (B) and visualised using a fluorescence microscope.

ergosterol biosynthetic mutants were treated with S13. Cells were treated

with 1.5 µM S13, which is a minimally inhibitory concentration and

residual growth was calculated. erg3∆, erg5∆ and erg24∆ all showed

similar residual growth to the wild-type (Fig. 2.15). However, erg2∆

showed significantly increased growth compared to the wild-type and the

control with approximately 130% residual growth. erg6∆ was sensitive to

S13 treatment showing a 15% increase in inhibition compared to the

wild-type. These results suggest that ergosterol biosynthesis is involved

in the growth inhibition caused by S13.

2.3.7 S13 treatment inducesGFP-Atg8 localisation to the

vacuole but autophagy is not required for inhibition

Macroautophagy (herein referred to as autophagy) involves the

formation of a double layer membrane vesicle termed the

autophagosome. The autophagosome fuses with the vacuole releasing

cytoplasmic content for degradation by the hydrolases in the acidic

vacuolar lumen. Autophagosome formation involves the recruitment of

various autophagy related (Atg) proteins such as Atg1p, Atg8p, Atg13p
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Figure 2.15: Ergosterol biosynthesis genes are invovled in the

mechanism for S13. Residual growth of pdr1∆pdr3∆ (WT) strains

containing ergosterol biosynthesis gene deletions treated with or without

1.5 µM S13. Data shown as mean ± SD of triplicate cultures; * p ≤ 0.05,

** p ≤ 0.01, *** p ≤ 0.001, student’s T-test relative to WT

(Orsi et al., 2012; Scott et al., 2000). Increased autophagy due to

chemical perturbation, such as by rapamycin treatment, has been shown

to increase vacuole size in S. cerevisiae (Chan and W. F. Marshall, 2014).

GFP-Atg8 was used as a proxy for autophagy induction to determine

whether autophagy could be involved in the increase in vacuole size and

the mislocalisation of plasma membrane transporters to the vacuolar

lumen.

A pdr1∆pdr3∆ strain was transformed with a plasmid

containing a GFP-Atg8 construct. GFP-Atg8 is frequently used as a

marker for autophagy as it localises to the cytoplasm during growth in rich

media but re-localises to the vacuole when autophagy is induced

(Shintani and Klionsky, 2004). pdr1∆pdr3∆ cells expressing GFP-Atg8

were treated with 5 and 1.5 µM S13 for 16 hours in SC-Ura media and
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visualised. Cells treated with 1.5 or 5 µM S13 showed approximately

60% and 80% of cells with GFP-Atg8 localisation in the vacuole

respectively (Fig 2.16A & B). This was in marked contrast with control

cells that only showed 6% of cells with GFP-Atg8 localisation to the

vacuole. This result indicates that S13 treatment induces increased

localisation of GFP-Atg8 to the vacuole.

Autophagy requires autophagosomes to fuse with the vacuole

membrane, releasing its contents for degradation (Xie and Klionsky,

2007). A number of gene deletions involved in vesicle fusion at the

vacuole were treated with S13. Mon1p and Ccz1p form a heterodimeric

guanine nucleotide exchange factor that acts upon the GTPase Ypt7p via

longin domains (Cabrera et al., 2014; kucharczyk et al., 2000;

Meiling-Wesse et al., 2002; Wang et al., 2003). Deletion of either CCZ1

or MON1 inhibits autophagy via reduced fusion of both CVT pathway

vesicles and autophagosomes at the vacuole (kucharczyk et al., 2000;

Meiling-Wesse et al., 2002). Vam3p and Vam7p are t-SNARE proteins

that are involved in the docking and fusion of transport intermediates at

the vacuole (Nair, Jotwani, et al., 2011; Sato et al., 1998). Deletion of

MON1 or CCZ1 show significant resistance to S13 treatment with nearly

no inhibition present at a 1.5 µM treatment compared to 35% in the

control (Fig. 2.18). vam3∆ and vam7∆ also showed significant

resistance to S13 treatment with 10% inhibition at 1.5 µM of S13 (Fig.

2.18). These data show that reducing vesicle fusion at the vacuole resists

S13 induced growth defects, indicating that vesicular fusion in some way

mediates the mechanism of action of S13.

If S13 resistance is due to inhibition of autophagy then gene

deletions directly involved in autophagy should show a similar phenotype.
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A BDIC GFP-Atg8

Control

1.5 M

5 M

Figure 2.16: S13 treatment induces increased localisation of GFP-

Atg8 to the vacuole Percentage of (A) pdr1∆pdr3∆ GFP-Atg8 cells

treated with or without S13 (1.5 µM and 5 µM) for 16 hours showing GFP-

Atg8 localised to the vacuole. (B) The proportion of cells with GFP-Atg8

localised to the vacuole were counted, with at least 500 cells were counted

per treatment. Cells that had no fluorescent signal were omitted.

A number of strains containing gene deletions involved in the formation of

the autophagosome were treated with S13 in order to determine whether

autophagy is involved in the mechanism of action of S13. Strains lacking

ATG1, ATG9, ATG13 and ATG14 are unable to form the autophagosome

and thus also required for autophagy (Orsi et al., 2012; Scott et al., 2000).

Strains deficient in autophagy showed no change in sensitivity to S13

with all strains showing approximately 30% growth inhibition (Fig. 2.18).

These results indicate that formation of the autophagosome is not

involved in the bioactivity of S13. These data indicate that vesicular

fusion at the vacuole is required for S13 induced growth inhibition;

however it is not due to abolishing autophagosome fusion at the vacuole.

2.3.8 S13 treatment does not induce ER stress

The unfolded protein response (UPR) is also involved in

inducing autophagy (Yorimitsu et al., 2006). Therefore, the UPR may be a

mechanism to explain the increased autophagy with S13 treatment.
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Figure 2.17: Deletion of genes involved with vacuolar vesicle fusion

rescues growth of cells treated with S13. Residual growth of mid-

log pdr1∆pdr3∆ triple gene deletions involved in vesicular fusion at the

vacuole compared treated with 1.5 µM S13 to the wild-type pdr1∆pdr3∆.
Data shown as mean ± SD of triplicate cultures; * p ≤ 0.05, ** p ≤ 0.01,

*** p ≤ 0.001, student’s T-test relative to WT.

Figure 2.18: Deletion of ATG genes has no affect on S13 sensitivity.

Residual growth of mid-log pdr1∆pdr3∆ triple gene deletions involved in

autophagosome formation treated with 1.5 µM S13 compared to the wild-

type pdr1∆pdr3∆. Data shown as mean ± SD of triplicate cultures.
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Ergosterol has been shown to work synergistically with saturated fatty

acids to induce ER stress (Pineau et al., 2009). As there was an increase

in ergosterol biosynthetic protein abundance (Fig. 2.10), there may also

be an increase in ER stress caused by an increase in ergosterol

accumulation within the endoplasmic reticulum. Peter Bircham from our

lab constructed a cassette containing three unfolded protein response

elements (UPRE) attached to a GFP, allowing the ER stress phenotype to

be visualised (Bircham, 2014). This cassette was transformed into a

pdr1∆pdr3∆ strain to determine whether S13 treatment induces ER

stress. Cells were treated for 6 hours with or without 10 µM S13 and

visualised. There was no significant differences in GFP intensity between

treated samples and untreated (Fig. 2.19). However, there was a large

increase in fluorescence upon treatment with tunicamycin, indicating the

UPRE was expressed in response to ER stress.

The UPR can be induced by the initiation of HAC1 splicing by

the endoribonuclease Ire1p (Sidrauski and Walter, 1997). Hac1p forms a

homodimer and activates the UPR by binding to UPREs inducing the

expression of genes that mediate the UPR (Cox and Walter, 1996;

Nikawa, 1996). The pdr1∆pdr3∆ strain containing a deletion in IRE1 was

treated with 1.5 µM S13. If S13 induced ER stress, ire1∆ mutants would

be sensitive to S13 treatment as the UPR would not be activated. IRE1

mutants cells showed no change in sensitivity to S13 treatment (Fig.

2.19B). These data collectively suggest that S13 treatment does not

induce ER stress.

2.3.9 S13 induces an increase in vacuolar pH

Cells with increased vacuolar pH display increased vacuolar

protein accumulation coincident with an increase in vacuole size (Baars
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Control

S13

TM

UPRE-GFP

A B

Figure 2.19: S13 does not induce ER stress. (A) pdr1∆pdr3∆ cells

containing a UPRE-GFP construct were treated with or without 10 µM

S13 for 6 hours and visualised using a Perkin Elmer OPERA high-

throughput confocal microscope. (B) Wild-type (WT) pdr1∆pdr3∆ cells

and pdr1∆pdr3∆ire1∆ cells were treated with or without 1.5 µM S13 and

residual growth calculated based on vehicle controls. Data shown as mean

± SD of triplicate cultures.

et al., 2007; Mauvezin et al., 2015). S13 treatment resulted in an increase

protein mislocalisation to the vacuole lumen (Fig. 2.13). To determine

whether S13 is increasing pH in the vacuole, cells were stained with

chloroquine. Chloroquine is a lipophilic drug used to treat malaria that

localises to acidic organelles and fluoresces when excited with light in the

ultraviolet spectra (Watanabe et al., 2005). Cells were treated with 10 µM

S13 for 6 hours and then incubated with 10 mM chloroquine for 20

minutes as previously described (Watanabe et al., 2005). Chloroquine

staining in control cells was localised to the vacuole (Fig. 2.20). It has

been previously shown that daughter cells have greater vacuolar

acidification than their mother cells (Watanabe et al., 2005). This was

seen in the control cells verifying that the stain worked as intended. Cells

treated with 10 µM S13 showed little to no vacuolar localisation of
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chloroquine, indicating that the vacuoles in S13 treated cells have

increased pH.

Disruption of either the vacuolar-ATPase (V-ATPase) or

ergosterol biosynthesis pathway has been shown to increase the pH of

the yeast vacuole (Brett et al., 2011). The V-ATPase V1 subunit vma1∆

as well as erg2∆ and erg6∆ were grown overnight, subcultured for 6

hours, and then stained with chloroquine (Fig. 2.20). The vma1∆ mutant

showed no localisation of chloroquine to the vacuole. Both erg2∆ and

erg6∆ showed reduced localisation of chloroquine to the vacuole.

However, chloroquine localised to a separate non-vacuolar organelle in

erg6∆ mutants. These results confirm that disruption of V-ATPase

functionality and deletion of ergosterol genes increases the pH of the

yeast vacuole.

Cells without functional V-ATPase complexes have reduced

growth in pH 7 media, yet grow normally on slightly acidic media (pH 5.5)

(H. Nelson and N. Nelson, 1990). In order to determine whether S13 was

more potent on buffered media, pdr1∆pdr3∆ cells were grown in SC

media with HEPES (pH 7) and SC media without HEPES buffer (pH 5.3).

Yeast treated in buffered SC media showed significantly greater

sensitivity to S13 than yeast grown in more acidic media (Fig. 2.21).

These data also suggest that S13 treatment is causing an increase in pH

within the vacuole.
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DIC

CQ

WT 10 M S13 erg2vma1 erg6

Figure 2.20: S13 treatment increases vacuolar pH. pdr1∆pdr3∆ cells

and pdr1∆pdr3∆ triple deletions, vma1∆, erg2∆ and erg6∆ were treated

with or without 10 µM S13 for 6 hours and stained with chloroquine (CQ)

to visualise acidified organelles. Triple deletion strains were grown same

as the pdr1∆pdr3∆ wild-type without S13 treatment. Cells were visualised

under a fluorescence microscope.

Figure 2.21: S13 is more potent at a neutral pH. pdr1∆pdr3∆ cells were

treated with increasing concentrations of S13 in SCmedia with HEPES (pH

7) and SC media without HEPES buffer (pH 5.3). Data shown as mean ±
SD of triplicate cultures; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, student’s

T-test relative to WT.
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DIC

Mup1-GFP

Control S13S13

Figure 2.22: S13 treatment partially inhibits MVB fusion at the vacuole.

pdr1∆pdr3∆ cells were transformed with a Mup1-GFP expression plasmid

and treated with or without 10 µM S13 for 6 hours and visualised using a

fluorescent microscope.

2.3.10 S13 does not inhibit endocytosis but potentially

inhibits vesicle fusion at the vacuole

Increasing lumenal pH in the vacuole decreases vesicular

fusion with the vacuole membrane (Yamamoto et al., 1998). Mup1p is a

high-affinity methionine transport protein (Isnard et al., 1996). When

grown on media containing methionine Mup1p is transported from the

plasma membrane to the vacuole via the MVB pathway, which targets

proteins for degradation (Teis et al., 2008). As increasing vacuolar pH

decreases vesicular fusion it was expected that treating cells with a

Mup1-GFP would increase the number of MVBs seen in the cytoplasm

(Bayer et al., 2003). To determine whether vesicles were being inhibited

from fusing at the vacuole membrane pdr1∆pdr3∆ cells were

transformed with a Mup1-GFP expression plasmid and treated with 10

µM S13 for 6 hours. Both the control and S13 treated cells showed

Mup1-GFP localisation to the vacuole (Fig. 2.22). However, cells treated

with S13 showed greater number of punctate GFP structures in the

cytoplasm surrounding the vacuole, which are likely to be MVBs
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containing Mup1-GFP. These data indicate that S13 treatment partially

inhibits rather than abolishes MVB fusion at the vacuole.

Figure 2.23: S13 inhibits FM4-64 localisation to the vacuole.

pdr1∆pdr3∆ cells were treated with 10 µM S13 for 6 hours and stained

with FM4-64 at a final concentration of 25.6 µM. Cells were visualised after

20, 60 and 240 minutes using a fluorescent microscope.

There are multiple vesicular transport pathways that lead to the

vacuole (Conibear and Stevens, 1998; Lynch-Day and Klionsky, 2010;

Muller et al., 2015). FM4-64 is a synthetic dye that is endocytosed and

transported to the vacuole membrane (Vida and Emr, 1995). Since

Mup1-GFP containing vesicles accumulated outside of the vacuole (Fig.

2.22), it was hypothesised that endocytosed vesicles would show the

same phenotype. If vesicular fusion is impaired in endocytic vesicles then

FM4-46 should be taken up by the cell but not localise completely to the

vacuole membrane. pdr1∆pdr3∆ cells were treated with or without 10

µM S13 for 6 hours and stained with FM4-64. The majority of FM4-64

localised to the vacuole membrane after 60 minutes of staining in the

control and complete localisation was reached at 240 minutes (Fig. 2.23).

After 60 minutes of staining in treated cells, FM4-64 was localised to the
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vacuole, however punctate spots of the stain were still visible in the

majority of cells. After 240 minutes FM4-64 was still localised to the

vacuole as well as the cytoplasm surrounding the vacuole. Interestingly

after 20 minutes FM4-64 is localised to a non-vacuolar compartment in

S13 treated cells. As FM4-64 was endocytosed but did not completely

reach the vacuolar membrane in S13 treated cells, it can be concluded

that S13 does not fully inhibit endocytosis but does interfere with

localisation to the vacuole membrane.
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2.4 Discussion

2.4.1 Summary of Focused Compound Phenotypic

Screen

Screening of compounds against S. cerevisiae for bio-activity

gives an unbiased perspective on a novel drug’s mechanism of action. In

this study a focused compound library containing a core benzopyran

scaffold was screened against two yeast strains, a wild-type Y7092 and

pdr1∆pdr3∆ in a Y7092 background. PDR1 and PDR3 encode

transcription factors that control the expression of a variety of

ABC-transporters involved in the efflux of xenobiotics (Mamnun et al.,

2002; Schuller et al., 2007). The deletion of PDR1 and PDR3 increased

the bioactivity of the focused compound library compared to the wild-type

Y7092. S13 and S12 were shown to be significantly more potent than

other compounds in the focused benzopyran library in the pdr1∆pdr3∆

background.

2.4.2 Chlorination as a means of increasing potency

Altering functional groups around a core scaffold is a method of

modulating bioactivity. By linking the structure-activity relationship (SAR)

of a molecule to the phenotype, it is possible to tune the bioactivity

through subtle chemical modification of the molecule at sites that affect

bioactivity. Chlorinating compounds increases the steric and electronic

nature at that position and in many cases the binding affinity (Iltzsch

et al., 1995). Halogens, such as chloride, are able to form hydrogen

bonds with a number of amino acid side chains. For example hydrogen

bonds are formed between the hydroxyl, carboxylate, sulfur, and nitrogen

groups found in many amino acids. The addition of halogens to a
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compound has been used widely in drug discovery to increase efficacy,

though typically added during lead optimisation (Hardegger et al., 2011;

Jorgensen and Schyman, 2012; Wilcken et al., 2012). Both S12 and S13

contain a chloride group para to the ether oxygen in the benzopyran

structure, which are not present in other molecules from the library.

These two compounds are substantially more bioactive than all other

compounds within the library, which rationally can be attributed to the

introduction of the chlorine atom.

2.4.3 Vacuolar deacidification as a mechanism of action

Vacuoles are large acidic organelles involved in autophagy that

house lipases, hydrolases and proteases (Hecht et al., 2014). Vacuolar

acidification is controlled by V-ATPases, which use ATP to pump

hydrogen ions into the vacuole to retain an acidic environment (H. Nelson

and N. Nelson, 1990). Inhibition or deletion of the V-ATPase increases

vacuole size in yeast by abolishing vacuolar fission (Baars et al., 2007).

Inhibition of V-ATPases through treatment with bafilomycin has been

shown to inhibit vesicular fusion at the vacuole/lysosome and to decrease

digestion of proteins in the lumen of the vacuole/lysosome (Yamamoto

et al., 1998). S13 treatment increased the pH in the vacuole as well as

increased its size. A number of plasma membrane transporters

aggregated in the vacuolar lumen when cells were treated with S13.

Following S13 treatment cells showed increased numbers of cytoplasmic

MVBs, in line with a decrease in vesicle fusion at the vacuole membrane.

The abolishment of chloroquine staining the vacuole during S13

treatment in conjunction with the greater sensitivity in neutral media and

decreased vesicular fusion at the vacuole indicate that S13 is increasing

the pH in the vacuole lumen.
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2.4.4 S13 induced autophagy

Autophagy is a cell’s recycling pathway used to break down

proteins and other macromolecules, which gets degraded via hydrolases,

lipases and proteases in the vacuole (lysosome in mammals) (Hecht

et al., 2014). GFP-LC3 (in mammals) and GFP-Atg8 (in yeast) localise to

the vacuole when autophagy is induced and are well established methods

of measuring autophagic flux (Cheong and Klionsky, 2008; Kabeya,

2000). The GFP-Atg8 and GFP-LC3 structures are cleaved in the

vacuole, but still emit a signal when excited allowing visualisation within

the vacuole (Shintani and Klionsky, 2004). Cells treated with the potent

V-ATPase inhibitor bafilomycin AI have been shown to increase the

localisation of GFP-LC3 to the lysosome, however the level of undigested

GFP-LC3 is also increased indicating that the GFP-tagged protein is not

being broken down (Ni et al., 2011; Slobodkin and Elazar, 2013;

Yamamoto et al., 1998). Bafilomycin AI treatment is commonly used to

inhibit autophagy and been shown to decrease protein degradation in the

lysosomes of cultured cells (Yamamoto et al., 1998; Yoshimori et al.,

1991). Therefore GFP-Atg8 cannot be used as a sole method of

measuring autophagic flux. S13 treatment induced a substantial increase

in GFP-Atg8 localisation to the vacuole, however the increase in vacuolar

pH and the lack of sensitivity in atg mutants suggest that autophagy is

potentially inhibited.

2.4.5 Ergosterol’s involvement in vacuolar pH

Ergoterol is the main sterol found in yeast’s membrane, which

is formed in a pathway that is largely conserved from yeast to humans

(Nielsen, 2009). Deletion of ERG genes increases the vacuolar pH in

yeast, much like VMA mutants (Brett et al., 2011; Zhang et al., 2010).
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Inhibition of Erg11p by ketoconazole has been shown to upregulate a

number of genes involved in the final steps of ergosterol biosynthesis

including ERG3, ERG11 and ERG25 (Yu et al., 2007). Deletions of

ergosterol biosynthesis genes show post-internalisation endocytic

defects, unlike treatment with VMA inhibitors, which inhibited endocytosis

(Heese-Peck, 2002; Perzov et al., 2002). S13 treatment resulted in a

upregulation of a number of genes involved in ergosterol biosynthesis

upregulated as well as phenotypes indicating an increase in vacuolar pH.

The chloroquine phenotype was also similar to the phenotype seen in the

erg2∆ mutant but not the erg6∆, which showed an increase in a

non-vacuolar organelle. ERG6 mutants have exaggerated class E

compartments that have been shown to accumulate quinacrine, which

stains the vacuole in the same manner as chloroquine (Raymond et al.,

1992; Umebayashi and Nakano, 2003). ERG2 deletion was also resistant

to S13 treatment whereas ERG6 deletion was sensitive. Deletion of

ERG6 has been shown to increase sensitivity to small molecule drugs by

increasing passive diffusion across the membrane, in an ABC-transporter

independent process (Emter et al., 2002). FM4-64 did not completely

localise to the vacuole membrane in S13 treated cells as punctate

patches of the stain were visible surrounding the vacuole. Ergosterol

biosynthesis mutants, unlike V-ATPase inhibitor treated cells, are able to

endocytose FM4-64 (Heese-Peck, 2002), however, FM4-64 does not

completely localise to the vacuole membrane, much like in S13 treatment.

Contrastingly, erg mutants showed fragmented vacuoles whereas S13

treated cells showed one large vacuole (Heese-Peck, 2002), however

these results do not rule out the possibility that S13 is targeting ergosterol

biosynthesis genes.
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2.4.6 Potential uses

Presented here is a novel benzopyran that increases vacuolar

pH by an unknown mechanism. The processes required to acidify the

vacuole and the lysosome are conserved in yeast to humans (N. Nelson

et al., 2000). Autophagy is a key target for cancer therapy due to being

implicated in many forms of cancer, e.g., ras-dependent cancers have

been described as “autophagy addicted” due to their requirement for

autophagy (Guo et al., 2011; White, 2015). V-ATPase inhibitors have

shown promise in the treatment of various cancers due to its ability to

inhibit autophagy. For example bafolomycin AI induces apoptosis in

B-cell acute lymphoblastic leukemia and osteosarcoma cells (Yuan et al.,

2015). Deacidification of the vacuole modulates resistance to various

cancer therapies (Lozupone et al., 2015; McAfee et al., 2012;

von Schwarzenberg et al., 2014). S13 described above is a novel

compound that decreases vacuolar acidity, which could be used to

deacidify lysosomes for the treatment of cancer or to augment

established cancer therapies.
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2.5 Conclusion

To conclude, a novel focused compound library was

synthesised by Sandile Simelane with a core benzopyran scaffold. A

phenotypic screen was performed using S. cerevisiae as a model

organism to determine inhibitory effect of the compound library on growth.

The phenotypic screen was conducted using two strains of yeast, a

Y7092 wild-type and a pdr1∆pdr3∆ strain hypersensitive to xenobiotics.

The compound library was found to be more potent in the pdr1∆pdr3∆

background. S13 was found to be the most potent compound within the

benzopyran library and was shown to be a Pdr5p substrate.

High-throughput microscopy of 4,100 strains, each with a different

GFP-tagged protein, was utilized to determine proteins that increased in

abundance or changed localization in response to perturbation with S13.

Following treatment with S13, the yeast vacuole increased in size due to

an aggregation of proteins in the vacuolar lumen. The increase in vacuole

size was coincident with a decrease in vacuolar acidity whereby the stain

chloroquine, which accumulates in acidic organelles, showed no

localisation to the vacuole in S13 treated cells. There was also a

decrease in vesicular fusion at the vacuolar membrane and potentially

disrupted autophagy due to the decrease in acidity. Several proteins

involved in ergosterol biosynthesis were also upregulated. Together,

these results reveal a novel bridged benzopyran that increases vacuolar

size and pH through an epistatic mechanism involving ergosterol

biosynthesis (Fig. 2.24).
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Figure 2.24: Proposed S13 mechanism of action. Schematic of an

untreated pdr1∆pdr3∆ cell and a pdr1∆pdr3∆ cell treated with S13.
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2.6 Future Directions

In this thesis, a novel benzopyran compound was shown to

upregulate proteins involved in ergosterol biosynthesis, potentially alter

autophagic flux and increase the vacuolar pH. However due to the time

limitations that a Masters degree imposes, there were a number of

questions left unanswered by this study. The following experiments

should shed light on these unanswered questions.

2.6.1 Quantifying vacuolar pH increase

As it is not known by what means S13 is increasing the vacuole

pH, this needs to be determined in the future. Firstly, a more quantitative

dye such as 2,7-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF) or

5(6)-Carboxy-2,7-dichlorofluorescein diacetate (cDCFDA) needs to be

used to quantify the extent that S13 is increasing the pH in the vacuole

(Ali, 2003; Ho et al., 2015). BCECF and cDCFDA are sequestered into

the vacuole and pH can be measured via fluorescence emitted by each

compound relative to a standard curve. Using either of these probes will

allow for quantification of the pH increase that S13 induces on the

vacuole.

2.6.2 Measuring autophagic flux

Atg8-PE or GFP-Atg8 levels will be measured to confirm that

S13 inhibits autophagy. Atg8 is conjugated to phosphatidylethanolamine

(PE) during autophagosome formation and can therefore be used to

measure autophagy induction (Nair, Thumm, et al., 2011). GFP-Atg8

localises to the vacuole during autophagy and is cleaved to GFP and

Atg8 if autophagy is occurring normally. Free GFP can be measured due

to its stability in the vacuole, allowing autophagic flux to be measured
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(Shintani and Klionsky, 2004). The Pho8∆60 assay can be used to

measure autophagy in a quantitative manner (Noda and Klionsky, 2008).

Pho8 is the only vacuolar alkaline phosphatase in yeast. Pho8∆60 is a

truncated version of the Pho8 protein that cannot localise to the ER and

instead localises to the cytoplasm (Noda, Matsuura, et al., 1995).

Pho8∆60 is non-specifically taken up by the autophagosome and

transported to the vacuole where it is proteolytically activated, therefore

allowing its alkaline phosphatase activity to be a measure of autophagy. If

S13 is inhibiting breakdown in the vacuole, we expect that Atg8-PE levels

will be normal but there will be a decrease in free GFP and alkaline

phosphatase activity relative to the control under autophagic conditions.

2.6.3 Quantifying ergosterol and its intermediates

The levels of ergosterol and its intermediates will be measured

to determine whether ergosterol biosynthesis is being affected by S13

treatment. To do this pdr1∆pdr3∆ cells will be treated with S13 at varying

concentrations for set periods of time and total sterols will be extracted.

Sterol extracts will be measured using GC-MS to determine where (if

anywhere) in the pathway is being inhibited by S13 (Veen et al., 2003). If

S13 is inhibiting ergosterol biosynthesis at a specific point then it is

expected that the relevant intermediate will accumulate in treated cells.

2.6.4 Determining a target of S13

The specific target of S13 remains unknown. In order to prove

what the target of S13 is the the heterozygous deletion collection will be

used. The heterozygous deletion library can be perturbed by chemical

stresses to determine proteins that require two copies to resist treatment,

i.e., happloinsufficient. This methods has been used to find the target for

drugs such as the immunosuppressant rapamycin (Heitman et al., 1991).
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A pdr1∆pdr3∆ query strain will be mated with a library of heterozygous

deletion mutants making them sensitive to S13. This library will be pooled

and screened against S13 at a 1.5 µM. DNA will be isolated from the pool

and sequenced or run on a microarray to determine strains that are

hypersensitive to S13 implicating them in the mechanism of action of S13

(Smith, Ammar, et al., 2010).

2.6.5 Translation into mammalian cell lines

This work in yeast needs to be translated into mammalian cells.

S13 will be screened for activity in human cells using cell lines that require

autophagy for survival such as those from ras-activated cancers (Guo et

al., 2011). If the bioactivity in yeast is conserved, S13 will be anti-cancer

via decreased autophagy.

2.6.6 Further structure activity relationship research

Based on the chlorine being the unique feature of S13,

chlorination of this class of compound clearly demonstrated the

importance of the halogen for potency. Future work in developing the

potency would be to vary the position of the chloride atom, further

investigate other alkyl chain substituents (S12 is methyl, S13 ethyl), and

compare the potency of the same structure but substituted with

alternative halogens (e.g., F, Br).
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Chapter 3

Appendix
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Figure 3.1: RFP and GFP channel for Ypq1-GFP and Cot1-GFP. Ypq1-

GFP and Cot1-GFP were treated for 6 hours with or without S13 (10, 5, 1.5

µ) or S12 (20 µ) and visualised using a Perkin Elmer Opera high-throughput

confocal microscope. Shown is the RFP and GFP channels separated

as well as the merged to visualise the cell outline in regards to the GFP

localisation.
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