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Abstract

Many pathogenic microorganisms are believed to stochastically switch into low
metabolic states that display resistance to supra-lethal levels of antibiotics. These so-
called “persister” cells have been associated with recurrent infections and the
development of antibiotic resistance. Whilst a compound that eliminates
Staphylococcus aureus persister cells has been described, it is not active against
Gram-negative bacteria. The aim of my PhD project was to develop a high-throughput
assay for compounds that eradicate persister cells in the p-proteobacterium
Burkholderia thailandensis. Further to this, | aimed to develop “hit” compounds from
screening into lead series through investigation of structure activity relationships and,

use a chemical genetics approach to elucidate potential mechanisms of action.

| developed a phenotypic assay to identify compounds that eradicate persister cells.
The assay was based on the reduction of the resazurin based dye PrestoBlue.
Optimization of the assay gave a Z’ prime of 0.41 when screened in high throughput

at the DDU.

Screening of the library of 61,250 compounds identified 2,127 compounds that gave
a statistically significant reduction in persister cell numbers. Follow-up assays
highlighted 29 compounds with a plCso greater than five. Detailed investigation
allowed me to down select to six “best in class” compounds, which included the
licensed drug chloroxine. A time dependent killing assay showed that chloroxine
reduced levels of persister cells by three orders of magnitude over 72 hours (P =0.01).
Hit expansion around chloroxine using commercially available compounds did not
identify any more potent compounds, but did highlight key features of the molecule for

activity. Assay protocols were provided to collaborators at DSTL who were able to



show that chloroxine is also active against persister cells formed by the tropical
pathogen and Tier 1 biological agent Burkholderia pseudomallei. Investigations into
the mechanism of action of chloroxine used Next Generation Sequencing of an over
expression library, identifying two putative genes involved in inhibition of persister cells

by chloroxine.

My findings demonstrate a phenotypic assay against persister cells in Gram-negative
bacteria, which has the power to identify potent anti-persister agents to assist in
chemotherapy. Structural activity relationship and mechanism of action investigations
have indicated lead series and genetic starting points for future development of this
research. My PhD project has concluded with sufficient data for continuation of
research following a number of leads and is at an ideal stage for instigation of a
medicinal chemistry program for development of chloroxine as a clinical option for

treatment of persistent melioidosis.
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List of Abbreviations

Standard abbreviations are used without definition in accordance to the instruction for

authors for submission to the Journal of Antimicrobial Chemotherapy. The following

abbreviations are also provided for the reader.
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CDC

CFU
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cLogP
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Drug Discovery Unit, University of Dundee
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1. Introduction

1.1. Melioidosis

Burkholderia pseudomallei is the causative agent of melioidosis, a disease highly
endemic to Southeast Asia and Northern Australia with an increasing global presence
(Figure 1.1) (Wiersinga et al., 2012). Commonly characterised by pneumonia and
abscesses, melioidosis is a significant cause of community acquired sepsis in endemic
regions such as northeast Thailand, where it is the third most common cause of death
from infectious disease after HIV/AIDS and tuberculosis (Limmathurotsakul et al.,

2010a).

Melioidosis was first characterised in 1912 by the pathologist Alfred Whitmore who
during a post-mortem in Rangoon identified a glanders-like disease. However, upon
culturing the bacteria and studying the disease in guinea-pig model it became
apparent that the bacteria was not Burkholderia mallei (formerly Bacillus mallei) but a

new bacteria he named as B. pseudomallei (Whitmore, 1913).

Melioidosis is a serious public health concern in Southeast Asia and Australia. In
Thailand, 2000 culture-confirmed cases of melioidosis are reported each year, with a
fatality rate of up to 40% (Limmathurotsakul et al., 2010b). It is also prevalent in an
increasing number of tropical developing countries as an emerging infectious disease.
It is recognised as a serious public health concern in Malaysia, Singapore, Vietnam,
Cambodia and Laos with recent reports that the endemic zone has expanded to
include the Indian subcontinent, southern China, Hong Kong, Taiwan, various Pacific

and Indian Ocean islands (Figure 1.1) (Wiersinga et al., 2012).



A further concern is that due to limitations in diagnosis of melioidosis (Hoffmaster et
al., 2015) the global distribution of B. pseudomallei is still unknown. Furthermore, a
recent study into the ability of B. pseudomallei to become established in soils through
importation by infected human and animals, has predicted that the bacteria is likely to
be ubiquitous throughout many tropical regions (Limmathurotsakul et al., 2016). This
study has been seen as a turning point in recognition of melioidosis as a disease of
global concern estimating that 89,000 people will die globally in 2015 with > 99 % of
all deaths occurring in low and middle income countries. The study also identified
geographical environments in Japan and southern parts of Louisiana and Texas in the
US, where B. pseudomallei may establish if introduced. Given a recent, unintentional
release at the Tulane National Primate Research Centre, this is not as unlikely as one

may predict (Prevention, 2015).

Melioidosis exhibits a wide range of clinical presentations and pathogenesis varying
from rapidly fatal septicaemia to the formation of abscesses and chronic infection
(Wiersinga et al.,, 2012). Asymptomatic exposure can also occur resulting in
seroconversion (Inglis et al., 2006) and the disease can lie dormant for years before

symptoms manifest (Currie et al., 2000b, White, 2003).

B. pseudomallei also has a unique potential to be used as a bioterrorism agent (Gilad
et al., 2007). Features that contribute to the potential of B. pseudomallei to be used as
a bioterrorism agent include its ability to infect through inhalation, ingestion and
percutaneous inoculation at low infective doses. The bacteria is also incredibly easy
to selectively culture from soil samples using Ashdown’s media. Additionally, there is
no available vaccine, diagnosis is difficult unless melioidosis is suspected, it is difficult
to stockpile appropriate antibiotics, and large scale treatment would overwhelm

medical facilities.



One redeeming feature of B. pseudomallei’s categorisation as a Tier one select agent
by the CDC (Butler, 2012), is that new streams of funding for research into the disease,
treatments and vaccines have opened up than would usually be available to a

neglected tropical disease.
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Figure 1.1: Predicted Global Distribution of Melioidosis and locations of occurrence.

Country colouring is based on evidence-based consensus, with green representing a complete consensus on absence of B.
pseudomallei and red a complete consensus on presence of B. pseudomallei. Black dots represent geo-located records of melioidosis

cases or presence of B. pseudomallei. Reproduced with permission from Limmathurotsakul D et al. NMicrobiol 2016;15008.




Transmission and routes of infection

Infection with melioidosis primarily occurs by subcutaneous inoculation, often through
exposure of an open wound to soil or water (White, 2003). A demographic of people
at greater risk of infection includes farmers who work in rice paddy fields in endemic
areas where the saprophyte resides in soil and water. The disease can also be
contracted through ingestion of contaminated food or water. Inoculation through
inhalation is also a significant concern. This is most common during rainy season,

severe weather events or through deliberate release.

Clinical manifestations of melioidosis can vary enormously making early diagnosis a
challenge. Once referred to as the “mimicker of maladies”, melioidosis can be
mistaken for a number of other diseases such as cancer, Pseudomonas infection or
tuberculosis without appropriate diagnosis (John, 2004). Figure 1.2 shows clinical
events after infection with B. pseudomallei leading to the most common clinical
manifestations. The primary presentation in over half of patients is pneumonia with
other presentations include genitourinary infection, skin infections, bacteraemia,
arthritis and osteomyelitis (Currie et al., 2010). It is also common for abscesses to form
in internal organs and for presentations to differ based on the geographical location of

the patient.

Risk Factors

Fatal outcomes of melioidosis in healthy persons are very rare so long as the infection
is diagnosed early and appropriate treatment is administered. Risk factors can
significantly increase mortality rates in patients with acute melioidosis (Cheng et al.,
2004, Limmathurotsakul et al., 2010a). This includes diabetes mellitus, excess alcohol

consumption (Rode and Webling, 1981), chronic renal failure, and chronic lung
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disease (Peacock et al., 2008, Currie et al., 2004). Up to 80% of affected adults have
underlying diseases which predispose them to melioidosis (Currie et al., 2000b, Currie
et al., 2004, Suputtamongkol et al., 1999). Diabetes is a predominant risk factor in
melioidosis with 37% of mortalities recorded in a prospective study of melioidosis in
northern Australia having the condition (Currie et al., 2000b). This risk factor is of
increasing concern in the treatment of melioidosis as diabetes is a growing global
health problem. The greatest increase is seen in economically developing countries
such as Thailand, with a projected 300 million sufferers worldwide by 2020
(Aekplakorn et al., 2011, King et al., 1998). Additionally, there is a growing public
health concern that the rise in alcohol abuse may be a compounding factor in the

severity of melioidosis incidences (Ogeil et al., 2015).

Environmental risk factors which have been shown to increase rates of melioidosis
have been described. These include heavy rainfall, intensive agricultural work and also
inhalation of airborne dust (Currie et al.,, 2004). Weather events such as are a
signification contribution factor to cases of melioidosis with the 20 year Darwin study

reporting 81 % of incidents occurring during monsoon season (Currie et al., 2010).



Figure 1.2: Clinical events after infection with B. pseudomallei.

Shown are the routes of infection, the natural history of infection, and the diverse disease manifestations (white text). Panel A:
cutaneous melioidosis in a healthy host. B: lung abscesses on the chest radiograph of a patient with acute melioidosis pneumonia,
and C: the corresponding CT scan. D: the skin manifestations in a fatal case of disseminated melioidosis. E: splenic abscesses on
an abdominal CT scan. F: aspirated pus in a patient abscesses, and G: the abscesses on a CT scan from the patient. Reproduced

with permission from Wiersinga WJ et al. N Engl J Med 2012;367:1035-1044, Copyright Massachusetts Medical Society.




Diagnosis and under-reporting

Early diagnosis of melioidosis is proven to be critical in attaining a non-fatal outcome.
This is because the frontline antibiotic for melioidosis (ceftazidime) is not an agent of
choice for empirical antibiotic regimes for suspected bacterial sepsis. In contrast, in
endemic areas, agents with activity against B. pseudomallei are recommended for

patients with community acquired pneumonia and melioidosis risk factors.

Clinical diagnosis is difficult as melioidosis has no pathognomonic clinical
manifestations. The gold standard diagnosis method is through culture. However,
despite being easy to grow on agar and having characteristic universal resistance to
gentamicin and colistin, it is difficult to make a positive identification of B. pseudomallei
if the laboratory does not suspect melioidosis (Hoffmaster et al., 2015). This is
because Ashdown’s medium is required to isolate the bacteria from non-sterile
samples. False diagnoses are a particular problem when the patient’s symptoms or

history do not imply melioidosis.

The “gold standard” test for diagnosis of melioidosis is isolation through culture from
samples of blood, urine, pus or sputum. This method takes from three to seven days
and incidences of misidentification can occur. B. pseudomallei can be identified by
DNA amplification with PCR. However, this assay can be less sensitive, especially in
blood samples (Merritt et al., 2006). Recent attempts to introduce simple and rapid
diagnostic tests have led to the development of lateral flow antigen detection assays
which are promising alternatives, especially in laboratories with less frequent exposure
to melioidosis (Houghton et al., 2014). This is particularly vital as early diagnosis and
treatment with appropriate antibiotics has been attributed to significant improvements

in falling mortality rates (Currie et al., 2010).



Treatment and antibiotic resistance

Treatment of melioidosis is drawn out and requires extensive periods of hospital
admission. International guidelines recommend initial treatment consisting of 10 to 14
day intravenous administration of ceftazidime or meropenam (Dance, 2014b).
However, a recent study has found that increased duration of intensive phase
treatment to 26 days leads to an almost total reduction in cases of relapse (one patient
in a study of 215 relapsed) (Pitman et al., 2015). Intensive phase treatment is followed
by oral eradication therapy with co-amoxiclav or a combination of chloramphenicol,
doxycycline and co-trimoxazole lasting between 3 and 6 months (Wiersinga et al.,
2012). Patients with access to adequate diagnosis and treatment facilities have seen
reduced mortality rates due to developments in treatment with a 50 % reduction in
mortality following the introduction of ceftazidime in 1986 (Dance, 2014a, Pitman et
al., 2015). The cost of this treatment regime is high and the burden of disease in
developing countries such as Cambodia prevents those in need from being treated

(Rammaert et al., 2011, Vlieghe et al., 2011).

B. pseudomallei is inherently resistant to many frontline antibiotics including; penicillin,
ampicillin, first-generation and second-generation cephalosporins, gentamicin,
tobramycin, streptomycin and polymyxin (Wiersinga et al., 2012). Recently, a mutation
in penA has resulted in resistance development to ceftazidime through modifications
to a B-lactamase enzyme which is a concern for the treatment of acute melioidosis
should a patient become infected with a resistant strain (Chantratita et al., 2011,
Sarovich et al., 2012). However, there is no evidence for human to human
transmission of melioidosis which means that ceftazidime resistance is, for now, less

of a priority.



Ceftazidime

Ceftazidime is a semisynthetic injectable third-generation cephalosporin active against

Gram-negative bacilli including B. pseudomallei and B. thailandensis (Figure 1.3).

Ceftazidime is a B-lactam agent with bactericidal effects on growing cultures of Gram-
positive and Gram-negative bacteria. Synthesis of bacterial cell walls is inhibited
through high-affinity binding of ceftazidime to penicillin-binding protein (PBP), an
essential protein to cell division, and subsequent inhibition of peptidoglycan cross-
linking (Hayes and Orr, 1983, Choi and Koh, 2012, Rains et al., 1995, Richards and
Brogden, 1985). This lethal disruption to cell division leads to formation of spheroplasts

and ultimately cell lysis.

The B-lactam class of antibiotics are ‘time-dependent’ antimicrobial agents; as such
the bacterial killing observed is proportional to the duration of time that the
concentration of the drug as above the MIC in serum and tissue. (Hyatt et al., 1995)
The pharmacokinetic / pharmacodynamics profile of ceftazidime could explain
improved treatment outcomes with increased duration of intravenous phase treatment

(Pitman et al., 2015).
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Figure 1.3: The structure of ceftazidime, a third generation cephalosporin used in

frontline treatment for melioidosis.
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Treatment shortcomings and vaccine development

The cost of prolonged intravenous antibiotic treatment is high (Dance, 2014b) and the
burden of disease in developing countries can prevent those in need from being
treated adequately (Nhem et al., 2014). As an example, in Cambodia where incidents
of melioidosis are becoming increasingly prevalent (Rammaert et al., 2011, Pagnarith
et al., 2010), one study experienced a 52% fatality rate due to inappropriate antibiotic
treatment (Vlieghe et al., 2011). These pressures present an urgent unmet need for
improved diagnostic technologies and affordable drugs to reduce the cost and duration
of treatment and to prevent relapse of infection (Lipsitz et al., 2012, Sarovich et al.,

2014).

There is currently no vaccination able to give sterilising immunity to melioidosis. Whilst
research into vaccine development around capsular polysaccharide (CPS),
lipopolysaccharide (LPS) and outer membrane vesicle has been shown to confer
some protection in murine models, there is no clinically available option (Ngugi et al.,

2010, Sarkar-Tyson et al., 2007, Sarkar-Tyson et al., 2009, Nieves et al., 2014).

Recurrent melioidosis

A significant problem in treating melioidosis is the propensity for relapse of disease
which can occur months or years after treatment of the initial infection. Whilst the top
priority in treating acute melioidosis is to prevent a fatal outcome, a subsequent task

is to address recurrent infection in patients following successful antibiotic treatment.

Relapse is defined as a new presentation of acute culture confirmed melioidosis, with
a repeat infection occurring after resolution of an initial infection of over two weeks

treatment with intravenous antibiotics (Currie et al., 2000a). The majority of relapse
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infections have been shown to have been caused by an identical strain to the initial
infection indicating that B. pseudomallei is able to persist in the body in a non-disease
causing state for long periods of time (Currie et al., 2000a, Maharjan et al., 2005,
Vadivelu et al., 1998). This was described by use of multi-locus sequence typing
(MLST) to determine whether re-presentation of infection was relapse or a reinfection.
MLST is a technique, which uses sequencing of seven housekeeping gene fragments
to unambiguously characterise isolates of bacterial species. Point mutations within the
housekeeping genes are used to differentiate allelic profiles. Studies showed that of
the total cases of melioidosis between 3 and 9.7% presented with relapse of infection
(Chaowagul et al., 1993, Haraga et al., 2008a, Currie et al., 2000a). Incidences of
recurrence are reducing. Prior to September 2003, the Darwin Prospective Melioidosis
Study in Northern Australia recorded a reduction from 6.4% to only 1.2% (Sarovich et
al., 2014). This reduction was attributed to the introduction of extended periods of
intravenous therapy with ceftazidime (Sarovich et al., 2014). Direct causes of relapse
are unproven. However, patients who have not completed their antibiotic regime and
individuals who are immunocompromised are at greater risk of relapse (Chaowagul et
al., 1993, Limmathurotsakul et al., 2006). Relapse cases are also far more likely in
patients with systemic melioidosis infections than in cases of localised disease. A likely
cause of this is that symptoms of infection may be treated without entirely eradicating

reservoirs of infection (Chaowagul et al., 1993).

Burkholderia pseudomallei and Burkholderia thailandensis

B. pseudomallei is a Gram-negative, oxidase positive, B-proteobacterium. Its 7.2 Mb
genome consists of two chromosomes of 4.1 Mb and 3.2 Mb (Holden et al., 2004)
which encode different genes for core functions, cellular processes and for host

pathogenicity and virulence (Holden et al., 2004). There is evolutionary evidence for
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acquired antibiotic resistance which includes efflux pumps, enzymatic inactivation,
bacterial-cell-membrane impermeability, alterations to antibiotic target site, and amino
acid changes in penA, a gene which encodes for a highly conserved class A (-
lactamase (Cheng et al., 2008, Wuthiekanun et al., 2011). B. pseudomallei is an
intracellular pathogen able to survive phagocytosis and dwell within macrophages,
epithelial cells, polymorphonuclear and mononuclear leukocytes and alveolar
macrophages (Pruksachartvuthi et al., 1990, Jones et al., 1996, Ahmed et al., 1999).
B. pseudomallei’s ability to persist in macrophages is hypothesised to cause late onset
septicemic infections after long disease free periods of up to 62 years post exposure
(Jones et al., 1996, Sanford and Moore, 1971, Inglis et al., 2001, Ngauy et al., 2005).
It is known that bacterial persisters also colonise the gastric tract (Huddleston, 2014).
As the gastric environment is devoid of immune factors this is a further way in which
reservoirs of infection are able to persist and evade immune clearance (Lewis, 2001).
Further hypotheses are that the bacteria are able to evade clearance by the host
immune system by formation of biofilms and the presence of glycocalyx structures
which form enclosed microcolonies with large amounts of fibrous material inhibiting
effective phagocytosis and contributing to the chronic persistent infections observed

in melioidosis (Vorachit et al., 1995).

B. pseudomallei is a close evolutionary relative of B. mallei, the causative agent of
glanders disease, and B. thailandensis, which is mostly avirulent in immunocompetent
humans (Haraga et al., 2008b, Brett et al., 1998, Brett et al., 1997). MLST analysis of
the three species genomes shows a high degree of genetic similarity and evolutionary

lineage (Godoy et al., 2003).

First phylogenetically distinguished from B. pseudomallei in 1998, (Brett et al., 1998)

B. thailandensis shows over 85% gene conservation with B. pseudomallei and exhibits
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similar biochemical and genetic properties (Yu et al., 2006). However, B. thailandensis
differs from the virulent B. pseudomallei in colony morphology, the ability to assimilate
arabinose and the absence of capsular polysaccharide. B. thailandensis is
nevertheless a useful surrogate (Reckseidler et al., 2001, Smith et al., 1996, Majerczyk
et al., 2014). This is particularly so as work with B. thailandensis does not require
containment level Ill laboratory conditions, enabling a wider range and greater
expedience of experiments. B. pseudomallei is currently classed by the US Centers
for Disease Control (CDC) as a Tier 1 select agent which adds additional difficulties to

working with the bacterium (Centers for Disease et al., 2012).

B. thailandensis is generally avirulent in humans with two exceptional cases of
infection in the USA where acquisition of a CPS virulence cluster is predicted to have
enabled infection of humans (Glass et al., 2006, Sim et al., 2010). The CPS virulence
cluster encodes an extracellular polysaccharide capsule, which contributes to
protection from the host immune system through resistance to phagocytosis via
reducing Complement Factor C3b deposition on the bacteria surface (Reckseidler-
Zenteno et al., 2005). There is also evidence to show that carbohydrates such as the
CPS, which are T cell-independent type 2 antigens, induce a poor immunological
memory and do not provoke a strong isotype-switching response, which gives

additional protection to the bacteria from host immune responses (Weintraub, 2003).

1.2. Persister Cells

Persister cells were first identified in 1944 by Joseph Bigger. An army physician,
Bigger observed that the newly available antibiotic penicillin (Fleming, 1946) failed to
completely sterilise staphylococcal infections in wounds resulting in recurrent

infections. This led Bigger to postulate the presence of insusceptible “persisters”
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(Bigger, 1944). Persister cells are tolerant to supralethal concentrations of antibiotics
and in chronic infections can protect bacterial populations from clearance by the host’s
immune system (Keren et al., 2004a). Transient inhibition of antimicrobial targets,
minimal metabolic activity and slow or non-existent growth (Balaban et al., 2004) have
been postulated as causes of the observed tolerance to super lethal concentrations of

multiple antibiotics (Wood et al., 2013).

Persister cells are phenotypic variants recognisably different to resistant mutants as
persister populations do not multiply in the presence of the antibiotic. Once treatment
is withdrawn growth resumes and, unlike resistant mutants, the recrudescent organism

is equally as sensitive to the drug as the naive population (Figure 1.4) (Lewis, 2007).

Persister cells have been identified in numerous bacterial species, including the
prominent pathogens Mycobacterium tuberculosis, Salmonella enterica, Chlamydia
trachomatis, Brucella melitensis, Borrelia burgdorferi, Pseudomonas aeruginosa,
pathogenic Escherichia coli, Staphylococcus aureus and Streptococcus pyogenes
(Monack et al., 2004, Palmer et al., 2009). It is recognised that the clinical burden of
microbial persistence is increasing (Cohen et al., 2013) with persister cells shown to
play an integral role in chronic infections (Fauvart et al., 2011) especially in
tuberculosis (McCune and Tompsett, 1956) and cystic fibrosis patients (McCune and

Tompsett, 1956, Mulcahy et al., 2010a).

Once antibiotic treatment is ceased, persister cell resuscitation can lead to
repopulation of the infection, often through the presence of biofiims. These are
bacterial communities that settle and establish on surfaces covered by an exopolymer

matrix (Lewis, 2010, Conlon et al., 2015, Lewis, 2008b, Dorr et al., 2009). The CDC
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calculate that 65% of all infections in developed countries are caused by biofilms (Hall-

Stoodley et al., 2004).

Persister cells in biofilms

The discovery of persister cells in biofilms (Brooun et al., 2000, Spoering and Lewis,
2001) has marked this phenomenon as a potential target for new treatments of
recalcitrant infections. It has also been suggested that persister cells could enhance
the development of inherited genetic resistance (Cohen et al., 2013) by acting as a
reservoir of actively and adaptively evolving organisms that when treated with
antibiotics induce a selective preference for mutants that produce increased persister

numbers in chronic diseases (Mulcahy et al., 2010a, Cohen et al., 2013).

Persister cell numbers are highly enriched in biofilms which are complex, surface
associated communities of microbes protected by a polymeric matrix (Roberts and
Stewart, 2005) (Lewis, 2001). Biofilms can provide protection to cells from clearance
by host immune mechanisms and antibiotics. They can also lead to limited nutrient
availability. Under these conditions entering a metabolically dormant state is
advantageous to microbes. Multi drug tolerant (MDT) persister cells can confer
benefits to the whole cell population through their ability to survive (Lewis, 2008a,

Lewis, 2010).
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Figure 1.4: The cycle of persister cells.

Panel 1 (left) shows an antibiotic sensitive population of bacterial cells. Phenotypic variants form at low frequency reaching a
maximum number at stationary growth phase in panel 2 (centre). After antibiotic treatment with ceftazidime 99% of cells are killed
leaving only the persistent fraction as shown in panel 3 (right). These cells are tolerant to the antibiotic and, upon removal of

ceftazidime and resuspension in fresh media will resume growth and return to the original state in panel 1.
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Persister cells in melioidosis.

The role that persister cells play in B. pseudomallei infections is not fully understood.
However, persister cells account for approximately 0.1 % of cells in B. pseudomallei
cultures in vitro, which is significantly higher than observed for other species (Hemsley
et al., 2014, Lewis, 2007). It is hypothesised that this reservoir of infection is
responsible for the recurrent infections observed and need for such a protracted
duration of therapy as previously described (Fauvart et al., 2011). Although not
clinically proven, initial in vitro studies into persister cells in B. thailandensis are
concurrent with other persister producing species. A time dependent killing assay
treatment with 100 X MIC of the antibiotics ceftazidime and ciprofloxacin results in a
biphasic killing pattern (Figure 1.5) (Hemsley et al., 2014). During the initial phase of
antibiotic exposure susceptible cells are killed rapidly. This is followed by a secondary
phase where the rate of cell death is significantly reduced. After 48 hours treatment a

surviving fraction of approximately 0.1 % viable cells remains.

It has been shown that persister cells form stochastically in populations prior to
antibiotic treatment (Balaban et al., 2004). This would imply that persister formation
provides a level of evolutionary or survival benefit to the bacteria. Bacterial populations
are at their most susceptible during growth and so entering a persistent state can
provide an advantage in evading host recognition. However, as B. pseudomallei is a
non-obligate pathogen, evolution has occurred in the environment rather than within a
host. As Burkholderia sp. produce high levels of persister cells, this suggests that this
transient state provides a survival advantage to environmental stresses such as
nutrient deficiency, desiccation and attack from other microorganisms (Balaban et al.,

2004, Dhar and McKinney, 2007).
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Figure 1.5: Survival frequency of Burkholderia thailandensis treated with ceftazidime

and ciprofloxacin.

Aliquots of bacteria were incubated in the presence of 100x the MIC of ceftazidime
hydrate or ciprofloxacin. The surviving proportion was enumerated at the indicated
time points and is plotted on a logarithmic scale over time. Survival frequency was
assessed following 48 h incubation of serial dilutions on non-selective media and is
defined as the number of cells that survived the antibiotic treatment. The error bars
represent the standard deviation (Crocker et al.) over the mean from three

independent experiments. Reproduced with permission from Hemsley et al. (2014).
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Dormancy

Persister cells are often termed “transiently dormant” due to their non-growing state.
Time-lapse fluorescence microscopy has been used to visualise growth inhibited cells
from high persister mutants which are able to survive prolonged antibiotic treatment
and resume growth on cessation of treatment. This demonstrates that persister cells
can originate from non-growing cells (Balaban et al., 2004). However, it has not been
definitively proven that that growth inhibition and metabolic dormancy are required for
persister cell formation or antibiotic tolerance (Orman and Brynildsen, 2013). Further
to this, it is more probable, as suggested by recent studies, that bacterial populations
may harbour a diverse collection of heterogeneous persisters with multiple pathways
inducing the persistent state (Allison et al., 2011a). Further weight is added to this
argument by transcriptomic profiling of persister cells in Burkholderia which suggests
that multi drug tolerance (MDT) can be attributed to up regulation of anaerobic nitrate
respiration, efflux pumps, B-lactamases, and stress response proteins (Hemsley et al.,
2014). Anaerobic nitrate respiration is of importance in species of bacteria, such as B.
pseudomallei, which form anoxic granulomas. In these circumstances nitrate acts as

a terminal electron acceptor in the absence of oxygen (Cole, 1996).

Initiation of persistence
Persister cell formation is thought to be a stochastic process within an isogenic
population with the persistent fraction in bacterial populations increasing rapidly during

mid-exponential phase in most species (Lewis, 2007).

Triggers of the persistent state have not been fully characterised. However, initiation
of persistence by environmental conditions has been shown, such as is seen under

active starvation (Nguyen et al., 2011). Nguyen et. al showed that whilst a common
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hypothesis of persistence attributes growth arrest as a central pathway to multidrug
tolerance through inactivity of key antimicrobial targets, this is not sufficient as a sole
mechanism. Using Pseudomonas aeroginosa, a bacteria which causes acute and
chronic infections, as a model organism Nguyen et al. investigated active starvation
responses with a particular focus on the stringent response. The stringent response is
a stress response in bacterial to amino acid starvation. The response is initiated
through accumulation of the effector nucleotides ppGpp and pppGpp, levels of which
are controlled by the enzymes RelA and SpoT (Figure 1.6). RelA synthesises ppGpp
in response to uncharged tRNA which stalls the active site in the ribosome as a
consequence of amino acid starvation. SpoT is a hydrolyse enzyme which catalyses
the degradation of ppGpp but also has weak synthase activities. Nguyen et al.
inactivated relA and spoT through mutation, eliminating signal transduction through
production of the ‘alarmone’ (Caglic et al.)ppGpp. Using this model it was shown that
whilst serine-starvation in wild-type bacteria supported tolerance to antimicrobial
killing, the relA spoT mutant showed significantly less killing despite both strains

showing arrested cell growth.

The role of the alarmone ppGpp in persistence has been further described in (Caglic
et al.) (Maisonneuve et al., 2013). This study further investigated the signal cascade
that causes stochastic switching of subpopulations into slow growth and persistence
in response to environmental factors. Maisonneuve and Gerdes build upon previous
literature on molecular regulation of persistence showing that overproduction of PolyP
or (p)ppGpp leads to dramatic overproduction of persister cells. Furthermore a
hierarchically structured pathway has been established for the regulation of
persistence by (p)ppGpp. As in Figure 1.6, (p)ppGpp produced by RelA inhibits

exopolyphosphate (PPX), which is a cellular enzyme that degrades PolyP. Shyp et al.,
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have already established that (p)ppGpp forms a positive feedback loop with RelA
instigating a fast amplification of small signals (Shyp et al., 2012). This contributes to
Maisoneuve and Gerdes hypothesis that (p)ppGpp controls stochastic induction of
persistence as small fluctuation in the cell may have significantly amplified effects of
transcription. Further down the pathway from (p)ppGpp, transcription of TA operons is
regulated by conditional cooperativity (Afif et al., 2001). This is so named as the toxin
may act as a corepressor and depressor of the cognate TA operon depending on
relative concentration of antitoxin. During persister cell formation there is a high level
of (p)ppGpp. This creates free toxin as antitoxin present is rapidly degraded by the
Lon / PolyP complex present as a consequence of (p)ppGpp. This results in toxin
binding to the TA promotor and transcription of the operon causing slow cell growth

and multidrug tolerance.

Specific genes that may contribute towards the persistent state have also been
identified whereby persistent cells display increased expression of toxin — antitoxin
(TA) modules (Keren et al., 2004c, Shah et al., 2006). For example, the hipAB TA
module (Yamaguchi and Inouye, 2011a, Moyed and Bertrand, 1983, Rotem et al.,
2010, Germain et al., 2013a, Kaspy et al., 2013a) encodes HipA, a serine-protein
kinase (Schumacher et al., 2009, Schumacher et al., 2012, Correia et al., 2006). This
induces dormancy through phosphorylation of glutamyl-transfer RNA synthase
(Germain et al., 2013b, Kaspy et al., 2013b). HipB, a DNA-binding protein, forms a
complex with HipA and promoter DNA in non-persistent states, thus inactivating HipA.
An example of TA regulated persistence is explained in Figure 1.6. This example of a
toxin-antitoxin module is the most deeply studied persister inducing mechanism and
has very recently been identified as a basis of heritability in multi drug tolerance (MDT)

(Yamaguchi and Inouye, 2011b, Balaban, 2011, Schumacher et al., 2015).
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Figure 1.6: A regulatory mechanism of persistence through (p)ppGpp mediated toxin
antitoxin transcriptional regulation. RelA and SpoT are enzymes which synthesis
(P)PPGpp. (P)ppGpp inhibits PPX, which is a cellular enzyme that degrades PolyP.
PolyP forms a complex with Lon in E. coli to degrade antitoxin thus allowing inhibition
of translation and cell growth via the toxin. Red arrows 1 and 2 show that when
[antitoxin]>[toxin] the TA complex binds tightly to the TA promoter and strongly
represses the operon. In contrast, red arrow 3 shows that when [antitoxin]<[toxin] the
toxin destabilises the TA bound promoter and induces transcription of the operon. In
the case of persister cells and high (p)ppGpp levels the antitoxin is rapidly degraded
by Lon and PolyP resulting in high levels of unbound toxin and transcription of persister

genes and cell growth arrest (Cataudella et. Al., 2012).

A number of other persister related genes have also been identified such as rmf, a
stationary state inhibitor of translation (Yoshida et al., 2002) and the septation inhibitor

sulA (Walker and Levine, 1996). In B. pseudomallei , a very closely related organism
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to B. thailandensis, overexpression of the toxin HicA (Figure 1.7) causes growth arrest
and an increased persister fraction within the population with a differential response
to different classes of antibiotic with modulation of HicA expression. It has been shown
that HicA toxin induces cleavage of mRNA and tmRNA preventing translation in

persister cells (Butt et al., 2014b, Jorgensen et al., 2009).

Figure 1.7: Structure of HicA protein, shown in the cartoon format, coloured blue to
red from the N-terminus to the C-terminus. Reproduced with permission from N.

Harmer (Butt et al., 2014a).
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Study of persister cells

Persister cells have, up to recently, been overlooked as targets for antimicrobial drug
therapy. This may have been due to an inherent experimental difficulty in working with
persister cells. In addition, medical science has benefited from an era of effective
antibiotic treatment. However, as antibiotic resistance continues to develop against
even the last line of antibiotic defence (Bathoorn et al., 2016) there is an urgent need
to diversify away from traditional, “silver bullet” approaches and searching for broad
spectrum antibiotics. A proposed strategy is to look to persister cells as potential
targets of new therapies (Helaine and Kugelberg, 2014, Allison et al., 2011b, Balaban

et al., 2013, Conlon et al., 2013, Maisonneuve et al., 2013, Nguyen et al., 2011).

The majority of microbiological studies focus on culturable bacteria. The persistent
fraction in most bacteria is less than 0.01% which presents difficulties in developing
methods to reliably screen for new targets for drug discovery. To this point
Burkholderia is an especially suitable species for studying persister cells due to the

exceptionally high surviving fraction observed.

It is becoming clear that use of ceftazidime against persister cells may not be an
appropriate use. An observation that there is an inverse relationship between
ceftazidime killing and atmospheric oxygen levels leads to that conclusion that under
anaerobic conditions, ceftazidime’s activity is severely reduced. This may be explained
by transcriptome analysis of persister cells which showed a reduced level of
expression for cell division and replication genes which in turn reduces the available
target of ceftazidime activity (Hemsley et al., 2014). It is known that ceftazidime is

rarely active against anaerobic microbes, in which case if persister cells are formed or
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survive in oxygen limited environments, ceftazidime will not be successful in resolving

these reservoirs of infection (Richards and Brogden, 1985).

As persisters form such a small proportion of a population, methods to isolate persister
cells have been developed. One approach is by antibiotic sedimentation of susceptible
cells (Keren et al., 2004b). This allows population level studies of persister cells.
However, this may miss single cell events and does not allow for the study of
heterogeneity in persister populations. It is also possible to use high persistence
(Okiror et al.) mutants with an increased proportion of persister cells (Moyed and
Bertrand, 1983, Wolfson et al., 1990) or fluorescently marked cells. This latter
approach has been made possible through the use of microfluidics (Unger et al., 2000,
McDonald et al., 2000, Balaban et al., 2004), microscopy, and flow cytometry (Helaine

and Holden, 2013).

Current thoughts in eradication of Persister cells

Mathematical models for existing antibiotic treatments have been used to design
periodic dosing regimens or “pulse dosing” whereby persisters are allowed to
resuscitate after antibiotic treatment before being treated again with antibiotic whilst in
a susceptible state (De Leenheer and Cogan, 2009, Cogan et al., 2013, Sharma et al.,
2015). Increased duration of antibiotic treatment has also been considered in cases of
M. tuberculosis and P. aeruginosa. However, this is a contentious point as prolonged
exposure could select for hip mutants which produced more persister cells (Keren et

al., 2012).

Several strategies have been proposed for clearance of the antibiotic tolerant fraction.
These include targeting TA modules to initiate exit of persistent state (enabling the

antibiotic to be fully effective) or alternatively inhibiting an essential persister protein
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(Lewis, 2007). An example of this includes the mutation in the essential Escherichia
coli gene encoding PIsB. PIsB was identified through antibiotic tolerance selection for
a genomic over-expression library (Rottig A et al., 2015). PIsB is a sn-glycerol-3-
phosphate acytltransferase shown to be essential and conserved in persister cells
(Spoering et al., 2006) although the exact mechanism in persistence is still to be
determined. What is known is that PIsB plays a key role in coordinating fatty acid and
phospholipid synthesis (Parsons et al., 2013) and that by inactivating PIsB through
mutation a 2—-3 log drop in the frequency of persister formation is observed (Nystrom,

2003).

A further application of activation and corruption of a target came from the Kim Lewis’s
lab at Northeastern University in 2013 which identified ADEP4, an acyldepsipeptide
antibiotic which activates ClpP to become a non-specific protease, degrading over 400
proteins and resulting in cell death. A combination of ADEP4 with rifampicin showed
complete clearance of a Staphylococcus biofilm (Conlon et al., 2013). The role of ClpP
in a normal cell environment is to recognise and proteolyse misfolded proteins in a
complex with ATP-dependent ClipX, C or A subunits. Upon ADEP4 binding, the ClpP
catalytic chamber is maintained in it's “open” state allowing entry of proteins and
peptides and ATP independent cleavage (Conlon et al., 2013). Rifampicin functions
as an antibiotic by inhibiting bacterial DNA dependent RNA synthesis through
inhibition of DNA dependent RNA polymerase (Calvori et al., 1965). This is the most

compelling anti-persister treatment published to date.
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1.3. Project Brief

Antibiotics were once hailed as a revolutionary end to infectious diseases. It has now
been recognised that this “golden age” is over and antibiotic efficacy can no longer be

relied on to give rapid and complete clearance of infection (Conlon et al., 2013).

It is evident that there is an acute need for novel therapeutics to improve treatment
outcomes in melioidosis. | propose that persister cells represent a previously
unexploited target for new therapies for melioidosis. Furthermore, by gaining a greater
understanding of proteins complicit in the generation and maintenance of persistence,
it may be possible to identify future targets to be used in drug discovery not only in B.
pseudomallei, but also other Gram-negative pathogens for which MDT is a public

health concern (Pendleton et al., 2013).

A proposed approach to producing an “anti-persister” drug to improve upon current
treatment of B. pseudomallei would be to combine the current frontline antibiotic,
ceftazidime, with an inhibitor of an essential persister protein. The desired therapeutic
may either inhibit persistence or force cells to leave their persistent state and become

susceptible to antibiotic killing.
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Project Objectives
e Design a bioassay capable of detecting compounds which reduce persister cell
survival
e Use this assay to screen a compound library to identify hit compounds with drug
like physiochemical properties and suitable activity
e Confirm hits and look to improve activity through series expansion

e |dentify the genetic mechanism of action
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Target Product Profile

In many countries where melioidosis is endemic, cost of medications and hospital care
are significant barriers to effective treatment. As well as improving upon current
treatments in terms of efficacy in clearing the disease, a previously unmet need in
treating melioidosis is to make available therapies cheaper and more easily
accessible. To achieve this, throughout this project | have been working toward goals

described in the Target Product Profile (TPP) as laid out in Table 1.1.

A TPP is a planning tool for therapeutic candidates based upon FDA guidance to
provide a structure for development of a new drug allowing all parties involved in the
project to work concertedly. The TPP for this project describes an orally administered
drug with minimal side effects that will reduce the burden of persister cells when
administered alongside ceftazidime to give improved successful treatment outcomes

and reduce the incidents of relapse.
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Product

Minimum acceptable result Ideal Result
Properties
Reduction of persister cell o _
) o ) Eradication of all reservoirs of
number in melioidosis preventing | . . o
Primary . _ infection resulting in relapse of
relapse of infection. To be S
o o _ melioidosis. To be
indication administered alongside o _
) administered alongside
parenteral treatment and into the
o parenteral treatment.
oral eradication phase
Patient . , : : .
Patients with chronic or acute Patients with acute
population melioidosis melioidosis
Treatment . . .
In line with a typical course of
) Less than 6 months o
duration oral antibiotic treatment

Delivery mode

Oral

Oral

Dosage form

Tablet or capsule

Tablet or capsule

Regimen 1-2 x / day 1 x / day
. Decrease from 3 % relapse in Eradication of relapse of
Efficacy
cases of melioidosis disease
Minor or moderate CNS side
effects No CNS side effects
Side effects

Minor or moderate Gl side

effects

No GI side effects

Table 1.1: Target Product Profile for a drug to recurrent infection through persister cell

survival in melioidosis.
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2. Assay Development

2.1. Overview

The starting point for this drug discovery program to identify compounds with anti-
persister activity in Burkholderia pseudomallei was development of a robust and

reliable assay for use with high throughput screening (HTS) of a compound library.

In this section of work, carried out at the University of Exeter between May 2012 and
October 2013, a number of approaches to developing a suitable assay were explored.
By developing an assay capable of quantifying persister cell numbers the focus of
assay development was to enable accurate and reliable detection of a four-fold
difference in persister numbers allowing identification of compounds which inhibit their

formation and survival.

As described in chapter 1, Burkholderia thailandensis shares over 85% of its genes
with B. pseudomallei but is avirulent in immunocompetent humans (Majerczyk et al.,
2014). For this reason, and to facilitate HTS without requiring biological safety
laboratory class Il (BSL3) facilities, B. thailandensis was chosen for screening with hit

compounds. The intention was to confirm activity in B. pseudomallei at a later stage.

From conception of the project | decided to use a phenotypic, whole cell assay.
Phenotypic screening has multiple advantages over the alternative target-based
screens. Whilst a number of potential pathways involved in the induction and
maintenance of persister cells have been identified as discussed in chapter 1, target
based screening could limit the scope of this drug discovery program. Additionally,
compounds identified through target-based screening can often interact with, on

average, six other targets. These off-target effects can have serious down-stream
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implications (Mestres et al., 2009). Using phenotypic screening of a whole cell assay
opens up possibilities of discovering novel targets in the treatment of persister cells.
In the past decade phenotypic screening has produced significantly more first-in-class
small-molecule drugs than target-based approaches. One study investigating new
medicines approved by the FDA between 1999 and 2008 finding 60% of new biologics
and small molecules were discovered through phenotypic screening (Swinney and

Anthony, 2011).

In addition to this, it is hypothesised that persistence is multigenic with significant
redundancy of genetic pathways leading to the persistent phenotype (Helaine and
Kugelberg, 2014). By using a phenotypic assay, only compounds which elicit an effect
are detected reducing the effect of redundancy. This also ensures that all hits are able
to permeate cells and have activity under the severely retarded cellular metabolism
observed in persister cells. Whilst phenotypic assays have many benefits, they do also
have shortcomings when compared to target based assays. Phenotypes observed
may occur through modulation of a number of different pathways and so target
identification can be significant task downstream of high throughput screening.
Because of this, although hit rates for phenotypic screening may be higher than other
methods, hits compounds are more likely to attrite later in the drug discovery pipeline,
particularly with viability readouts which have many potential non target mechanisms

of action.

This chapter documents the design and evaluation of seven potential assays covering
a number of orthogonal mechanisms of action. It was important to cover a breadth of
designs to ensure that the selected assay was biologically relevant in quantifying
persister cells and that it met specifications for sensitivity and reliability criteria of a

suitable HTS bioassay.
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2.2. Assay Specifications

Developing a bioassay with adequate sensitivity, reliability and robustness was pivotal
to this project. Given the substantial investment involved in screening at the DDU and
downstream processes it was essential that the screening assay worked reliably and
would be transferrable to the DDU facilities. Most critically the focus on assay design
was to ensure the data collected would identify changes in persister cell numbers

when incubated with molecules active against persister cells.

Stipulations for a suitable assay included the ability to detect a four-fold change in cell

numbers with 99% confidence and a Z’ prime > 0.5.

Assay Robustness

Assay robustness in drug discovery is quantified by the industry standard Z’ statistic
defined in Equation 2.1 (Zhang et al.,, 1999). To meet requirements set by
collaborators at the DDU, the assay was developed and optimized to provide a Z’
greater than 0.5 for a four-fold difference in cell numbers. Z’ is more widely used in
drug discovery than a t—statistic p-value as this can be highly influenced by the sample

size of the controls and has been largely discredited (Halsey et al., 2015).

3(op + on)
lup — un|

Z'factor =1 —

Equation 2.1: An equation for calculating Z’ prime

Z’ prime is a measure of statistical effect size used in HTS to evaluate assay reliability
and robustness. Z’ prime is defined in terms of four parameters: the mean (u) and

standard deviation (o) of positive (Caglic et al.) and negative (n) controls.
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Initial tests for assays were performed by seeding with two-fold increases of cell
concentrations to test the assay’s ability to differentiate. Whilst assay development
took place using 96 well microtiter plates, screening at the DDU would take place using
384 well plates. An important consideration in assay development was to ensure that
methods would be able to translate to using smaller volumes without losing assay

robustness to changes such as those caused by edge effects (Maddox et al., 2008).

2.3 Assay controls

A full kill negative control was developed in order to provide a means to detect a
decrease in viable cell numbers, to be implemented as a positive control for active
compounds in screening. Options tested included treatment with 1 M hydrochloric
acid; 10 % (v/v) ethanol; exposure to UV light and heating samples at 90 °C prior to
incubation (Figure 2.1). Upon further consideration of these methods it was decided
that addition of ethanol or hydrochloric acid should be avoided due to their likely effects
on the cell viability reagents used in the assay. Instead, further investigation was
carried out into heat treatment and exposure to UV radiation. Heat treatment of cells
at 90 °C for 5 minutes prior to incubation led to a reduction in PrestoBlue fluorescence
(2.4.8) comparable with background fluorescence, with the ‘full kill’ being confirmed by

absence of growth when grown on LB agar.
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Figure 2.1: Investigated options for a full kill, negative control using PrestoBlue.

Persister cells were treated and incubated for 24 hours in the presence of 100X MIC
ceftazidime. Of the potential negative controls tested, heat treatment of cells gave a
full kill' reading comparable to the M9 media blank. No growth when incubated on agar

confirmed this result.
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2.4. Preliminary Assays

2.4.1. Generation of persister cell culture by treatment with

ceftazidime.

As previously described, frontline treatment of melioidosis is parenteral administration

of the third-generation cephalosporin antibiotic ceftazidime.

Initial tests in persister cell generation through treatment with antibiotics showed that
both persister frequency and reversion periods to normal phenotype are dependent
on the class of antibiotic used (Hemsley et al., 2014). This may indicate that
persistence in not a single phenotype but likely to be dependent on the cause of
formation. As ceftazidime is currently chosen as the first line treatment and any ‘anti-
persister’ compounds discovered are intended to be used in conjunction with

treatment, it was chosen for assay development (Pitman et al., 2015).

Previous studies into persister cells have generated and isolated persisters through
antibiotic sedimentation of susceptible cells (Keren et al., 2004b). A surviving fraction
of bacteria, hypothesised to be persister cells, was produced upon treatment of B.
thailandensis with ceftazidime (Figure 1.5). Upon this evidence it was decided to use
antibiotic treatment with ceftazidime to generate persister cells for screening of

compounds.

Experimental procedure

All experiments carried out in assay development used B. thailandensis strain E264.

Bacteria were grown in high salt LB broth at 37 °C with aeration at 200 rpm.

A persister cell culture was produced for a culture of B. thailandensis grown overnight

to stationary phase in LB broth from which cells were harvested by centrifugation at

38



10,000 x g. Cell pellets were resuspended in M9 minimal media (Harwood C. R., 1990)
and persister cells generated by treatment with 400 pg/ml ceftazidime (Melford
Laboratories Ltd.). Antibiotic stock was produced by preparing dilutions from a freshly
prepared stock at 10 mg/ml active component in 0.1 M NaOH. This method of
generating persister cells was kept consistent throughout assay development to allow

accurate comparison between methods.

2.4.2. Colony culturing and counting

A visible colony count style experiment was carried out using serial dilutions of cultures
before and 24 hours after treatment with 100 X MIC ceftazidime to calculate the

persister subpopulation (Figure 2.2).

Experimental procedure

A culture of B. thailandensis was grown to stationary phase in LB broth. Cell density
was measured by absorbance at 600 nm and cultures were diluted with fresh broth to
OD 0.2, approximately equal to 2 x 108 CFU/ml. The colony forming units (CFU) will
be determined before (to) and after the treatment (t2a) where the former represents the

input number of bacteria and the latter the surviving fraction, persister cells.

For t24 samples a solution of 800 ug/ml ceftazidime hydrate (200 X MIC) in LB was
produced using antibiotic from a stock solution. In three wells of a 24 well plate, 500
pl of prepared bacterial culture was mixed with 500 pl ceftazidime hydrate solution. To
one well 1 ml LB was added as a control and plates were incubated statically at 37 °C
for 24 hours. Following incubation the assay mixture was transferred to a 1.5 ml
reaction tube and centrifuged at 14,000 rpm using a desktop microcentrifuge for four
minutes to pellets cells. The supernatant was discarded and a wash step using 1 ml

fresh LB was performed before resuspension in 1 ml fresh LB.

39



To perform CFU counts a dilution series of the bacterial suspension was prepared
using nine x 10-fold dilution steps. This was performed by addition of 10 pl bacterial
suspension to 90 ul LB in wells of a 96 well plate. 10 pl of each dilution was dropped
on the surface of a dry LB agar plate, allowed to dry and plates incubated overnight at
37 °C. Cells were enumerated for an appropriate dilution at which 10 to 50 colonies
were visible; averages from triplicates were then adjusted for the dilution factor to give
results in CFU/ml. Persister frequency = CFU at t24 / CFU at to. This experiment was

repeated over 3 consecutive days to give independent biological replicates.

Results and Evaluation

Colony counting has previously been considered the gold-standard method for
guantifying persisters (Feng et al., 2015); however for this application it was not
deemed suitable as a primary assay due to difficulties in scaling up for HTS and
variance between biological repeats (Figure 2.2). In addition, colony counting would
only quantify persister cells that have survived antibiotic treatment and are able to
revert to the normal phenotype and reproduce to form colonies on agar within a 24
hour period. This may limit the assay’s ability to detect possible phenotypic differences

in persister cells.

The experiment was repeated on three separate occasions to precisely determine
persister frequency of B. thailandensis at stationary phase and to indicate the
reproducibility of this assay. Whilst the standard deviation observed between technical
repeats (Figure 2.2) was low, the difference seen between biological repeats of the
experiment indicate the assay is not suitably reliable. In addition, whilst the assay is
able to detect differences in cell numbers on the log scale shown, it is not sensitive

enough to detect a four-fold change as desired.
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2.4.3. Measuring cell density by absorbance

Absorbance at 600 nm was considered as a method to calculate cell density. However,
as the persister fraction is estimated to comprise just 0.1% of cell numbers at
stationary phase in Burkholderia species, this would be below the detection limit and
significantly outside experimental ability to resolve a four-fold difference in cell
numbers. In addition, this method was deemed unsuitable as it gives no indication of
cell viability or evidence of metabolism. No data is shown for this method as it was
clear from the outset that the method would not have the sensitivity required for a

persister detecting assay.
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Figure 2.2: Persister frequency in response to treatment with ceftazidime. Persister

frequency for: 1 = 0.59 +/- 0.8; 2 = 0.028 +/- 0.03; 3 = 0.033 +/- 0.033

A culture of B. thailandensis was treated with 400 pg/ml ceftazidime hydrate and
incubated in a 24 well plate. Samples were taken after 24 hours, cells harvested and
resuspended in fresh LB media before serial dilution and enumerating on agar. Results
show technical repeats for three biological replicates. Error bars indicate standard
deviation. This method shows large standard deviation and variance between

biological repeats over consecutive experiments.
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2.4.4. Quantification of persister cells by BacTiter-Glo Microbial

Cell Viability Assay

Preliminary investigations were carried out to quantify persister cell generation using
the BacTiter-Glo™ Microbial Cell Viability assay (Promega). This homogeneous cell
viability reagent can be added directly to culture where viable cells are quantified
through the reagent’s reaction with intracellular ATP. This is linearly related to

luminescent signal intensity the reaction (Figure 2.3).

Recombinant Firefly

Luciferase MG HO

Beetle Luciferin + ATP+ O Oxyluciferin + AMP + PP, + CO. #
Light

Figure 2.3: The luciferase reaction from BactTiter-Glo Microbial Viability Assay

(Promega)

Experimental Procedure

A culture of B. thailandensis was grown to a cell density of ODeoo 1.6, equivalentto 1.6
x10° CFU/mI. As per the colony counting method described above, samples of to and
to4 were produced with the to4 persister culture incubated statically for 24 hours at 37
°C. Dilution series of to and t24 were prepared for visible colony count quantification

using 10-fold dilution steps of 90 ul LB to 10 pl bacterial suspension in a 96 well plate.

ATP concentration was determined against an ATP ladder produced from a 10 uM
stock solution of ATP in LB which was serially diluted using seven, 10-fold dilution

steps of 90 pl LB to 10 pl ATP solution in a 96 well plate.
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Aliquots of 100 pl for all samples; to, t24 and ATP standards were added to wells of an
opaque, white walled 96 well plate (Corning: Catalogue no. #3917) and 100 pl
BacTiter-Glo reagent added. Plates were mixed using an orbital shaker and incubated
at room temperature for 5 minutes before luminescence was read using an Infinite

M200 Pro (Tecan) plate reader.

Results and Evaluation

Dilutions of an overnight culture of B. thailandensis were tested with BacTiter-Glo
Microbial Cell Viability Assay (Figure 2.4). From a starting cell density of ODeoo 1.6,
equivalent to approximately 1.6 x 10° CFU/ml the figure shows detection of two-fold
dilutions in untreated cultures. Results are shown for B. thailandensis culture in a 96

well format.
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Figure 2.4: Assay development using Bactiter Glo.

An untreated culture of B. thailandensis quantified with Bactiter Glo reagent. Signal is
representative of average bacterial ATP concentrations from three replicates. Error

indicates 95% confidence intervals. Z’' for 0.8 to 0.4 = 0.61
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2.45 QPCR

It is possible to absolutely and relatively quantify cell numbers through real-time PCR.
It was hypothesized that changes in persister cell humbers could be accurately

determined by comparing persister culture gDNA to a known standard curve.

Gene BTH_1I0730, a putative sugar binding protein previously validated for
identification of Burkholderia species was chosen (Koh et al., 2012). This gene is
known to be highly conserved in Burkholderia sp. Initial studies were carried out using
SYBR Green Real-Time PCR reagent, a nucleic acid stain which binds dsDNA and is

suitable for DNA quantification.

Experimental Procedure

An experiment was designed according to the minimum information for publication of
guantitative real-time PCR experiments (MIQE) guidelines (Bustin et al., 2009).
Primers were designed for gene BTH_110730 using Applied Biosystems Primer

Express 3.0 software for a 709 bp amplicon.

Genomic DNA (gDNA) was extracted from a stationary culture of B. thailandensis
using a GeneJET Genomic DNA Purification Kit (ThermoFisher) and the concentration
was determined to be 19.4 ng/ul using a NanoDrop 2000c spectrophotometer. gDNA
was then diluted to 2 ng/ul and seven 10-fold dilutions were made with ddH20 for a

standard curve.

Two-fold dilutions of B. thailandensis from a stationary culture in LB were produced

from ODeoo 1.6 to 0.2.

gPCR was carried out using SYBR Green Real-Time PCR Master Mix (ThermoFisher)

on an Applied Biosystems StepOne Real-Time PCR System. PCR was performed in
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a total volume of 15 pl containing 5 ul of purified genomic DNA or cell culture, 0.2 mM
of each dNTP, 2 mM MgCI2, 0.2 pM primers BTH_II0730 forward
(AGCTCGCAGATGAACTGGAT) and reverse (GCTGATCGTTGTTCGTCGTA). The
amplification condition was initiated with denaturation at 95 °C for 3 min, followed by
30 cycles at 95 °C for 20 s, 59 °C for 35 s, and 72 °C for 30 s. The amplification took

approximately 1 hour and 20 minutes.

Results and Evaluation

This method has potential to detect and quantify exceedingly small quantities of
bacterial DNA. Real-time PCR is capable of giving both relative and absolute
guantification of total bacteria through use of the universal probe, SYBR Green, and
conserved primers. SYBR green intercalates double stranded DNA binding to the

minor grove (Zipper et al., 2004).

The standard curve gives a good dynamic range (Figure 2.5: upper). However, upon
testing the assay with serial dilutions of a culture of B. thailandensis, no discrimination
was observed for reduction in cells numbers (Figure 2.5: below). | hypothesis that this
is due to DNA from dead or dying cells remaining in culture and contributing to the

total DNA present.

It became evident that the cost and complexity of this method would be prohibitive for
use in high-throughput screening. The rate of DNA degradation in dead cells was also
a concern as DNA from non-viable cells may still be amplified. A wash step would

reduce this risk but also add a further step increasing cost, difficulty and error.
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Figure 2.5: Assay development for gPCR.

Above: Standard curve created from gDNA dilutions. Below: Calculated DNA
guantities from a culture of B. thailandensis. QPCR of B. thailandensis cells with SYBR
green probe showed a detectable difference in 10 fold dilutions of cell culture against

a 1:10 genomic DNA standard. y = -1.5In(x) + 26; R? = 0.99.
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2.4.6. Plasmid encoded fluorescent protein

A further candidate for assay development used detection of a constitutively

expressed red fluorescent protein to quantify cell numbers.

Experimental Procedure

The plasmid pBHR4-groS-RFP (Figure 2.6) was conjugated into B. thailandensis E264
from the carrier Escherichia coli S17 containing a chloramphenicol resistance gene
(Appendix iv). A culture was grown to ODsoo 1.6 before being centrifuged to pellet cells
and resuspended in fresh LB containing 750 pg/ml chloramphenicol. The culture was
optically adjusted to ODsoo 0.8 and two-fold dilutions made in a black-walled 96 well

assay plate (corning, 07-200-567) in LB media.

To test with persister cells, a persister culture was produced as in 2.4.1by centrifuging
the sample at 10000 x g for 10 minutes before resuspending the cell pellet in LB media

with 400 pg/ml ceftazidime and incubated for 24 hours.

Fluorescence was read at ex 588 nm and em 635 nm using an Infinite M200 Pro

(Tecan) plate reader.

Results and Evaluation

Despite having a significantly slowed metabolism persister cells are still able to
produce proteins (Rotem et al., 2010). Whilst this option gave excellent resolution in
detecting a two-fold difference in seeded cell numbers and displaying a suitable
dynamic range as shown in Figure 2.7, this option could not be selected for HTS. This
was due to the expressed fluorophore accumulating in solution and inhibiting the
detection of reductions of cell numbers (Figure 2.8). Effectively, the fluorescent protein

accumulated in dead cells. This resulted in an overall increase in fluorophore over time
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and reduced the signal to noise ratio of live cells to background fluorescence. Figure
2.8 shows measured fluorescence for a culture of cells prior to antibiotic treatment
compared to a culture treated with ceftazidime, which has previously been shown to
be lethal to cells. A reduction in fluorescence under treatment with antibiotic was not
observed. A treated cell culture was centrifuged to pellet cells and the supernatant
read: this gave a very low signal indicating that fluorophore is contained within cell
bodies or cell debris. Antibiotic treated media only control showed very little
fluorescence confirming that this did not significantly contribute to background

fluorescence.

Initial investigations into RFP quantification used pBHR4-groS-RFP, a constitutively
expressed plasmid. However due to issues arising from fluorophore persisting in
solution, an approach to control fluorophore expression by including a rhamnose
inducible promoter to the plasmid was considered. The intention was to perform the
screen and subsequently induce expression of RFP in surviving cells. This was
expected to be representative of the quantity of cells present. The attempt used
Gibson cloning of a RhaB2 promoter into the pBBR-RFP plasmid. However, due to
concerns of selective pressure introducing bias and difficulties in cloning; this could
not be achieved within the time constraints imposed by the need to provide the Drug

Discovery Unit with a validated assay.
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Figure 2.6: Plasmid map of pBHR4-groS-RFP, conjugated into B. thailandensis to

express red fluorescent protein.

TurboRFP is a red fluorescent protein (Maximum excitation/emission wavelengths are
588 and 635 nm respectively. The plasmid contains a chloramphenicol resistance
cassette (CM) and a constitutive promoter (groS). Figure created using Snapgene v.

2.
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Figure 2.7: Assay development using recombinantly expressed Red Fluorescent

Protein.

Fluorescence of a B. thailandensis persister culture expressing a plasmid encoded
Red Fluorescent Protein (RFP) shows clear resolution of two-fold differences in cell
numbers. Z’' prime for a two — fold difference from 0.8 to 0.4 = 0.5. Persister culture is
generated by treatment with 400 pg/ml ceftazidime. Results shown are in triplicate,

error indicates standard deviation.
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Figure 2.8: Residual fluorescence of Red Fluorescent Protein

Residual fluorescence of constitutively expressed red fluorescent protein inhibited
assay's ability to detect decreases in cell numbers despite giving excellent results for

different seeding of cells.
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2.4.7. LIVE/DEAD cell viability staining

LIVE/DEAD® BacLight™ Cell viability staining is a two-colour fluorescence assay. As
methods relying on metabolism of bacteria don’t work for all bacterial groups, this
method was also considered. In addition, there is a possibility that screening
compounds may react with other fluorophores. This assay uses SYTO9, a green
fluorescent nucleic acid stain and the red fluorescent nucleic acid stain propidium
iodide to assess membrane integrity. When used as a sole reagent, SYTO9 will
penetrate and label all bacteria in a population. However, propidium iodide is only able
to penetrate bacteria with damaged cell membranes. When both dyes are present in
a cell, the propidium iodide will cause a reduction in the fluorescence of SYTO9. This
cell viability staining kit has potential for the persister assay as the ratios of dyes can
be optimised for B. thailandensis and fluorescence can be read rapidly in a microplate

reader to give quantitative data.

Experimental Procedure

A mastermix of equal volume SYTQO9 to propidium iodide was prepared and 3 ul added
to wells containing an overnight persister culture generated as in section 2.4.1 and
mixed thoroughly. Initially the experiment was carried out in LB media. The method
was then developed to include a centrifugation step of 5 minutes at 8000 x g after

which cell pellets were resuspended in M9 media with 400 X MIC ceftazidime.

Plates were incubated at room temperature in the dark for 15 minutes and
fluorescence was read at ex 480 / em 500 nm for SYTQO9 stain and ex 490 / em 635

nm for propidium iodide.
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Results and Evaluation

Initially this method did not give an acceptable signal to noise ratio (data not shown).
However, the assay was optimised to use M9 minimal media which reduced
background fluorescence. Further optimisation included incubation with a breathable
membrane. This reduced signal variability between wells by equalizing gaseous

exchange and reducing evaporation from wells around the edge of plates.

These steps improved the assay to give LIVE / DEAD staining a suitable dynamic
range (Figure 2.9) and differentiating ability (Stiefel et al., 2015). Following assay
optimisation to use M9 minimal media, which reduces background noise in

fluorescence, LIVE / DEAD staining met the criteria of a suitable assay.

Considerations for use of LIVE/DEAD staining are that it would be more expensive
than some alternatives in high throughput. Also, methods that assess membrane
integrity often suffer from high background fluorescence and results aren’t necessarily
representational of viable cells. This is a significant concern in studying persister cells.
An additional concern with the LIVE/DEAD reagent is that the wavelengths used are
known to be troublesome for compound effects. For use with the DDU library red

wavelengths are preferred.
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Figure 2.9: Assay development using LIVE / DEAD cell viability reagent

The LIVE/DEAD reagents SYTO9 and Propidium lodide were used to quantify viability
as a function of the membrane integrity of the cell. Dilutions of B. thailandensis culture
were added to a 96 well plate and a persister culture generated by treatment with 100X
MIC ceftazidime hydrate. Plates were incubated for 24 hours at 37 °C before addition
of LIVE/DEAD cell viability reagents and reading fluorescence. Results show four

biological replicates with error bars indicating standard deviation.
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2.4.8. PrestoBlue Cell viability assay

PrestoBlue (ThermoFisher) is a cell viability assay that allows cell quantification by the
irreversible intracellular reduction of resazurin to the fluorescent rezafurin (Figure 2.10)
(Lall et al., 2013). This method is particularly well suited to this application as
PrestoBlue fluorescence is dependent only on the reducing environment of viable cells

independent of the state of the cell membrane, ability to divide or protein expression.

A= > o
N N

Resazurin Resorufin

Figure 2.10: Reduction of resazurin to Resorufin.

PrestoBlue contains the agent resazurin which is reduced intracellularly in viable cells
to produce the highly fluorescent dye resorufin. The fluorescence intensity is

proportional to the number of viable cells present (leveau et al.,2001).

Experimental Procedure

A persister cell culture was generated as previously described (as in 2.4.1). The
culture was centrifuged and resuspended in M9 with 400 pg/ml ceftazidime before
being serially diluted in an equal volume of M9 media to produce 11 x two-fold
dilutions. The positive control contained cells untreated with ceftazidime and for the
negative control, cells were heat killed at 90 °C for 2 minutes. Plates were incubated
at 37 °C overnight before addition of PrestoBlue reagent and reading of fluorescence

as described previously.
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Detection of cell viability with PrestoBlue (Life Technologies) was performed in 96 and
384 well, black walled assay plates with reagent added 10% (v/v) to the persister
culture (10 ul PrestoBlue to 90 pl persister culture). After addition of reagent, plates
were incubated at room temperature for one hour and fluorescence was read at ex
540 / em 590 nm at Dundee by an Envision plate reader (PerkinElmer) and at Exeter
by an Infinite M200 Pro (Tecan). All liquid handling in primary screening and series

expansion was automated.

Results and Evaluation

PrestoBlue was able to discriminate a four-fold change in persister cell numbers
(Figure 2.11). A four-fold change in persister cell numbers from ODesoo 0.078 to 0.019

gave Z’ = 0.41 as indicated by *.

PrestoBlue is more amenable to HTS than LIVE/DEAD as only a single fluorescence
reading is taken per well. From my personal experience in this project this keeps
experimental time to a minimum and enables larger batches to be tested, reducing

inter-batch error.

Results indicate that fluorescence intensity is representative of cell number (Figure
2.11). Whilst not empirically determined in this project it was hypothesised in assay
development the fluorescence intensity would not be directly proportional to CFU
counts. It is postulated that this could be as a result of persister cells being unable to
revive and produce colonies on agar under the defined experimental parameters. This
further favours the use of PrestoBlue for detection of compounds which inhibit the
persister phenotype. Resazurin-based assays have been used previously in high-

throughput screening for infectious diseases (Bowling et al., 2012).
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Due to this method’s ease of operation, range of detection and sensitivity to two-fold

changes in cell numbers it was chosen for use with screening.
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Figure 2.11: A PrestoBlue cell viability reagent based persister cell assay.

The PrestoBlue assay shows good discrimination of persister numbers. B.
thailandensis persister culture was diluted to a range of optical densities at two-fold
intervals. Samples were incubated statically at 28°C in 96 well plates. After 20 hours,
PrestoBlue reagent was added and the fluorescence read with gain optimised for the
highest bacterial concentration. The results show reliable distinction of two-fold
differences in cell numbers as compared to a boiled cell negative control in M9 minimal
media. * Indicates Z’ for four-fold difference between ODesoonm 1.6 and 0.4 =0.41. Z’ <
0.5 indicates a marginal effect size for screening however Z’ is a tool measure

statistical effect size and cell viability assays are unlikely to yield Z’ scores as high as
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biochemical assays due to the polyphenotypic nature of a cell culture. Data shows
biological triplicates, whiskers indicate min and max results, box 25" to 75™ percentile,

central line indicates median.
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2.4.9. Assay considerations and Optimisation for HTS

All compounds screened at the DDU are stored as a DMSO solution. As a
precautionary measure to ensure that the results of screening the assay would not be
masked by cytotoxicity of DMSO a minimum inhibitory concentration (MIC) experiment
was run to determine survival of B. thailandensis under incubation with different
concentrations of DMSO and to also ensure that the PrestoBlue reagent was also

unaffected.

The effect of evaporation is increased when working in volumes of 50 pl. To maintain
reliable results in transitioning from 96 to 384 well format, conditions such as
temperature and humidity were considered. It was also hypothesized that by
incubating assay plates with a breathable membrane (Sigma-Aldrich, Z380059)
gaseous exchange would be more even across all well locations and evaporation

reduced.

To optimize the PrestoBlue assay for HTS an experiment was carried out to evaluate
the effect of incubating assay plates at a lower temperature of 28 °C to reduce

evaporation and edge effect.

To ensure the efficacy of ceftazidime at the lower temperature, two broth microdilution

MIC determinations were run at 37 and 28 °C.

Experimental procedure

DMSO tolerance was determined using a persister culture (as described in section
2.4.1) optically adjusted to ODsoo 0.4. 90 pl of culture were added to a 96 well plate
and DMSO added over five concentrations from a maximum concentration of 10 %

v/v. The plate was incubated at 28 °C for 24 hours before addition of 10 pl PrestoBlue.
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The plate was centrifuged at 58 x g and left at room temperature for 30 minutes before

fluorescence was read (as in 2.4.8).

To test reduction of edge effect and improvement of the assay through incubation at
28 °C, 90 pl persister culture was added to every well of two 96 well plates. A
breathable membrane was applied and plates incubated at 28 and 37 °C for 18 hours
before addition of 10 pl PrestoBlue reagent. Plates were centrifuged at 58 x g and left

at room temperature for 30 minutes before fluorescence was read (as in 2.4.8).

To determine the effect of lower temperature on MIC of ceftazidime a 400 pg/mi
solution of ceftazidime in M9 minimal media was produced. A 96 well assay plate was
labelled to include samples in triplicate. 100 pL of M9 media was added to each well
and a positive control of inoculated compound free broth and a negative control of un-
inoculated broth only were included. To the first well in the microdilution series 100 pL
of the 128 pg/mL compound stock solution was added such that concentration = 128
pg/mL. From this well serial dilutions of 100 ul were performed to a final concentration

of 0.03 ug/mL. The last aliquot was discarded (Ambaye et al., 1997).

B. thailandensis E264 was grown overnight in 10 mL of LB media and OD measured
at 590 nm. The bacterial suspension was adjusted to the density of 0.01 and incubated
for 1-2 hours at 37 °C. A viable count of the inoculum was performed to confirm
concentration. 100 pL of the inoculum was then added to each well on the already
prepared 96 well plate resulting in a maximum concentration of 64 ug/mL. Plates were
incubated at 37 °C for 18 — 20 hours and adsorption at 590 nm read. MIC was
determined as the lowest concentration of antibiotic in the original culture that inhibited

bacterial growth over a four hour period.
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Results and evaluation

For overnight incubation with two-fold increases of DMSO up to 10 % vlv, the
maximum concentration of DMSO tolerated by B. thailandensis persister culture was
1.0 %. Approximately 50 % of cells were killed at 5.0 % DMSO (Figure 2.12). The
maximum concentration of DMSO in any experiment in this project is 3.2 %. Therefore
no action needed to be taken with regards to the use of DMSO in the PrestoBlue

assay, particularly in HTS where the DMSO concentration does not exceed 0.05 %.

Incubation at the lower temperature of 28 °C displayed no difference to 37 °C for a
standard MIC by microdilution experiment to determine the inhibitory concentration of

ceftazidime. MIC for both temperatures was determined as 0.6 pg/ml (Figure 2.14).

The optimizations made and incubation at 28 °C gave rise to more consistent assay
results and reduced plate effect however it was noted that corner wells still read
anonymously low, a phenomenon that would be corrected by the DDU data handling

software (Figure 2.13).
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Figure 2.12: DMSO tolerance of persister cells.

Persister culture in a 384 well microplate was treated with increasing concentrations
of DMSO and incubated at 28 °C for 24 hours. After incubation PrestoBlue reagent
was added, plates incubated at room temperature for 30 minutes and fluorescence

read. Results show average of 32 wells, error indicates standard deviation.
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Figure 2.13: Edge effect for a 384 well plate.

Left: 100 pl persister culture incubated at 37 °C with open wells shows large signal variance across x and y axis of the plate. Right:
100 pl persister culture was added to all wells and incubated overnight at 28 °C with a breathable membrane, this reduced the
coefficient of variation from 14 % to 8%. PrestoBlue was added to both plates following 18 hours static incubation and fluorescence

read. A 3D map of fluorescent signal shows a significant improvement for addition of membrane and incubation at lower temperatures

but corner wells still read low.
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Figure 2.14: Ceftazidime MIC determination

Treatment of B. thailandensis culture with increasing concentrations of
ceftazidime and overnight incubation determined that the MIC for ceftazidime not
affected by incubation at the lower temperature of 28 °C. MIC for both
temperatures was determined as 3.5 pg.ml* +/- 0.4. There is a slight discernible
upslope for concentrations up to 2 pg.ml* which is caused by increasing

concentration of compound in solution.
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2.4.10. Maybridge screens

It was essential to carry out a proof of principle to make sure that PrestoBlue was
not prone to providing false positive results. To do this, the assay was tested with
a collection of fragment compounds from the Maybridge fragment compound
library. This comprises of approximately 1000 small molecules which were tested
at 1 mM. Initial screening provided operational optimisation of the assay and

confidence in the assay’s suitability.

Experimental Procedure

Burkholderia thailandensis E264 was cultured overnight in 100 ml LB media to
ODeoo 1.6. 250 pl of culture was added to 10 X reaction tubes and centrifuged at
6000 x g for 5 minutes to pellet cells. Pellets were then resuspended to an optical

density of ODeoo 0.4.

A persister solution for screening was created by resuspension in 1 ml M9 media
with 400 pg/ml ceftazidime. Four fold upper and lower concentrations; 1.6 and
0.1 ODsoo were also produced. A negative, untreated control was created by
resuspension in 1 ml M9 media and a positive control was made by heating in a
block at 95 °C for 5 minutes allowing to cool and 500 pl M9 with 800 pg/mi

ceftazidime added (M9ceft800).

43.6 ul of control solutions were added in triplicate to wells of a 384 well plate

containing 1.6 pl DMSO.

Compounds in the Maybridge library are rule of three compliant and are provided
in 96 well masterplates at 32 mM in DMSO solution. 1.6 pl of compounds from
the Maybridge screens were aliquoted to the 384 well plate using a multichannel

pipette before addition of 43.6 ul of B. thailandensis ODesoo 0.4. The maximum
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DMSO concentration was 3.2%, and compounds were screened at 1 mM. The
plate was centrifuged at 200 x g for 2 minutes before covering with a breathable

membrane and incubating for 18 hours at 28 °C.

After incubation the membrane was removed and 5 pl PrestoBlue solution was
added to each well of the assay plate then centrifuged at 200 x g for 2 minutes.
The plate was left at room temperature for 30 minutes before reading

fluorescence at ex 560 / em 590.

Results and Evaluation

Inhibiting activity of small molecules from 169 fragment compounds screened
with the PrestoBlue persister assay is shown (Figure 2.15). Of 6 plates run; 2
gave Z’ prime values greater than 0.5, which covered a total of 169 compounds.
The distribution shows percentage inhibition for screening of 169 compounds at
1 mM in comparison to an untreated persister culture control. An untreated
negative control and heat killed cell positive control were used to calculate Z’
prime = 0.66 indicating a robust assay. There was a strong skew toward
increased fluorescence with a median inhibition of -124.6, and standard deviation
of 63.2. This high signal variability made it intractable to apply a statistical cut-off
so, whilst two compounds appear to inhibit PrestoBlue fluorescence they cannot

be deemed statistically significant.

For this experiment compounds were screened at 1 mM. This is significantly
higher than is proposed for screening at the DDU, yet necessary when screening
with fragment compounds due to their relatively low affinity binding to targets

(Erlanson et al., 2004).
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Figure 2.15: Screening of a fragment library with the PrestoBlue persister cell

assay.

Distribution of a single point screen grouped in 10 % windows using the
PrestoBlue cell viability assay against 169 compounds from plates 5 and 6 of the
Maybridge fragment library. Positive and negative controls were embedded over
several locations of a 24 well plate resulting in a Z’ of 0.66 when comparing
untreated persister culture to a killed cell control. Median activity was 124 %
indicating that the majority of compounds tested resulted in an increase in
fluorescence when compared to the persister culture control. Two compounds
appear to reduced cell viability however due to the distribution and high standard

deviation a statistical cut off could be applied.

70




3. High-Throughput Compound Screening

3.1. Overview

Work undertaken in chapter 3 was carried out at the Drug Discovery Unit (DDU),
University of Dundee from October 2013 to March 2014. This chapter documents
the optimisation and implementation of the PrestoBlue persister cell assay
developed and selected in chapter 2. In this section of work | carried out HTS of
61,250 compounds from the DDU’s diversity library and the analysis and hit

identification from the data collected.

The DDU collaborate with both academic research groups and the
pharmaceutical industry to provide expertise and infrastructure for early-stage
drug discovery. The DDU have a flexible business model collaborating with
partners to translate academic led biological research into novel drug targets and
candidate drugs. Typical projects for the DDU target diseases of the developing
world and areas that are considered unprofitable for large pharmaceutical
investment. From this point of view melioidosis fits clearly into their remit and this
project benefited from their extensive portfolio and experience in screening

biological assays.

Drug Discovery

This project was undertaken because, as outlined previously, there is an unmet
clinical need for treatments to the disease melioidosis. My aim in this body of
work was to identify active molecules and generate data to identify a target, to

which activation or inhibition will result in a therapeutic effect.
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Small molecule drugs make up the majority of conventional therapeutics. This is
due to their low molecular weight, which allows them to diffuse across cell
membranes, and the ability to bind to biopolymers such as proteins or nucleic
acids to elicit an effect (Veber et al., 2002). More on small molecule
pharmacology and drug suitability of small molecule compounds is covered later

in this chapter.

The cost of drug discovery projects is continually increasing and the development
pathway from discovering a hit compound to introduction of an approved clinical
treatment is long and expensive (Duffy et al., 2012). A recent Deloitte analysis
showed that the cost of developing a single asset increased from $1.2 billion to
$1.6 billion between 2010 and 2015. Furthermore, the return on this research and
development investment has approximately halved (Mullard, 2015). This can be
attributed to market pressures and smaller patient volumes with drugs developing
to become more targeted and specific. These figures are representative of the
pharmaceutical industry as a whole. However, in recent years drug discovery
investment into anti-infectives has seen significant cuts. This has been
recognised by the industry, with particular focus on the development of new
treatments to combat antibiotic resistance. At the 2016 World Economic Forum
in Davos, Switzerland, a declaration was made by the Pharmaceutical,
Biotechnology and Diagnostics Industries for alternative market structures to be
implemented in combating antimicrobial resistance (Resistance, 2016). The
declaration, signed by 85 companies, calls for governments to work with the
industry to develop alternative market structures to provide a more stable model
for research and development of new drugs and also to dissociate profitability of

antibiotic drugs from the volume sold.
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There are a number of approaches to drug discovery. Strategies for identifying
hit compounds vary and the screening method employed must be suitable to the
project requirements. One option is to use focussed screening where, if a
potential target is known, computational modelling can be used to construct a 3D
pharmacophore around known ligands. However, as mentioned previously, this
method needs to start with a tractable target as a starting point (Valler and Green,

2000).

A hit compound can be defined as a molecule, which shows a robust dose-
response activity in a primary screen. It is considered the output of screening
(Valler and Green, 2000). Hit compounds provide a tangible starting point from
which structural modifications can be made to improve potency and drug
properties such as ADMET can be assessed for hit series (Duffy et al., 2012).
Identified compound skeletons can then be manipulated to improve drug

suitability and potency.

Label extension of existing drugs

One approach to addressing the urgent requirement for new treatments for
neglected diseases has been to extend indications of current treatments
(Rosenthal, 2003). This has the advantage of reducing the cost and time
associated with drug discovery in an area which is unattractive to pharmaceutical
investment. Successes in this approach include invermectin. Initially indicated for
use as a veterinary antiparasitic drug, invermectin was shown to be effective in
treating onchocerciasis, otherwise known as river blindness, a neglected tropical
disease (Omura and Crump, 2004). A disadvantage of this approach is a risk of

over reliance on label-extension and reluctance from the pharmaceutical industry
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to allow their products to be extended to use in other patient classes for fear of

unexpected toxicities (Pink et al., 2005).

Natural Products

Historically, the most successful drug leads have come from natural sources.
Marine and terrestrial products have been administered through diet and natural
remedies for millennia. Chemical purification and enhancement in the past
centuries has improved the potency and scalability of these therapies (Dias et al.,
2012) In addition to this, as that less than 10% of the world’s biodiversity has
been evaluated for drug activity, it is likely that there are many more natural
product leads to discover (Cragg and Newman, 2013). Natural products are still
a major source of new drug leads with over 100 new products in clinical
development. The ease with which compounds can be produced using yeast and
bacteria systems, and drug-like properties can be achieved through combinatorial
chemistry, have modernised the use of natural products in drug discovery

(Harvey, 2008).

The pharmaceutical industry has moved away from screening natural products in
drug discovery over the past two decades (Lam, 2007). The rationale for this shift
towards small molecule screening was the incompatibility of natural products with
developing HTS technologies. Other difficulties included sourcing natural
products and their isolation and structural characterisation. In addition, a lack of
new discoveries led to the thinking that the “low-hanging fruit” had been

exhausted as antibiotic resistance became ubiquitous (Singh and Barrett, 2006).

More recently, the value of natural antibiotics has been recognised once again

and new methods of target identification such as the mining of biosynthetic
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scaffolds have led rise to a fresh optimism (Johnston et al., 2016). This has also
extended to the discovery of a new antibiotic termed teixobactin, which was
discovered through screening of uncultivable bacteria in the soil environment

(Ling et al., 2015).

High-Throughput Screening and Automated Liquid Handling

HTS allows testing of a large number of diverse chemical structures against
targets or whole cells assays to identify hits. Although HTS incurs a greater input
cost in assay development and significant investment in screening equipment,
this is outweighed by many advantages. Significant improvements on traditional
methods of drug discovery include greater reliability, high efficiency and a much
greater scope for covering chemical space. The data harvest is also greatly
increased (Liu et al., 2004). HTS is characterised by automated liquid handing, a
specific and optimised bioassay, an extensive library of compounds and most
crucially the information technology to acquire and analyse data. Detection by
fluorescence is a favoured method as these methods are simple, fast and can be
scaled down in volume. The ability to work in volumes in the microliter and
nanoliter range also reduces reagent costs and enables more data to be acquired
from precious resources (LaVan et al., 2002). Equipment such as the Echo 555
liquid handler (Labcyte) allows fast, accurate and precise transfers of nanoliter

volumes without waste and minimal risk of contamination.

The DDU Diversity Compound Library

Screening took place with the DDU’s ‘diversity’ set of compounds. This library

differs in design from “Lipinski’s rule of 5” for drug compounds being focused
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towards ‘lead compounds’. Compounds compliant with the “rule of five” have no
more than 5 hydrogen bond donors; no more than 10 hydrogen bond acceptors;
a molecular mass less than 500 daltons and an octanol-water partition coefficient
(Log P) less than 5 (Lipinski et al., 2001). Intelligent sample synthesis and
acquisition has created a library of molecules that improve coverage of chemical
space using fewer compounds than traditionally used by the pharmaceutical
industry. This has the advantage of reducing the operational requirements for
screening and in making small molecule drug discovery accessible to a greater
number of projects with less investment needed. The library is also strategically
designed for antimicrobial discovery. This differs from most screening libraries
which are based heavily on past discovery campaigns. These are heavily biased

towards kinases, G protein coupled receptors and mammalian ion channels.

Molecules included in the DDU'’s diversity screen are typically around 200 to 300
daltons which is smaller than the 500 daltons stated by Lipinski’'s “rule of 5”
(Lipinski et al., 2001). Smaller compounds are usually preferred in screening
libraries due to strict limits of druggability in which properties such as low
molecular weight, lipophilicity and the number hydrogen bond donors and
acceptors can have a large effect on the suitability of a potential orally
administered drug (Wenlock et al., 2003). Compound selection and

pharmacology is discussed further in chapter 4.5.

Chemical space is the ensemble of all possible molecules in an energetically
stable state (Reymond et al., 2010). Mathematically it is impossible to cover all

possible drug molecules which have been estimated to exceed 10%° possible
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molecules (Valler and Green, 2000). Whilst it is impossible to cover all of the
space, the DDU diversity library aims to cover as large an area as is possible with
200-300 Da molecules. The aim in developing this library and a target for the
whole drug discovery field is to increase the chances of identifying “winners” for

target molecules.

Data acquisition and processing is the crucial step in transferring extensive
screening data into meaningful results. The DDU use ActivityBase software
(IBDS) screening data management software which collates every raw data file
obtained in the facility automatically. Screening data can then be matched with
chemical structure information using Vortex software (Dotmatics) and reports
created using vast arrays of screening data. This enables staff at the DDU to
cross reference screens and build up multiple assay data for each compound in

the library.

Drug discovery in melioidosis

Drug discovery for neglected infectious diseases such as melioidosis is not
economically attractive to the pharmaceutical industry. However, it is vital that
new treatments for these diseases are developed to alleviate the burden of
infectious disease. Neglected infectious diseases suppress economies of
developing countries and more importantly prevent people living in these
countries from having the prosperity and longevity we enjoy in developed nations

(Katsuno et al., 2015).

In order to develop new treatments for melioidosis alternative streams of funding

have to be sources. These are most likely to be government and academic based
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drug discovery programs. As such new thinking and creativity is needed to

discover high quality target leads with the restricted availability of resources.

One drug discovery program for melioidosis reports to have developed a whole
animal HTS platform capable of screening 300, 000 compounds (Lakshmanan et
al., 2014). However, it is worth noting that this study was published in an journal
with impact factor = 1.2; which is not open access and has only been cited once,

so | cannot comment on the legitimacy of this statement.

Other investigations include a structural biology approach targeting macrophage
infectivity potentiators (Mips) (Begley et al., 2014). Furthermore, an early stage
study has looked at novel targets for drug discovery in B. pseudomallei targeting

CPS synthesis and the heptokinase WcbL (Vivoli et al., 2015).

3.2. Assay optimization

In order to be confident in using the PrestoBlue persister assay for HTS, it was
necessary to validate all aspects of the assay. From the work carried out in the
assay development stage | had confidence that the assay was biologically and
pharmacologically relevant. In the stages before HTS was carried out, it was
necessary to confirm that the assay performance was robust and translated to

the DDU facilities effectively.

Assays robustness is established through use of the Z’ prime as previously
covered (Equation 2.1). Assay performance tests also looked at signal variation
using the coefficient of variation (% CV) to confirm that all wells of assay plates
gave consistent results. The coefficient of variation is calculated as the ratio of

standard deviation to the mean.
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Controls

During assay development it was shown that a suitable positive control to show
a “full kill” of all cells could be obtained by heating cells to 90 °C for 5 minutes.
During preliminary screening at the Drug Discovery Unit this was repeated to
determine that minimal difference in values and signal variation between heat
treated cells and M9 minimal media were seen. Therefore it would operationally
beneficial to use media only as a lower fluorescence boundary for ‘hit’ selection

as it is difficult to reliable heat kill large volumes of cells.

Screening with a Bioactive Set

A library consisting of 1,000 compounds from the DDU Diversity library was used
as a preliminary screen for assay optimisation. The library was screened at 10
UM and 50 pM to determine an optimum concentration for the assay. The
bioactive set contains a large diversity of compounds to cover the largest possible
area of chemical space; this can be used in further analysis to identify trends in

hit compounds.

3.3. Experimental Procedures for Screening

Large volume production of persister culture

As in section 2.3.1, a culture of B. thailandensis E264 was produced from a frozen
glycerol stock streaked on LB agar and incubated for 20 hours at 37 °C. A single
colony was picked to inoculate 1 L LB broth and incubated for 18 hours at 37 °C
with aeration at 200 rpm. Cell density at ODsoo was measured and the volume of
overnight culture required to make 1.5 L persister culture at ODeoo 0.4 was

calculated. This volume was centrifuged at 600 x g for 10 minutes, the
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supernatant discarded and cells resuspended in 1.5 L M9 minimal media
(Harwood C. R., 1990). Ceftazidime hydrate dissolved in M9 was added to make

total concentration 0.4 g/L.

Z’ prime and signal variance determination:

To carry out a chequerboard experiment, 45 pl of persister culture was added to
wells A1 — H12 and 113 — P24 of a black walled, clear bottom 384 well assay plate
(Greiner: SKU — CLS3766) using a Matrix Wellmate microplate filler. 45 pl heat
killed cell culture was added to all wells of the opposite well quadrants: 11 to P12
and A13 to H24. The plate was centrifuged for 2 minutes at 58 x g and incubated
for 18 hours at 28 °C. After incubation 5 pl of PrestoBlue reagent was added to
all wells. The plates were centrifuged at 58 x g for 2 minutes and left at room
temperature for 1 hour. A PHERAstar microplate reader was used to measure
fluorescence at ex 540 nm / em 590 nm with data directly uploaded to
ActivityBase (IDBS). Repeated readings taken at 5 minute intervals from 15

minutes to 45 minutes.

A further experiment with persister culture in all wells was carried out by addition
of 45 pl of persister culture was added to each well of a 384 well assay plate. A
breathable membrane (Sigma-Aldrich: SKU Z380059) was added and the plate
was centrifuged at 58 x g for 2 minutes before being incubated statically for 18
hours at 28 °C. Following incubation the membrane was removed and 5 ul
PrestoBlue reagent added. The plate was centrifuged at 58 x g for 2 minutes and

incubated at room temperature for 1 hour before fluorescence was read.
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Assay plate preparation for screening

The DDU library contains 62,250 compounds prepared as 10 mM stock solutions
in DMSO. Stocks are stored in 384-well echo plates under inert gas conditions.
Assay plates were prepared from stock solutions using an Echo 550 liquid

handling robot (Labcyte).

For the bioactive set, 45 nl of compound stock solution was acoustically
dispensed from a DDU masterplate to a 384 well assay plate to screen at 10 pM;
for screening at 50 uM, 225 nl was dispensed. Columns 23 and 24 of assay plates

contained DMSO only.

For the diversity set, 135 nl of compound stock solution was added to each well
resulting in a screening concentration of 30 pM. Again columns 23 and 24

contained only DMSO as a control.

A Wellmate microplate filler (Matrix) was used to dispense 45 ul of persister
culture to columns 1-23 of assay plates and 45 pl M9 minimal media to column

24 to provide negative control.

A breathable membrane (Sigma — Z763624) was applied to assay plates which
were then centrifuged at 58 x g for 5 minutes and incubated statically for 18 hours
at 28 °C and 5% CO.. After removal of the membrane, 5 pl PrestoBlue reagent
was dispensed to all wells. Plates were centrifuged at 58 x g for 5 minutes and
incubated at room temperature for 1 hour before fluorescence was read at ex 540
nm, em 590 nm with a gain of 300 using a Pherastar plate reader writing directly

to Activity Base (IDBS) data management platform.
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Hit confirmation and Potency Determination

Hit compounds identified through single point screening were cherry-picked into
384 well Echo plates using the Biomek FX automated handling workstation
(Beckman Coulter). Ten, two-fold serial dilutions of each compound with a
maximum concentration of 100 uM were performed using an Echo550. Plates
were then treated as above and results analysed to determine potency through

ICs0 calculation.

Data Analysis

Data processing and analysis was conducted within Activity Base (IDBS) with
report creation undertaken using Vortex. All ICso curve fitting was undertaken
within Activity Base XE utilising the underlying ‘MATH IQ’ engine of XLfit version
5.1.0.0 from IDBS. This is a functional add on to Microsoft Excel and fits dose-
response curves using the same fitting formula as previous described in Prism
Graphpad. A 4-parameter logistic dose-response curve was used for compound
potency determination, which has been defined by reference to the negative log
molar value at the point of inflection of any sigmoidal concentration-response
curve generated (plCso). Equation:y=A+ (B-A)/ (1 + ((10C) / x)D), where A =
% inhibition at bottom, B = % inhibition at top, C = 50 % effect concentration
(ICs0), D = slope, x = inhibitor concentration and y = % inhibition. As ICso values

are Log normally distributed, data is presented as the pICso (-log1o[ICso]).
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3.4. Results

Z’ prime and Coefficient of variance

The coefficient of variation shows the extent of variability in relation to the mean.
It is used in assay development alongside the Z’ prime as a quality control where

plate effect may occur and is useful for comparison between data sets.

To identify positional effects and calculate signal variance a chequerboard 384
well assay plate was incubated with two quadrants containing a persister cell
culture and opposing quadrants containing a heat killed cell negative. For this
experiment maximum signal variance was 11.2 %CV and the Z’ prime was equal
to 0.68 (Figure 3.1). The high signal variance identified an edge effect with wells

on the edge of the plate displaying lower than average fluorescence.

In response to the high %CV observed in the chequerboard, the assay was
modified to include the addition of a breathable membrane during the incubation
step. In an experiment where all wells contained persister culture the %CV was

reduced to a maximum of 8.7 % and edge effect was improved (Figure 3.2).

The chequerboard experiment was repeated and fluorescence read over a range
of times for incubation with the PrestoBlue to determine the optimum time interval
for incubation with the fluorescent reagent. It was important to determine an
appropriate time window that gives acceptable Z’ primes as this would impact on
the batch size that can be run per day. Figure 3.3 shows that the robustness of
the assay increases over incubation time with PrestoBlue. It took between 40 and
45 minutes of incubation at room temperature to achieve Z' = 0.5. Figure 3.3

shows readings between 15 and 45 minutes incubation time. The Z’ prime may
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have improved, as could be extrapolated from the graph, by incubating for longer.
However, after 45 minutes the experiment met the threshold of Z’ > 0.5 and the
operational requirements of the DDU laboratory required the use of the plate
reader leading to the experiment being stopped. | concluded that 40 minutes of
incubation would be suitable and that whilst the assay may have been further
improved given more time, HTS requires compromises to be made providing

results meet the stipulated quality threshold.

Use of M9 media as a control for 100% inhibition was confirmed to be an
acceptable alternative to heat killed cells with no significant difference between
the two treatments (Figure 3.4). This was more convenient for running HTS and
also removed the difficulty of completely sterilising large volumes of culture. A Z’
of 0.25 was obtained for the difference between persister cell culture and M9
media; however this relatively low Z' value was mostly likely due to the large

signal variance of 18.9 %CV observed in this experiment.

Preliminary experiments in preparing for HTS included comparing assay plates
from five different manufacturers using Z’ prime and signal variance as means of
selection (Greiner 384 well, black walled, clear bottom, SKU — CLS3766). In
addition, a chequerboard experiment was run to identify any plate effect or a

systematic inconsistency between well locations (data not shown).
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Figure 3.1: A checkboard of persister cell culture to show positional plate effects.

Persister culture is shown in red and heat killed cells green, Intensity of colour indicates the signal strength.Maximum signal variance
was 11.2 %CV, Z' = 0.68. Persister culture (45 ul) was added to all wells of a 384 well plate with live cells in wells shaded red and
heat inactivated cells in green. The plate was incubated statically overnight. This experiment identifies positional effects on readings
covering all relative positions on the plate with both positive and negative control values. Relative fluorescence units (RFU) are given

for all wells showing significantly decreased fluorescence in edge and corner wells compared to central wells (P = 0.011).
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Figure 3.2: Distributional effects of persister cells in 384 well assay plate.

A schematic of a 384 well assay plate with persister culture in all wells. 45 pl persister cell culture was added to all wells. %CV is
shown across rows and down columns. Green indicates > 200, 000 RFU; red indicates < 190, 000 RFU. Intensity of colour indicates
the deviation from the mean. An edge effect is apparent primarily in rows A, B and P and columns 1, 2, 23 and 24. Edge effect is
observed where readings on the outer wells of a plate give anomalous readings often due to a higher rate of evaporation during
incubation. The maximum % CV observed = 8.7 for column 2. This reduction from 11.2 % in Figure 3.1 is attributed to the addition of

a breathable membrane during incubation.
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Figure 3.3: Determining the optimum incubation time for a robust Z’ value.

5 pl PrestoBlue was added to a chequer board of persister culture and heat killed cells
and incubated at room temperature inside a plate reader with fluorescence read at 5
minute time intervals. It is hypothesised that the signal to noise ratio as interpreted
through Z' improves due to the accumulation of the fluorophore rezorufin over time
resulting in a higher relative fluorescence per viable cell. Z’ prime was calculated to
determine the optimum incubation time between addition of PrestoBlue and reading

fluorescence.
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Figure 3.4: Comparison of heat killed cells to minimal media for use as a positive

control.

A comparison of heat killed B. thailandensis cells to M9 media carried out at the DDU
confirmed that M9 media could be used as an appropriate “100% inhibition” control.
Results show mean for 16 replicates for each condition positioned down a column
length of a 384 well assay plate. Error bars indicate standard error. Z’ for persister
culture to M9 media = 0.25; Z' for persister culture to heat killed cells = 0.22. The
coefficient of variation (%CV) for persister culture = 18.9%; for M9 media = 2.1; for

heat killed cells = 3.0.
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Screening of BioActive Set (1,000 compounds)

Screening was carried out at 10 pM and 50 puM. 50 uM gave an optimum hit rate (i.e.
greater than 0.5%) so would be a more suitable concentration to screen at. However,
this uses a larger volume of compounds and takes significantly longer to create assay
plates using the Echo liquid handler. Therefore, as a compromise it was decided to
screen at 30 uM. This was also appropriate as any compounds active at 50 uM but

not at 30 uM are unlikely to meet further criteria as a suitable drug compound.

Screening of Diversity Library

61,250 compounds tested were tested over a two week period. All plates passed
quality control (robust Z’ > 0.5) with the robust Z’' prime for the overall screen of 177

assay plates being 0.71 +/- 0.12.

To define the criteria for selecting hits, the primary screen data was plotted as a
frequency distribution graph (Figure 3.6). The data shows a relatively unusual
distribution for a general screen. While the majority of compounds return a low percent
effect value, there is an active negative tail where molecules look to have resulted in
more growth, in some cases over the 100% control. This prevents the use of the
distribution of the negative tail to calculate the statistical cut-off for identifying hits. In
this case, the distribution of the positive tail was used to calculate the standard
deviation, allowing for the small skew in the baseline. It should be noted that in four of
the five single shot screening runs the positive skew was larger. In a single run, the
skew was marginally negative. Because the skew was in the negative tail it is more

likely that we encounter false negative hits than false positive.
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Figure 3.5: Distribution of percentage inhibition for screening batches.

Green results indicate first test sets through to yellow and red indicating latter test sets of screening. Results showing higher inhibition

are more statistically robust than those showing reduced inhibition.
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Figure 3.6: Distribution of percentage inhibition for high throughput screening.

Inhibiting activity of test compounds from 61,250 compounds screened with a
phenotypic assay using a B. thailandensis persister culture as shown by PrestoBlue
reduction. The distribution shows percentage inhibition grouped in 5% windows for
high throughput screening of 61,250 compounds at 30 yM, as compared to a heat
killed cell control. The median activity is 5.3%. The standard deviation of the positive
tail is 9.65%, giving a statistical cut-off for activity of 34.3% determined as the first bin
at greater than three standard deviations from the mean. The arrow indicates the
selected pragmatic threshold at 45%: 345 compounds were identified as ‘hits’
according to this criterion. 45% was chosen to reduce the number of hits to an amout
considered amenable to downstream secondary assays. 309 compounds were
selected based on high activity, or as analogues of compounds with high activity

present in the collection, which have good physicochemical properties.
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Output Result % of total
Number of compounds screened 61,250

Hit Identification threshold 34.40%

Putative hits > 33.8% inhibition 2,092 3.4
Compounds in full curve 309 0.5
Compounds with pICso> 5 29 0.05

Table 3.1: Summary of screen outcome for diversity library.

From initial screening 309 hits showing between 45.6 and 74.2 % inhibition were
‘cherry picked’ for further investigation, with the threshold for selection being
determined from the distribution of compound inhibition (Figure 3.6) using three
standard deviations from the mean as a guideline. “Cherry Picking is a term coined by
Novartis to mean further testing of a smaller subset of compounds from a primary

screen or statistical model.
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Hit confirmation

Primary single point screening took place for the 61,250 compounds. As expected, the
majority of the compounds were inactive (Figure 3.6). Using the median percentage
effect (5.3%) plus three standard deviations (9.7%), a statistically significant cut-off of
34.3% inhibition was determined. This identified 2,092 unique compounds as ‘hits’,
exceeding the capability for downstream analysis. As a result, a pragmatic cut off of
45% inhibition was selected (Figure 3.6, red arrow), resulting in 345 unique

compounds. Some of these were de-selected due to known promiscuity issues.

| selected 309 compounds for detailed screening: these included some near
analogues to hits from within the DDU collection that show high activity and good
physiochemical properties. For these 309 compounds, a ten point, 2-fold,
concentration response assay was performed in duplicate (Figure 3.7) with criteria for
a positive hit set as greater than 50% inhibition at the highest concentration tested
(100 uM). Acceptable concentration response relationships were returned for 58

compounds, of which 29 showed pICso values > 5.

LC-MS confirmation of compound purity

Compound purity checked by liquid chromatography mass spectrometry (LCMS). This
is an important consideration as impurities from the synthesis of compounds such as
residual heavy metals can lead to false positives. The technique does have limitations
for checking purity in that it is unlikely to resolve enantiomers. LCMS was carried out
by DDU research staff. (Di and Kerns, 2006) (Table 5 in Appendix document DDU

report)
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Figure 3.7: Primary dose response assays for “Hit compounds”.

Compounds cherry picked from an initial single point screen at 30 UM were selected for dose response investigation. Of 309 hit
compounds 58 compounds exhibited concentration dependent killing of which the 29 compounds shown exhibited a plCso> 5. Results
show % inhibition as measured by the PrestoBlue persister assay in comparison to a blank media control. Compounds were tested

in duplicate using a standard ten point half logarithm concentration range from a top concentration of 100 uM.
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3.5. Discussion

There are many different approaches to drug discovery and hit identification. This
project benefited from the professional experience of scientists at the DDU. The assay
used for HTS and methods employed were all approved by the DDU so, whilst some
procedures may deviate from traditional means of screening, | am confident that my

approach was appropriate and that the results of screening are legitimate.

One of the most frequent parameters used to assess screening results in drug
discovery is the ICso (Gubler et al., 2013). Where concentration effect relationships are
evident, the ICso denotes the concentration at which 50 % inhibition is attained, relative
to the maximal and minimal effect observed. ICso values can be used in drug discovery
to prioritise compounds in order of potency (Sebaugh, 2011). In order to fit an ICso
curve, at least two points are required in the upper and lower plateaus of maximal and
minimal effect in order to determine the relative ICso accurately. In this study | have
used pICso (— logio[ICso0]) where higher values indicate exponentially increasing

potency (Selvaraj et al., 2011).

It was necessary to re-optimise the assay from its development at Exeter for use with
the DDU facilities. Due to the differences in scale, significantly larger quantities of
persister culture needed to be made with consistency. It was vital to the biology of the
assay that the persister was prepared and treated identically to ensure the results were
reliable. Another consideration was the importance of designing and working to a
standard operating protocol (SOP). This ensured that although less time and attention
were paid to individual batches, all plates in the screen would be consistent and meet
quality control stipulations. Another cause for re-optimisation of the assay was to

account for differences in the equipment used, such as the plate reader and automated
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liquid handling. The SOP included an analysis template which stipulated control

locations on the plate and barcoded details of assay plates and compound locations.

A possible source of error in this experiment is that for cost reasons the same
Wellmate (Matrix) tubing was used to dispense persister cells over the entire screening
period of two weeks. The potential detriment to the experiment could involve biofilm
formation on the interior surface of the tubes and subsequent shedding of cells into
assay wells. To reduce this risk, tubes were flushed with 70% EtOH and dH20 after
each use. Results did not indicate any significant effect caused by this. However,
Figure 3.5 does indicate that batches run later in screening had a broader distribution

of inhibition indicating that error increased over subsequent batches of screening.

The primary screen gave a hit rate of 3.4%. Typically antagonist screening would see
a hit rate of 2 — 3 % so this is marginally high. However, this is not unexpected as often
inhibition assays detecting a decrease in signal will also detect compounds that

interfere with signal generation (Hughes et al., 2011b).

It is possible that the number of compounds observed showing negative inhibition (i.e.
growth) could have been caused by compounds reacting with the resazurin in
PrestoBlue (Figure 3.6). Resazurin is highly sensitive to redox reactions; as such any

compounds which are reducing agents could cause a false positive reading.
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4. Activity Confirmation

4.1. Overview

Work undertaken in chapter 4 was carried out at the University of Exeter following

compound screening at the DDU, which concluded in March 2014.

Following preliminary activity confirmation carried out at the DDU by means of a dose
response assay in duplicate, | returned to the University of Exeter with 29 identified hit

compounds (Table 3.1).

Hit to Lead: process and requirements.

Having identified hits in chapter 3 the first priority on return of work to Exeter was to
triage these results and define which compounds had the most potential for further
work. The hit to lead process aims to transform a series of hit compounds into a smaller
number of druggable compounds with potential clinical use. This is a funnel-like
process with down selection of compounds being made as more data is gained for the
compounds (Duffy et al., 2012). Through activity confirmation | aimed to reduce the
number of compounds to a more manageable quantity, re-confirm activity and cluster
compounds into series. Through this, moderate quality hits could be developed for

progression to leads.

In this section of work | was taking moderate quality hit and looking to narrow down to

high quality hits which can progress to leads.

4.2. Activity confirmation

The first phase of activity confirmation was to generate dose response curves for

compounds identified from the diversity compound library by the PrestoBlue persister

99



assay. Using newly sourced compounds, hit confirmation was carried out under more
robust conditions, both performed in triplicate over a larger range of concentrations

and alongside a secondary viability assay using the LIVE/DEAD cell viability reagent.

This refinement process seeks to show normal competitive behaviour in hits to indicate
that the compound is inhibiting a target or non-target protein rather than interfering

with another component of the assay at high concentrations.

Because HTS libraries, such as those at the DDU, are stored for long periods of time
in DMSO solutions it was important to obtain fresh samples of hit compounds. This
ensures that compounds have not been contaminated, modified, degraded or

precipitated from solution.

Presto Blue Dose Response repeats

Preliminary dose response assays were carried out at the DDU in chapter 3. These
were repeated at the University of Exeter using the freshly sourced compounds. The
experiment was improved by increasing the range of concentrations to give 16 data

points and running each concentration in triplicate.

Secondary LIVE/DEAD Assay

At this point a secondary assay using LIVE/Dead cell viability staining to quantify
persister cells was used to confirm hits, particularly in a minority of compounds where
signal interference was observed in the PrestoBlue assay. It is a standard procedure
in drug discovery to employ a secondary, orthogonal assay to confirm activity (Error!
Hyperlink reference not valid.). Whilst both PrestoBlue and LIVE/Dead are viability

reagents the biochemical mechanism by which the fluorophore is produced differs.
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Time Dependent Killing

The time Kkill curve is used to determine the bactericidal activity of compounds in
combination with ceftazidime in contrast to ceftazidime alone. Previous studies in
persister cells show a biphasic killing pattern upon treatment with super lethal
concentrations on antibiotics as is shown for B. thailandensis previously (Figure 1.5).
The biphasic pattern is attributed to initial, rapid killing of susceptible cells leaving
antibiotic tolerant persister cells which are killed at a slower rate. To show if identified
compounds were able to inhibit a persister culture through the “gold standard” colony
counting method, an experiment was run to compare the survival of persister cells

over time with addition of test compounds.

Minimum Inhibitory Concentration (MIC)

The previous results highlighted compounds with significant effects on persister
numbers. A hypothesis was that these compounds either potentiated the effects of
ceftazidime, or prevented the maintenance of the persistent state. However, |
reasoned that they might be acting as antibiotics in their own right. | therefore
performed a minimum inhibitory concentration (MIC) test for a select group of
compounds (chapter 4.5). A MIC test determines the minimum concentration of
compound required in a bacterial culture to inhibit growth. This is carried out through
serial dilution of compound concentrations to determine the concentration at which the
bacteria are able to grow and divide as measured by absorbance and an observed
increase in turbidity. This was carried out according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines for antimicrobial susceptibility testing (Ambaye

et al., 1997).
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4.3. Experimental Procedure

Compounds were reconstituted in DMSO to a stock concentration of 36 mM and

transferred to a 96 well, DMSO resistant microtiter plate referred to as a masterplate.

A persister culture was produced as described in chapter 3.3 through treatment of an
overnight culture of B. thailandensis optically adjusted to ODsoo 0.4 with 400 pg/ml

ceftazidime hydrate.

DMSO resistant assay plates were used to produce compound master plates. 40 pl of
36 mM compound in DMSO was added to wells of the masterplate and fifteen two-fold
dilutions of 20 pl compound to 20 ul DMSO performed. This generated a set of

solutions with the compound at concentrations from 36 mM to 1.1 uM.

To prepare assay plates, 2.4 ul of each dilution for compounds was transferred to wells
of a black walled, clear bottomed, 96 well plate. To this, 37.6 pul of persister culture
was added and mixed through pipetting. This provided a final concentration range of
1 mM to 61 nM. A breathable membrane was applied before plates were centrifuged

at 58 x g for 2 minutes and incubated statically at 28 °C for 18 hours.

Presto Blue Assay

Following incubation, membranes were removed from assay plates and 5 ul of Presto
Blue reagent was added to each well and mixed by pipetting. Plates were centrifuged
at 58 x g for 2 minutes and incubated at room temperature for 40 minutes before
fluorescence was read at ex 540 nm/ em 590 nm. This was carried out using a Tecan
Pro 200 plate reader with settings: 20 us integration time, 150 ms settle time. Z position
and optimal gain were derived for individual plates. Fluorescence was read in triplicate

for four loci on each well.
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LIVE/DEAD Assay

The LIVE/DEAD assay is a viability assay that uses two fluorescent probes as
indicators of cell viability. The assay consists of propidium iodide, which is a red
fluorescent nucleic acid stain, and SYTO9, which is also a nucleic acid but fluoresces
green. The two stains differ in ability to penetrate healthy cell membranes so whilst
SYTOO9 will label all cells in a population regardless of membrane integrity, propidium
iodide can only penetrate cells with damaged membranes as such giving the
proportion of the total cell population that is dead or dying. After incubation as above,
3 ul of Live/Dead reagent (Life Technologies) was added to each well from an equal
volume stock solution of SYTO9 and propidium iodide in DMSO and mixed thoroughly.
Plates were incubated at room temperature in the dark for 15 minutes and
fluorescence was read at ex 480 / em 500 nm for SYTO9 stain and ex 490 / em 635

nm for propidium iodide.

Data analysis of concentration dependent killing was carried out using GraphPad v5
(Prism) following a 4 parameter logistic equation:y = A+ (B -A)/ (1 + ((10C) / x)D),
where A = % inhibition at bottom, B = % inhibition at top, C = 50 % effect concentration
(ICs0), D = slope, x = inhibitor concentration and y = % inhibition. As ICso values are

Log normally distributed, data is presented as the plCso (-log1o[ICso]).

Error is presented as 95% confidence intervals (95% CI). As the ICso is calculated as

log1o[ICso] it is not appropriate to use standard error (GraphPad Software, 2016). &

Time Dependent Killing

A culture of initial bacterial optical density 0.4 at 600 nm was added in 1.5 ml aliquots
to wells of a 24 well plate. A ceftazidime stock solution was produced to 24 mg/ml in
0.1 M NaOH. Wells were treated with 400 pg/ml ceftazidime hydrate and 30 uM of test
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compound in triplicate and incubated statically. At specified time intervals samples of
1 ml were taken. These were centrifuged, washed and resuspended in 1 ml LB media.
Cells were enumerated by serial dilution in LB media and incubation of 10 ul spots on
LB agar for 24 hours at 37 °C before colonies were counted. The maximum DMSO

concentration in any well was 0.1%.

MIC

A 10 mg/mL stock solution of compound in DMSO solution was produced from which
256 pL was taken and added to 9.744 mL of M9 minimal media (final concentration:
256 pg/mL). A 96 well assay plate was then labelled to include samples in triplicate.
100 pL of M9 media was added to each well and a positive control of inoculated
compound free broth and a negative control of un-inoculated broth only were included.
To the first well in the microdilution series 100 pL of the 256 pg/mL compound stock
solution was added such that concentration = 128 pg/mL. From this well, serial
dilutions of 100 ul were performed to a final concentration of 0.03 pg/mL. The last

aliquot was discarded (Ambaye et al., 1997).

B. thailandensis E264 was grown overnight in 10 mL of LB media and OD measured
at 590 nm. The bacterial suspension was adjusted to the density of 0.01 and incubated
for 1-2 hours at 37 °C. A viable count of the inoculum was performed to confirm
concentration. 100 pL of the inoculum was then added to each well on the already
prepared 96 well plate resulting in a maximum concentration of 64 pg/mL. Plates were
incubated at 37 °C for 18 — 20 hours and absorbance at 590 nm read. MIC was
determined as the lowest concentration of antibiotic in the original culture that inhibited

bacterial growth over a four hour period.
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4.4. Results

Compounds identified from the DDU diversity screen were re-purchased from
commercial suppliers and re-tested for inhibition against the phenotypic persister cell
assay which was improved by the addition of triplicate testing and a greater range of

compound concentrations

Dose Response Assays

Reference Table 4.1 shows compounds available to obtain from commercial suppliers
through online catalogues based upon outcomes of preliminary dose response assays

carried out at the DDU. In preliminary screening all compounds gave a pICso > 5.

As Table 4.1 shows, ten compounds which were originally thought to be commercially
available were impossible to obtain at the time of testing. This was a frustration.
However, it is worth noting that many compounds appeared to fall into a series of
families based upon structural properties. The result of this was that the dropout rate
for hits because of sourcing issues was not as significant as first thought as a similar

compound would, hopefully, still identify potential lead series.
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Compound Key and Reference Table

Key | Supplier reference DDU reference Figure

1 C218-0294 DDD00000923 Not available to buy

2 3731-0081 DDD00001933 Not available to buy

3 C206-0819 DDD00002132 Figure 4.2

4 C206-1078 DDD00002147 Not available to buy

5 C206-0883 DDD00002153 Figure 4.4

6 C206-0741 DDDO00002167 Not available to buy

7 6049-2413 DDD00006401 Figure 4.6

8 4896-2436 DDD00007093 Figure 4.8

9 4896-0324 DDDO00007097 Not available to buy

10 | 4896-5070 DDDO00007250 Not available to buy
3406-0528 (Chloroxine) DDDO00007789 Figure 4.10

11 | 5186-0396 DDD00007989 Figure 4.12

12 | 5186-0395 DDD00008002 Not available to buy

13 | 5408-0429 DDD00008143 Figure 4.14

14 | 5408-0603 DDD00008183 Not available to buy

15 | C274-2532 DDD00017836 Figure 4.16

16 | 5916774 DDD00036679 Figure 4.17

17 | 5843290 DDD00036877 Figure 4.20

18 | 6073831 DDD00037407 Figure 4.21

19 | 7361758 DDD00038407 Figure 4.23
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20 | 7353899 DDD00038534 Figure 4.26
21 | 7859704 DDD00041424 Figure 4.27
22 | 7852536 DDD00042454 Figure 4.29
23 | 7985493 DDD00044626 Figure 4.32
24 | 9000195 DDD00046044 Not available to buy
25 | 7706-0056 DDD00048141 Not available to buy

Table 4.1: Compounds identified as exhibition dose dependent inhibition of persister

cells.

In total 28 hit compounds were identified from the DDU diversity library using the
persister cell assay. Compound activity was confirmed in a standard ten point, two-
fold, concentration response assay carried out in duplicate with all compounds giving
plCso values > 5 (Figure 3.7). Compounds were supplied by ChemDiv and

Chembridge.
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3

plCso from dose response assay carried out at DDU was 5 with 77 % maximal inhibition
and hill slope 0.8. The compound was obtained from ChemDiv and the name

determined from the structure (Figure 4.1).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.4. This was repeated with the LIVE/DEAD assay which gave a pICso of 4.5. For

PrestoBlue the Hill slope was 1.7 and maximum inhibition = 39 % (Figure 4.2).

|
CH,

Figure 4.1: Structure of 3

Also known as N-[3-(Methylsulfanyl)phenyl]-2-thiophenesulfonamide
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Figure 4.2: Concentration dependent killing from 3.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. pICso for Upper = 4.4 (95% CI.

4.5 to 4.3); for Lower = 4.5 (95% CI: 4.9 to 4.2).
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5

plCso from dose response assay carried out at DDU was 5.1 with 79 % maximal
inhibition and hill slope 0.8. The compound was obtained from ChemDiv and the name

determined from the structure (Figure 4.3).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.4. This was repeated with the LIVE/DEAD assay which gave a pICso of 4.2. For

PrestoBlue the Hill slope was 1.7 and maximum inhibition = 43 % (Figure 4.4).

CH,

Figure 4.3: Structure of 5

Also known as 5-Chloro-N-(4-methylphenyl)-2-thiophenesulfonamide
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Figure 4.4: Concentration dependent killing from 5.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. pICso for Upper = 4.4 (95% CI.

4.5 to 4.3); for Lower = 4.2 (95% CI: 4.5 to 4.0).
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7

plCso from dose response assay carried out at DDU was 5.5 with 52% maximal
inhibition and hill slope 1.4. The compound was obtained from ChemDiv and the name

determined from the structure (Figure 4.5).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
6.3, the Hill slope was 0.32 and maximum inhibition = 49 % (Figure 4.6). The assay
was repeated with the LIVE/DEAD assay, which gave a plCso of 5.3 however, a large

95% confidence interval of 6.9 to 3.3 was observed.

HO

Figure 4.5: Structure of 7

Also known as 2-{[4-(5-Chloro-2-thienyl)-1,3-thiazol-2-yl] carbamoyl}

cyclohexanecarboxylic acid.
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Figure 4.6: Concentration dependent killing from 7.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. plCso for Upper = 6.3 (95% CI:

6.5 to 6.0); for Lower = 5.3 (95% CI: 6.9 to 3.3). The shape of the dose response curve
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is not indicative of an active compound, rather it shows a linear correlation between
compound concentration and fluorescence. It is possible that this compound has an

emission spectra that overlaps propidium iodide and rezazurin.
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8

plCso from dose response assay carried out at DDU was 5.2 with 80 % maximal
inhibition and hill slope 1.2. The compound was obtained from ChemDiv and the name

determined from the structure (Figure 4.7).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.3. Similar results were observed with the LIVE/DEAD assay which gave a plCso of

4.3. For PrestoBlue the Hill slope was 0.7 and maximum inhibition =79 % (Figure 4.8).

Figure 4.7: Structure of 8

Also known as 7-[(Pyridin-2-ylamino)(2-thienyl)methyl]quinolin-8-ol.
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Figure 4.8: Concentration dependent killing from 8.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; B — LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. plCso for Upper = 4.3 (95% CI:

4.5 to 4.0); for Lower = 4.3 (95% CI: 4.4 t0 4.2).
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Chloroxine
plCso from dose response assay carried out at DDU was 5.47 with 96 % maximal
inhibition and hill slope 2.2. The compound was obtained from Sigma-Aldrich

(Reference number - D64600), and the compound structure is shown in Figure 4.9.

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
5.5, with a Hill slope of 1.7 and maximum inhibition = 72 % (Figure 4.10). Data obtained
from the PrestoBlue assay where exceptionally good. However, chloroxine did not give
a dose dependent result for the LIVE/DEAD assay. It was inferred that the compound
interfered with the assay reagents although this should have been further investigated

by assaying a titration of compound against the assay reagents alone to confirm this.

Cl

R

Z
Ci N
OH

Figure 4.9: Structure of chloroxine

5,7-Dichloro-8-quinolinol is commercially known as chloroxine.
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Figure 4.10: Concentration dependent killing from chloroxine.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of PrestoBlue cell viability reagent
and reading fluorescence. Results show three biological replicates with error bars

indicating standard deviation. plCsp = 5.5 (95% CI: 5.5 to 5.4).
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11

plCso from dose response assay carried out at DDU was 5.4 with 53 % maximal
inhibition and hill slope 1.7. The compound was obtained from ChemDiv and the name

determined from the structure (Figure 4.11).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
3.9. The LIVE/DEAD assay gave a plCso of 4.4. For PrestoBlue the Hill slope was 0.9

and maximum inhibition = 67 % (Figure 4.12).

H,C
7N

—N
HN

HO

Figure 4.11: Structure of 11

Also known as 4-{2-[(4-Methyl-2-pyridinyl)amino]-1,3-thiazol-4-yl}-1,2-benzenediol.

119



40000 A

30000+

2000049

PrestoBlue fluorescence / RFU

T T T T 1
10° 10°* 102 1073 10 10°
conc/mM

O 5186-0396

Live /Dead ratio Propidium iodide / Syto 9

10° 10t 102 10 10+ 10-°
conc / mM

Figure 4.12: Concentration dependent killing from 11.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. pICso for A = 3.9 (95% CI: 4.3

to 3.5); for B =4.4 (95% CI: 4.5 to 4.4).
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13

plCso from dose response assay carried out at DDU was 5.1 with 73% maximal
inhibition and hill slope 0.9. The compound was obtained from ChemDiv and the name

determined from the structure (Figure 4.13).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.6. Similar results were obtained with the LIVE/DEAD assay which gave a plCso of
4.9. For PrestoBlue the Hill slope was 4.4 and maximum inhibition = 60 %. For the

Live/Dead assay, 100 % inhibition was observed (Figure 4.14).

CH,
OH
N—NH
/

NH

Figure 4.13: Structure of 13

Also known as 5-Ethyl-5'-(2-hydroxyphenyl)-3'H-spiro[indole-3,2'-[1,3,4]thiadiazol]-

2(1H)-one.
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Figure 4.14 Concentration dependent killing from 13.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. plCso for Upper = 4.6 (95% CI:

4.7 to 4.6); for Lower = 4.9 (95% CI: 5.0 to 4.8).
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15

plCso from dose response assay carried out at DDU was 5.0 with 69 % maximal
inhibition and hill slope 0.7. The compound was obtained from ChemDiv and the name

determined from the structure (Figure 4.15).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.3, PrestoBlue the Hill slope was 1.8 and maximum inhibition = 38 % (Figure 4.16).
The assay repeated with the LIVE/DEAD assay. However, this gave inconclusive
results. This was most likely due to a compound effect as fluorescence increased at

higher concentrations of the compound.

0
N /I S

Ay,
O

HN

Br

Figure 4.15: Structure of 15

Also known as N-(4-Bromophenyl)-1-(2-thienylsulfonyl)prolinamide.
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Figure 4.16: Concentration dependent killing from 15.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. plCso for Upper = 4.3 (95%
Cl:4.6 to 4.1). An accurate dose response curve for LIVE/DEAD could not be fitted to
obtain 1Cso as limitations of solubility of the compound restricted use of test

concentrations high enough to cause an upper plateau of data points.
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16

plCso from dose response assay carried out at DDU was 5.1 with 63 % maximal
inhibition and hill slope 1.0. The compound was obtained from ChemBridge

(Hit2lead.com) and the name determined from the structure (Figure 4.17).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.6 but showed a wide 95% confidence interval of 6.5 to 2.6 and only reached
maximum inhibition of 12 % indicating the PrestoBlue assay did not work. The
LIVE/DEAD assay gave a plCso of 3.9 with a Hill slope of 2.3, maximum 42 % inhibition
and 95% confidence interval 2.73 to 2.68 (Figure 4.18). However, this activity is

significantly lower than predicted by the DDU results.

0 Cl
o)
H.C” N\
3 I H
A/
o) N\
CH,

Figure 4.17: Structure of 16

Also known as (4-chlorophenyl){2-[2-(dimethylamino)vinyl]-5-methoxy-1-benzofuran-

3-yl}methanone.

125



45000+

40000+

35000

Presto Blue fluorescence / RFU

300004
O 5916774

25000 T T T T
100 10! 102 103 104
Conc / mM

Live /Dead ratio Propidium iodide / Syto 9

105

Conc/mM

Figure 4.18: Concentration dependent killing from 16

1
10°

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was

added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates

were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability

reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological

replicates with error bars indicating standard deviation. pICso for Upper = 4.6 (95% CI.

6.5 to 2.6); for Lower = 3.9 (95% CI: 2.73 to 2.68).
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17
plCso from dose response assay carried out at DDU was 5.1 with 67 % maximal
inhibition and hill slope 2.1. The compound was obtained from ChemBridge

(Hit2lead.com) and the name determined from the structure (Figure 4.19)

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.3, the Hill slope was 0.8 and maximum inhibition = 40 %. When repeated with the
LIVE/DEAD assay, plCso was 4.0. The Live/Dead assay appeared to show a
compound effect at higher concentrations of compound; as such the bottom value for
calculation of loglCso was truncated to 3.1. However, a wide 95% CI indicated the fitted

curve is not reliable (Figure 4.20).

F

Figure 4.19: Structure of 17

Also known as N-[(4-fluorophenyl)(8-hydroxy-7-quinolinyl)methyljacetamide.
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Figure 4.20: Concentration dependent killing from 17.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; A - PrestoBlue cell viability
reagent; B — LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. plCso for Upper = 4.3 (95% CI:

4510 4.1); for Lower = 4.0 (95% CI: 6.7 to 1.3).
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18
plCso from dose response assay carried out at DDU was 5.7 with 67 % maximal
inhibition and hill slope 1.4. The compound was obtained from ChemBridge

(Hit2lead.com) and the name determined from the structure (Figure 4.21)

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.3. This was not repeatable with the LIVE/DEAD assay which gave inconclusive data.

For PrestoBlue the Hill slope was 4.7 and maximum inhibition = 18 % (Figure 4.22).

Br.

Figure 4.21: Structure of 18

Also known as 2-(4-bromophenyl)-5-(methoxymethyl)pyrazolo[1,5-a]pyrimidin-7(4H)-

one.

129



40000 A

4
L]

25000 §

—0=

Presto Blue fluorescence / RFU

20000 T T T T 1
10° 10! 10°? 10°° 10 10°°

Live /Dead ratio Propidium iodide / Syto 9

10° 10" 1072 1073 10" 10°°
Conc/mM

Figure 4.22: Concentration dependent killing from 18.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological

replicates with error bars indicating standard deviation. The large error observed is
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likely a result of noise in the absence of a detectable treatment effect. plCso for A =4.3

(95% CI: 4.6 to 4.0); B would not converge to provide a curve.

19

plCso from dose response assay carried out at DDU was 5.2 with 55 % maximal
inhibition and hill slope 2.3. The compound was obtained from ChemBridge

(Hit2lead.com) and the name determined from the structure (Figure 4.23)

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.8. This was also observed with the LIVE/DEAD assay which gave a pICso of 4.8. For

PrestoBlue the Hill slope was 2.7 and maximum inhibition = 37 % (Figure 4.24).

Br

HO

| DH—cCH,
OH N—\

Figure 4.23: Structure of 19

Also known as 4-[4-(4-bromophenyl)-5-methyl-1H-pyrazol-3-yl]-1,3-benzenediol.
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Figure 4.24: Concentration dependent killing from 19.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: SYTO9 nucleic acid stain and reading fluorescence. Results show
three biological replicates with error bars indicating standard deviation. plCso for Upper

= 4.8; for Lower = 4.8.

132




20

plCso from dose response assay carried out at DDU was 5.3 with 55 % maximal
inhibition and hill slope 2.3. The compound was obtained from ChemBridge

(Hit2lead.com) and the name determined from the structure (Figure 4.25)

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.7. An identical plCso was observed with the LIVE/DEAD assay. For PrestoBlue the

Hill slope was 1.0 and maximum inhibition = 88 % (Figure 4.24).

X
O

Figure 4.25: Structure of 20

Also known as 1-[2-(1-piperidinylcarbonyl)phenyl]-1H-pyrrole-2,5-dione.
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Figure 4.26: Concentration dependent killing from 20.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; A - PrestoBlue cell viability
reagent; B — LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. pICso for A = 4.7 (95% CI: 4.7

to 4.6); B = 4.7 (95% CI: 4.9 to 4.5).
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21

plCso from dose response assay carried out at DDU was 5.1 with 54 % maximal
inhibition and hill slope 1.3. The compound was obtained from ChemBridge

(Hit2lead.com) and the name determined from the structure (Figure 4.27)

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.4. The LIVE/DEAD assay which gave inconclusive results. For PrestoBlue the Hill

slope was 2.3 and maximum inhibition = 11 % (Figure 4.28).

Figure 4.27: Structure of 21

Also known as [1-(2-phenoxyethyl)-1H-benzimidazol-2-yl](phenyl)methanol.
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Figure 4.28: Concentration dependent killing from 21.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. plCso for Upper = 4.4; Lower

was inconclusive.

136




22

plCso from dose response assay carried out at DDU was 5.1 with 65 % maximal
inhibition and hill slope 1.0. The compound was obtained from ChemBridge

(Hit2lead.com) and the name determined from the structure (Figure 4.29)

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
4.4, the Hill slope was 1.0 and maximum inhibition = 88% % (Figure 4.30). This result
was not repeatable with the LIVE/DEAD assay which gave results indicating a

compound effect.

OH

Z\Z

Figure 4.29: Structure of 22

Also known as [1-(4-fluorobenzyl)-1H-benzimidazol-2-yl](phenyl)methanol.
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Figure 4.30: Concentration dependent killing from 22.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. pICso for Upper = 4.4 (95% CI.

4.7 to 4.6); Lower was inconclusive.
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23

plCso from dose response assay carried out at DDU was 5.2 with 55 % maximal
inhibition and Hill slope 1.5. The compound was obtained from ChemDiv and the name

determined from the structure (Figure 4.31).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
5.1. The LIVE/DEAD assay gave a slightly stronger effect, with a plCso of 5.5. For

PrestoBlue the Hill slope was 2.2 and maximum inhibition = 57 % (Figure 4.32).

Figure 4.31: Structure of 23

Also known as 2-(1H-Benzimidazol-2-yl)-5-methyl-4-(1-naphthylmethyl)-2,4-dihydro-

3H-pyrazol-3-one.
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Figure 4.32: Concentration dependent killing from 23.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. pICsp for Upper = 5.1 (95% CI:

5.3 10 4.8); Lower = 5.5 (95% CI: 5.7 to 5.2).
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24

plCso from dose response assay carried out at DDU was 5.7 with 58 % maximal
inhibition and Hill slope 2.6. The compound was obtained from ChemDiv and the name

determined from the structure (Figure 4.33).

When repeated at Exeter the plCso for a dose response assay with PrestoBlue was
8.2. This indicates a very strong effect with the top plateau correlating well with other
results. This is corroborated with the LIVE/DEAD assay which gave a plCso of 8.0. For

PrestoBlue the Hill slope was 1.3 and maximum inhibition = 50 % (Figure 4.34).

Figure 4.33: Structure of 24

Also known as 6-hydroxy-2-{[2-(4-methylphenyl)-2-oxoethyl]thio}-5-phenyl-4(3H)-

pyrimidinone.
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Figure 4.34: Concentration dependent killing from 24.

Persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of compounds in DMSO. Plates
were incubated for 24 hours at 37 °C before addition of; Upper: PrestoBlue cell viability
reagent; Lower: LIVE/DEAD and reading fluorescence. Results show three biological
replicates with error bars indicating standard deviation. Both graphs indicate activity at
a plCso > 7 however as the graph does not reach baseline inhibition an accurate pICso
cannot be calculated without constraining the maximum effect. plCso for Upper = 8.3
(95% CI: 8.3 t0 8.1); Lower = 7.9 (95% CI: 8.1t0 7.9).
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4.5. Down selection to six compounds

Deciding which hits to take forward to lead identification (the HTL phase) is a crucial
step as the downstream optimization phase will require significant time and financial

investment.

In comparing results of dose response curves to identify the most ideal compounds |
considered the plCso, Hill coefficient and maximal effect. The hill coefficient is a
function calculated from the four parameter logistic fit used to calculate potency and,
whilst a simplification that needs to be empirically confirmed through models of
receptor activation and enzyme activation in an In Vitro assay, the Hill coefficient can
give insight into the ratio of ligand to receptor binding. An ideal antimicrobial drug
would display a Hill coefficient between 0.5 and 1.8 and a sigmoidal concentration
growth inhibition curve reaching maximal 100 % efficacy. This is based on the theory
that a high Hill coefficient and a low maximum Kill rate indicate “time-dependent
antimicrobial effects”, whereas a low Hill coefficient and a high maximum Kkill rate
indicate concentration-dependent effects (Katsuno et al., 2015). However, as none of
the compounds met the perfect criteria, six of the most optimal compounds were

chosen.

Six compounds: 24, 16, 23, 13, 7 and chloroxine were chosen from the results of dose
response assays (Table 4.2). | decided that six lead series would increase the
probability of at least one series being successful, allowing for attrition in future steps,
whilst reducing the number of compounds to be studied to a manageable number

given time and resources.

Chloroxine (Figure 4.9, Figure 4.10) is already known to be an antibacterial agent and

is licenced for use for indications including infectious diarrhoea and inflammatory
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bowel disease under the trade name Endiaron and as Capitrol for use with seborrheic
dermatitis. Further information about this compound and its properties is given in

section 5.3.
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Cl

A/

Cl
Chloroxine 55 N/A 82 OH

Table 4.2: Results from activity confirmation.

Down selection of compounds was based upon favourable properties for drug
development. Rows shaded in pink were selected for further research based on pICso,

Hill slope and maximal effect.

MIC

MIC was determined for six compounds outlined in chapter 4.5. Results showed that
when used as a sole agent without ceftazidime compounds 24, 16, 23, 13, 7 had no
bactericidal or bacteriostatic effects when tested up to a maximum concentration of 1
mM (data not shown). Chloroxine showed weak antimicrobial activity against a culture
of B. thailandensis with a calculated MIC of 30 uM (Figure 4.35). Whilst chloroxine
displays weak antimicrobial activity, the effect seen for a combination of chloroxine

with ceftazidime is markedly greater than for each used as a sole agent (Figure 4.37).
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Figure 4.35: A broth microdilution determination of minimum inhibitory concentration

(MIC) determination for chloroxine.

MIC was determined as 30 pM. This is the lowest concentration that inhibited growth
as detected by absorbance at 590 nm. Results appear to indicate an edge effect at
approximately 0.4 uM. Wells with greater error were closer to the plate edge. Results

are shown in triplicate, error indicates standard deviation.
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Confirmation in B. pseudomallei

An experiment was carried out at DSTL to confirm if chloroxine was also active against
persister cells in the pathogenic bacteria B. pseudomallei. The experiment was
performed using an independently sourced, fresh stock of chloroxine and the DSTL
reference stain of B. thailandensis E264 and B. pseudomallei. Raw data was returned

to me for analysis.

This experiment (Figure 4.36) was carried out to show that chloroxine is also effective
at inhibiting persister cells in a culture of B. pseudomallei. Using the PrestoBlue
persister assay the experiment was carried out as per methods described in section
4.3. For B. thailandensis the plCso = 6.5 which is an order of magnitude more potent
than when tested in activity confirmation (Figure 4.10), the 95% confidence intervals
were 6.6 to 6.5. Chloroxine was shown to also be effective against B. pseudomallei
for which pICso = 6.0 (95% confidence interval: 6.1 to 6.0). This confirmed that
continuation of research into the use of chloroxine as a potential therapy for

melioidosis is justified.

| consider the reproducibility observed in this experiment when carried out by a
scientist previously naive to the project to be a validation of the method development
and quality of the PrestoBlue persister assay. The results also validate the use of B.

thailandensis as a model organism for B. pseudomallei for studies of persister cells.

150



25000+

20000+ {
=) .
L = B. pseudomallei
< 150004 % . .
Q e B. thailandensis
C
D)
(&]
(7]
2 10000+ 3
(@]
5
o
50004
0 1 1 ] ] ] 1
-2 -1 0 1 2 3 4

Conc. uM (log10)

Figure 4.36: Confirmation of chloroxine activity in B. pseudomallei. Data provided by

DSTL

plCso was determined using the PrestoBlue™ cell viability assay to compare
concentration dependent killing of chloroxine of B. thailandensis and B. pseudomallei.
A persister culture, generated by treatment with 100X MIC ceftazidime hydrate, was
added to a 96 well plate containing two-fold dilutions of A in DMSO. Plates were
incubated for 24 hours at 37 °C before addition of PrestoBlue™ cell viability reagent
and reading fluorescence. Results show three biological replicates with error bars
indicating standard deviation. pICso for B. thailandensis = 6.5 (95% CI: 6.6 to 6.5);

plCso for B. pseudomallei = 6.0 (95% CI: 6.1 to 6.0).
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Time Dependent killing

The six compounds selected in section 4.5 were tested in a time dependent killing
experiment where reduction in cell numbers over time was quantified through culture
and colony counting. A persister population was treated with ceftazidime and
compound at 30 pM (above ICso for all compounds) and reductions quantified. A
ceftazidime only control was included. Only one compound, chloroxine was shown to
significantly reduce persister cell numbers over a 72 hour period according to this
method. The remaining five compounds (24, 16, 23, and 13) did not show a significant

reduction in colony numbers at this stage of development (Figure 4.37)

As shown previously, chloroxine is weakly antimicrobial when used as a sole agent
(Figure 4.35) which may, in part, account for this observation. To improve this
experiment, | would retest compounds over a range of concentrations. However, this
procedure uses relatively large quantities of compound and so the previous problem
of sourcing stocks of compounds prohibited further investigation at this stage. The

experiment does indicate that chloroxine is suitable for further investigation.
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Figure 4.37: Time dependent killing for 6 compounds with promising activity indicated

from dose response assays.

Wells of a 24 well plate were seeded with a culture of initial bacterial optical density =
0.4 s0onm. 1.5 ml was incubated statically with 400 pg/ml ceftazidime hydrate and 30
UM compound in DMSO. Maximum DMSO concentration = 0.1%. Samples were
centrifuged, washed and resuspended in LB media. Cells were enumerated by serial
dilution in LB media and incubated on LB agar for 24 hours at 37 °C before colonies
counted. Persister cell only control is shown in red. Results are in triplicate with error
bars indicating standard error. Whilst compounds were active at 30 uM in the cell
viability assay this was not observed in the colony-forming unit (CFU) counting
experiment shown. As covered in Chapter 2 this may be because enumeration of

CFU’s is much less sensitive than fluorescence based viability assay. Further
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considerations may also include the half-life of compounds in culture and testing

against higher concentrations of compound.

4.5. Discussion

It was necessary to confirm hits identified at the DDU using freshly sourced
compounds. Test compounds from a screening library are subject to many handling
steps by a number of personnel which introduces potential for contamination to occur.
Additionally, although masterplates are stored under inert conditions, compounds are
stored in a DMSO solution. There is a potential that compounds may have become
degraded over time or precipitated out of solution. Hit compounds were confirmed by
the DDU through LC-MS after screening. However, it was prudent to repeat assays.
By repeating the dose response assays in this section of work | was also able to carry
out the experiments with biological triplicates over a larger range of concentrations to

obtain more robust fittings of 1Cso.

A significant frustration was that a good proportion of the compounds, despite being
listed in catalogues, were not available for purchase. Ten compounds from the 29
confirmed hits from preliminary screening were not available to buy through
commercial suppliers which significantly restricted the flow of work. An alternative to
this problem would be to commission synthesis of compounds. However, this would
be prohibitively expensive and time consuming for an academically funded project,
and so this was not undertaken at this point. Many of these compounds were
structurally similar to other hit compounds that were available, and so the loss of these

compounds is likely not to have materially affected the following work.

Despite not being able to obtain all hit compounds for hit confirmation, | was able to

group hits into series based upon similarities in structure. This family representation

154



of chemical space that | was able to achieve indicated that the loss of compounds

should not significantly affect the work.

Some compounds showed increased fluorescence for the highest concentrations of
compound when tested with the PrestoBlue dose response assay. An example of this
can be seen in Figure 4.6. As this is observed in the PrestoBlue assay but not the
LIVE/Dead assay, | believe that this is due to higher concentrations of the compound
reacting with the resazurin in the PrestoBlue giving a false positive result. For the
purpose of fitting a line to the data the bottom value for assays where this occurred,
the data were truncated at the concentration at which maximum inhibition was
observed. The dose response assay for 15 using the Live/Dead assay gave
unexpected results. Raw data shows that the SYTO9 component of the assay
fluoresced more intensely at greater compound concentrations (Figure 4.16). My
conclusion from this is that 15 most likely emits fluorescence at 498 nm or within the
same range as SYTO9. This could be tested by reading a solution of 15 in a plate
reader at emission wavelength of 498 nm and over a range of excitation wavelengths.
Identifying any increase in fluorescence against a negative of DMSO solvent would

confirm that 15 is fluorescent at the same wavelength as SYTOO9.

This observed difference between LIVE/DEAD and PrestoBlue confirm that it was
necessary to have a second, orthogonal assay using a different fluorophore to confirm
hits. In addition to giving further confidence in results, this step was deemed important

for ensuring the study was of publishable quality.

Notable compounds selected include 13, which contains a thiadiazole group.

Thiadiazoles feature in a number of antiparasitic and antimicrobial agents, but are
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more associated with broad spectrum biological activity (Li et al., 2013). 24 appears
to show activity at very low concentrations (figure 4.34), which seemed very promising
for the development of this compound. A consideration would be that the overall effect
is moderate. Further assays were attempted to explore lower concentrations, but these

were not successful within the timeframe of the project.

PAINS (Pan Assay Interference Compounds) are compounds that appear frequently
in compound screening and have been shown to display promiscuous target binding.
Often these compounds can be identified through screening only to fail further down
the drug discovery pipeline (Baell and Holloway, 2010). Well established PAINS have
been removed from the DDU library or are identified in the analysis of hits through the
report creation software. However, it is still possible for promiscuous binding
compounds to be selected, which may or may not prove to be good drug candidate.
An example of promiscuous binders are PrAT compounds: promiscuous 2-
aminothiazoles (Devine et al., 2015). This study was published in January 2015 after
activity confirmation and Series expansion (Chapter 5) had been carried out and could
potentially include 11 in their number. 2-aminothiazoles have been shown to be photo-
reactive and also promiscuous binders (Huth et al., 2007). Despite these concerns
there are still a number of compounds containing 2-aminothiazoles in phase I, Il and

clinical trials (Baell and Holloway, 2010).

ADMET

For a drug candidate to be successful it is important for it to meet criteria in terms of
absorption, distribution, metabolism and toxicity (ADMET). These properties may be
developed further in the drug development pipeline. However, it is important to

consider physiochemical and structural properties from the earliest stage. This is
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particularly important for small molecule drugs where the “drug-likeness” (mostly
dependent on molecular mass and lipophilicity) are closely linked to the future success

of a drug candidate.

A “rule of five” was proposed in 1997 describing predictions of physiochemical
properties for suitable drug candidates (Lipinski et al., 2001). The Rule of five is a set
of parameters used to estimate “drug-likeness” or bioavailability. It states that for a
drug like compound there should be no more than five hydrogen bond donors, ten
hydrogen bond acceptors, the compound should have a Mw less than 500 daltons and
the octanol-water partition coefficient logP should not be greater than 5. Whilst a lot
has moved on in drug discovery since then, basic principles such as; improving
permeability and oral availability by using smaller molecules with a more favourable
ligand efficiency, and reducing the risk off in vivo toxicity and in vitro receptor
promiscuity by using molecules with a cLogP < 3, can still be applied. The cLogP of a
compound is a measure of the molecules hydrophilicity. It is calculated as a logarithm
of the partition coefficient between n-octanol and water (Collander, 1951). In order to
reduce toxicity, cLogP should be less than 3 and the total polar surface area (TPSA)
should be greater than 75 (Price et al., 2009). High lipophilicity has been hypothesised
to increase the probability for promiscuous binding to off target proteins, increasing

the likelihood of toxicity (Leeson and Springthorpe, 2007).
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5. Series Expansion

5.1. Overview

This section of work was carried out at the University of Exeter from April 2014 to
November 2014. In this phase of drug discovery the six compounds identified in
section 4.5 were further developed to determine their potential as lead series. To
achieve this | focussed on obtaining structure activity relationship (Moule et al.)
information for compounds and looked into possible modifications to improve upon

confirmed hits.

SAR is the relationship between the chemical or three-dimensional structure of a
molecule and its biological activity, in this case measured by ability to reduce
persistence. To form the basis of a lead series, clusters of compounds are identified
which have related structures but differ in sections or chemical motifs. By testing this
series and the core compound and comparing potencies relationships between the

structure and activity can be identified (Hughes et al., 2011b).

This phase of work also coincided with the installation of a liquid handling system at
the University of Exeter which further improved the reliability of the assays.
5.2. Experimental Procedure

All subsequent liquid handling was automated using an Eppendorf EpMotion liquid

handling robot.

Compounds with systematic structural modifications to original hit compounds listed
in 4.5 were determined by medicinal chemistry professionals at the DDU. These

compounds were sourced through commercial suppliers and dissolved into DMSO
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solutions at 36 mM. Compound masterplates were created using an Eppendorf
EpMotion 5070 liquid handler to create 16 ten-fold dilutions in DMSO in a final volume

of 100 pl.

From this point a PrestoBlue based dose response assay was performed exactly as

described in 4.3.

5.3. Results

Compounds for series expansion were chosen by the DDU around the structures of
compounds outlined in section 4.5. By making systematic alteration to R groups
around these compound clusters it was hoped primarily to identify closely related
compounds with enhanced potency or characteristics better suited to drug use.
Another output of this exercise is elucidate structure-activity relationships by observing
how manipulation of the compound structure, such as addition or removal of hydrogen

bond donors or acceptors for example, can affect the potency of the compound.

As in section 4, a significant limitation to series expansion was in difficulty obtaining
compounds from commercial suppliers. For series expansion, it would be an ideal
situation to have modifications for all groups around a structure. Unfortunately, this
was not possible. Many compounds advertised online were out of stock indefinitely,
and some were not available in the quantities needed for suitable assays. An
additional cause for concern with some of the smaller suppliers was that compounds
were supplied with very little information as to their process or synthesis and purity
from contamination. Many compounds are synthesised using heavy metal catalysts
and it is imperative that these are not present in biological assays. These potential
impurities could be identified through differential migration using thin layer

chromatography (TLC). Contaminants can also be identified by their mass through use
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of liqguid chromatography mass spectroscopy (LCMS) or by nuclear magnetic
resonance spectroscopy (NMR) which identifies chemical and physical properties of
molecules through analysis of their NMR spectra. Despite the sub-optimal chemistry
resources for this section of work, the resultant data has highlighted two potential lead

series. Given the circumstances, the results are surprisingly encouraging.

Series expansion of 7

The parent compound was reordered and retested as shown in Figure 5.1. The
compound, obtained from Vitus M Laboratories, is the same as previously supplied by
ChembDiv (www.chemdiv.com) with a plCso determined as 6.3 by the Presto Blue

based assay and 5.3 using the LIVE/DEAD assay (Figure 4.6).

Compounds 26, 34, 35, 36, 37, 38 all showed structural modifications that resulted in
no dose-dependent relationship being observed. Compounds beginning with the prefix
F were brought from Life Chemicals. It is not known if the significantly higher number
compounds from this supplier which are not active against persister cells is due to the
structural modifications made or some other quality of the chemicals. It is noted that
whereas other suppliers provided analytical data on compound identity and purity this

was not provided with chemicals from Life Chemicals.
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Table 5.1: Series expansion around hit compound 7.
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Figure 5.1: Dose response assay for a fresh stock of hit compound 7. pICso = 6.3 (95%

Cl: 6.9 t0 5.8)

Sourced from VitasM Laboratories, STK959997 is the same as the original hit
compound 7 which was sourced from ChemDiv for hit confirmation (Figure 4.5). A
dose-response assay using persister culture, generated by treatment with 100X MIC
ceftazidime hydrate, was added to a 96 well plate containing two-fold dilutions of
compounds in DMSO. Plates were incubated for 24 hours at 37 °C before addition of
10 pl PrestoBlue cell viability reagent and reading fluorescence. Results are in

triplicate, error bars indicate standard error.

Figure 5.2: Structure of 7
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Figure 5.3: 27 from series expansion of 7.

Replacement of the 2-chlorothiophene group with a benzene group decreases the
plCso from 6.3 to 5.3 (95% CI: 5.4 to 5.1). Results are in triplicate, error bars indicate

standard error.

HO

Figure 5.4: Structure of 27
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Figure 5.5: 28 from series expansion of 7.

The 2-chlorothiophene group is replaced with a fluorobenzene group resulting in no
change in pICso from 6.3 to 6.2 (95% CI: 7.3 to 5.1) within error. However this
compound is considered less attractive than others in the series with a similar pICso
due to the shallow Hill slope (0.65). Results are in triplicate, error bars indicate

standard error.

HO

Figure 5.6: Structure of 28
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Figure 5.7: 29 from series expansion of 7.

T
10

1
10

A benzene group is added to the thiophene group and a methyl group is added to

the middle ring resulting in the plCso increasing from 6.3 to 5.9 (95% CI: 6.1 to 5.6).

R? = 0.54 indicating this may not be a definite result. Results are in triplicate, error

bars indicate standard error.
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Figure 5.8: Structure of 29
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Figure 5.9: 30 from series expansion of 7.

An oxygen molecule is added across the cyclohexane group creating
oxaibicyclohexane. The fluoride group is also replace with a methyl group. The graph
shows an increase in plCso to 3.5. Although the R? = 0.45 indicates a poor fit, there is
clearly a significant loss of activity. Results are in triplicate, error bars indicate standard

error.
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Figure 5.10: Structure of 30
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Figure 5.11
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This compound differs from the original structure by removal of the 2-chlorothiophene

group and a substitution of as methyl group to create 5-methyl-1,3-thiazole resulting

in a reduced plCso of 3.5. This substitution shows a significant loss of activity. Results

are in triplic

Figure 5.12

ate, error bars indicate standard error.
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Figure 5.13: 32 from series expansion of 7.

The structure differs from 7 by the addition of a carbon across the cyclohexane
creating a norbornane group and the substitution of the 2-chloro-thiophene for a
para-chlorobenzene. These combined changes result in an increased plCso from 6.3
to 4.9 (95% CI: 5.7 to 6.2). Furthermore, there is a significant drop in Hill slope.

Results are in triplicate; error bars indicate standard error.
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Figure 5.14: Structure of 32
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Figure 5.15: 33 from series expansion of 7.

Substitution of a methyl group for the chloride results in the plCso reducing from 6.3

to 5.7. Results are in triplicate; error bars indicate standard error.

Figure 5.16: Structure of 33
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SAR for 7

For some compounds a poor goodness of fit was observed with high standard
deviations observed between replicates. These experiments were carried out in
batches using automated liquid handling and avoiding areas of the assay plate where

edge effect is most commonly observed (See Chapter 3.2).

A series of modifications to structural groups from compound 7 were made. The critical
modifications are shown in Figure 5.17. The first modification made to the parent
compound looked at the importance of the chlorine group (shown at the top of the
parent molecule). When removed (27) a reduction in activity was seen from plCso 6.3
from 5.3 (Figure 5.5). When substituted for a more electronegative halide, fluoride (28)
no significant change is observed (Figure 5.7). In 33 the halide group is exchanged for

a methyl group resulting in a measurable drop in activity (Figure 5.15).

29 (Figure 5.7) includes a methyl addition to the thiazole group. This results in a
significant drop in activity. Compounds with modifications to the cyclohexane group,
such as in 32 (Figure 5.13) showed a slight reduction in plCso although most activity
was retained. Another example of this (32) features an oxabicyclo heptane instead of

the cyclohexane which also severely reduces activity (Figure 5.13).

Compounds 34, 35, 36, 26, 37, 38 have lost all inhibiting activity. | have previously
mentioned concerns about the chemical supplier. However, this subset of compounds
also feature severe modifications or removal of the acid group adjacent to the
cyclohexane group. This suggests an SAR indicating this acid group is essential to the

compound’s activity.
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At the other end of the molecule, replacement of the 2-chlorothiophene group with a
benzene group decreased the plCso from 6.3 to 5.3, indicating that both external

groups of the molecule have an effect on the activity.

These are clear SAR’s, in which modifications to both the acid group and ring structure
on both ends of the molecule, result in modulation of potency. This indicates that

compound 7 qualifies for development as a lead series.
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Figure 5.17: SAR for Compound 7 showing evolution of series and effect of manipulation on pIC50
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Series expansion of 23
23, known as 2-(1H-benzimidazol-2-yl)-5-methyl-4-(1-naphthylmethyl)-2,4-dihydro-

3H-pyrazol-3-one was sourced from VitasM Laboratories (Chemspider ID 2254810).

The compound complies with the “rule of five” (Lipinski et al., 2001) and has five
hydrogen bond acceptors and one hydrogen bond donor. The cLogP is 3.84, which
may be considered a bit high, and the molecule contains two rotatable bonds. The Mw

of the parent 23 is 354 Da, allowing for some capacity to modify the structure.
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Table 5.2: Series expansion around parent 23.
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Figure 5.18: Dose response assay for original hit compound 23.

The parent compound was re-ordered from ChemBridge and the experiment carried
out as in Figure 4.32 with the difference being that all liquid handling in this
experiment was automated. plCso was consistent at 5.1 (95% CI: 5.2 to 5.0). Results

are in triplicate, error bars indicate standard error.

Figure 5.19: Structure of 23

Also known as (2-(1H-benzimidazol-2-yl)-5-methyl-4-(1-naphthylmethyl)-2,4-dihydro-

3H-pyrazol-3-one)

177




400004

PrestoBlue fluorescence / RFU
w

15000

10°

107

107 10" 107

Figure 5.20: 39 from series expansion of 23.

The structure differs by removal of a benzene ring from the naphthalene group in 23.

plCso = 5.02 indicating little effect on compound activity. This modification, however,

significantly reduces the molecular weight. Results are in triplicate; error bars indicate

standard error.

Figure 5.21: Structure of 39
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Figure 5.22: Dose response assay for 40 from series expansion of 23.

Substitution of nitrogen for sulfur produced a benzothiazole group in place of the
benzimidazole group in 23 (Figure 5.23). plCso was decreased from 5.1 to 4.3
indicating this change reduced the compound activity, potentially due to a hydrogen
bond donor being required at this position. Results are in triplicate, error bars indicate

standard error.

Figure 5.23: Structure of 40

179




PrestoBlue fluorescence / RFU

10°

Figure 5.24: 41 from series

expansion around the structure of compound 23.

The naphthalene group from 23 has been removed and replace with an isobutene

group (Figure 5.25). This reduces the plCso from 5.1 to 4.8 (95% CI: 4.9 to 4.8).

However, this reduction is of marginal significance given the errors in these values.

Results are in triplicate, error bars indicate standard error.

Figure 5.25: Structure of 41
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SAR for 23

For most modifications made to 23 few significant changes in plCso were observed.
From substitution of a central nitrogen atom for sulphur in 40 (Figure 5.22, Figure 5.23)
it can be seen that changes to the central group of hydrogen bond acceptors results

is slightly lowered pICso from 5.1 to 4.3.

As there is some SAR information available for 23 it could be classed as a weak lead
series. However there has not been enough dissection of the molecule through
systematic series expansion to show any significant improvements upon the parent

compound.

23 has a cLogP of 3.135, three rotatable bonds and three hydrogen bond acceptors.
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Series expansion of 16

Series expansion around 16 was carried out. The compound, (4-chlorophenyl){2-[(E)-
2-(dimethylamino)ethenyl]-5-methoxy-1-benzofuran-3-yl}methanone, has a Mw of 355
and is one of the larger compounds identified. The cLogP = 3.135 and compound
contains four hydrogen bond acceptors and no hydrogen bond donors. There are five
rotating bonds. The newly sourced compound (Figure 5.27) shows increased activity
from pICs04.6 (Figure 4.18) to 5.5. This may be a result of using a freshly synthesised

compound which has undergone less degradation.
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Key | Compound | plCso Hill | Structure Figure
STK52587 Figure
16 6 55 0.6 5 >7
STK52643 Figure
44 5 6.8 1.4 5 29
STK52508 Figure
45 5 4.1 0.8 531
46 STK14913 | not N/A
2 converged
47 STKO01317 | not N/A
5 converged
STK83253 Figure
48 6 3.7 2.3 533
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49 STK75182 | Not N/A

7 converged
50 STK83346 | Not N/A

3 converged
51 STK83296 | Not N/A

2 converged

Figure

52 L129305 4.2 39.4 5 35
53 STK52597 | Not

7 converged | N/A

Figure 5.26: Series expansion around hit compound 16
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Figure 5.27: Dose response assay for a fresh stock of hit compound 16.

Compound STK525876, supplied by VitasM Laboratories is structurally the same as
16, originally supplied by ChemDiv for activity confirmation (Figure 4.18). plCso was
determined as 5.5 (95% CI: 5.9 to 5.1), The Hill slope was 0.6 which is lower than

previously observed. Results are in triplicate; error bars indicate standard error.

Figure 5.28: Structure of 16
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Figure 5.29: Dose response assay for 44 from series expansion of 16.

Removal of the chloride group shows no significant increase in activity as although
plCso = 6.8, there Hill slope is very shallow and lack of a sigmoidal curve results in
very wide confidence intervals (95% CI: 10.5 to 3.2). Results are in triplicate, error

bars indicate standard error.

Figure 5.30: Structure of 44
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Figure 5.31: Dose response assay for 45 from series expansion of 16.

Substitution of bromine for the chloride results in a very ambiguous plCso which due

to the shallow hill slope and lack of upper and lower plateaus is not significant. Results

are in triplicate; error bars indicate standard error.
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Figure 5.32: Structure of 45
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Figure 5.33: Dose response assay for 48 from series expansion of 16.

Removal of the dimethylamine group results in a significant reduction in pICso to 3.71

(95% CI: 3.9 to 3.5). Results are in triplicate; error bars indicate standard error.
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Figure 5.34: Structure of 48
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Figure 5.35: Dose response assay for 52 from series expansion of 16.

The compound differs from the parent compound by removal of the methoxy group
from the benzofuran group. The compound is also missing the chorobenzene group
resulting in a reduction of activity: plCso = 4.2 (95% CI: 4.20 to 4.20). Results are in

triplicate, error bars indicate standard error.
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Figure 5.36: Structure of 52
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SAR for 16

It was shown that the presence of the chlorine substituent was crucial to activity, when

substituted to another halide; bromide, loss of activity was observed (Figure 5.31).

Dimethylamine group is necessary for activity (Figure 5.33). The presence of this
aliphatic group, (CHs)2NH may be of importance to the compounds solubility and its

ability to diffuse across cell membranes.

46 and 47 both showed complete loss of inhibiting activity. This is not unexpected as
both molecules are lacking the halide group and the amine group which have both

been shown to be necessary for activity.

Compounds 49, 50, 51, and 53 all contained modifications that removed all inhibiting
activity. This is not unexpected as the core structure has been heavily modified,

significantly changing the 3D shape of the molecules.
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Chloroxine

Chloroxine showed the most promising results following hit confirmation; the

compound has a low Mw of 214 Da and a plCso of 5.5.

Chloroxine is a licensed compound used in some shampoos for the treatment of
dandruff and seborrheic dermatitis of the scalp. It is already known that chloroxine has
an antibacterial action, inhibiting the growth of Gram-positive as well as some Gram-
negative organisms. Chloroxine has also shown some antifungal activity against

certain dermatophytes and yeasts.

Chloroxine meets most drug requirements as cLogP is 3. It contains two hydrogen
bond acceptors and one hydrogen bond donor. The polarised surface area is 33.12 A2
("Chloroxine | C9h5cl2no - Pubchem™). The acute oral LD50 in mice was found to be

200 mg/kg and in rats 450 mg/kg.

Cl

AN
2
Cl N

OH

Figure 5.37: Structure of Chloroxine
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Key | Compound plCso Hill | Structure Figure
Cl
AN -
Chloroxine 5.5 1.8 igure
4.10
~
Cl N
OH
Cl
= Figure
54 STK735211 3.4 1.9
P 5.42
H,N N
OH
OH
Br. N\
55 | STK563617 | NOU N/A Figure
converged ~ 5.38
Br
OH
Cl N CH,
Not N
56 LT03330918 N/A
converged —
Cl
~
Figure
57 LT00423139 5.1 3.5 ~
Bf N 5.44
OH
Br
N
58 | LT0O0453266 | MO N/A |
converged P
Br N CH,
OH
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59 | 17701-66 Not N/A
converged
60 | 17709-68 Not N/A
converged
Figure
61 177/01-65 3.4 1.2 5.46
Figure
62 177/01-67 3.1 0.9 5 48
Figure
63 177-01-86 4.1 1.3 550
Figure
64 81/09-33 4.1 3.3 5.52
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Figure 5.38: Dose response assay for 55 from series expansion of chloroxine.

The replacement of two chloride ions with bromide ions appears to reduce activity and
severely reduce the hill slope such that a plCso cannot accurately be determined.

Results are in triplicate; error bars indicate standard error.

OH

Br. N
RN
v/

Br

Figure 5.39: Structure of 55, also known as broxyquinoline.
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Figure 5.40: Dose response assay for 65 from series expansion of chloroxine

This compound differs from the parent by substitution of the two chlorides for iodide.

A methyl group is also added to the nitrogen containing ring. Some activity is lost:

pICso = 5.0 (95% CI: 5.1 to 4.9). Results are in triplicate, error bars indicate standard

error.

Figure 5.41: Structure of 65
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Figure 5.42: Dose response assay for 54 from series expansion of chloroxine.

The substitution of an amine group in replacement of a chloride leads to a decrease
in activity to plCso of 3.4 (95% CI: 3.5 to 3.3). Results are in triplicate; error bars

indicate standard error.

Cl
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H,N
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Figure 5.43: Structure of 54
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Figure 5.44: Dose response assay for 57 from series expansion of chloroxine.

plCso = 5.1 (95% CI: 5.2 to 5.0) for the compound 7-Bromo-8-quinolinol which is a
small decrease from the parent compound. 57 is modified by replacement of the two
chloride groups by a single bromide on the quinolinol moiety. Results are in triplicate,

error bars indicate standard error.

N
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Br N
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Figure 5.45: Structure of 57
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Figure 5.46: Dose response assay for 61 from series expansion for chloroxine.

plCso = 3.1 (95% CI: 3.7 to 3.1), showing a loss of activity. The compound differs from
the parent compound through the inclusion of a ketone in place of the hydroxyl group
and substitution of fluoride for one of the two chlorides. The nitrogen has also moved
position to the other side of the ring. As such loss of activity is expected. Results are

in triplicate, error bars indicate standard error.

O
Cl

LZ

Figure 5.47: Structure of 61
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Figure 5.48: Dose response assay for compound 62 from series expansion of

chloroxine.

62 is near identical to 61 (Figure 5.47), except for the chloride and fluoride have
exchanged positions. This has no significant effect on potency however, as plCso= 3.1

(95% CI: 4.0 to 2.2). Results are in triplicate; error bars indicate standard error.

Cl
N

Figure 5.49: Structure of 62
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Figure 5.50: Dose response assay for 63 from series expansion of chloroxine.

63 differs from the parent compound through substitution of the hydroxyl group for
fluoride, and moving one chloride to the nitrogen containing ring. This causes a
reduction in plCsoto 3.1 (95% ClI: 4.3 t0 4.0). Results are in triplicate, error bars indicate

standard error.
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Figure 5.51: Structure of 63
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Figure 5.52: Dose response assay for 64 from series expansion of chloroxine.

64 differs from the parent compound only in that the hydroxyl group is moved to the
nitrogen containing ring of the quinolinol group. This leads to a reduction in activity;
plCso = 4.1 (95% CI: 4.3 to 3.9). Some compound effect is observed at the two highest

compound concentrations. Results are in triplicate; error bars indicate standard error.

Cl OH

Figure 5.53: Structure of 64
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SAR for Chloroxine

Chloroxine (commercially also known as Capitrol or Endiarol), compound ID
CHEMBL1200596 5,7-Dichloroquinolin-8-ol belongs to the class of organic
compounds known as hydroxyquinolines. These are compounds containing a

guinoline moiety bearing a hydroxyl group.

55 has appeared in screens against antibiotic tolerant cells in Escherichia coli biofilms
previously (Fleck et al., 2014). The substitution of two bromide ions in place of the
chloride appears to reduce activity. However the dose response curve is not a typical
sigmoidal curve which may indicate an error with the experiment or an artefact of the

PrestoBlue assay (Figure 5.38).

Compound 60: 7,8-Dichloro-4-quinolinol is a structural isomer of chloroxine with the
only change from the parent compound being that the hydroxyl group has moved to
the ring containing the nitrogen. The dose response assay (data not shown) failed as
high concentrations of the compound appeared to give a compound effect with
PrestoBlue. It is predicted that 60 is a reducing agent; as such it would be useful to
retest this compound with the secondary LIVE/DEAD assay. 64 also contains a
hydroxyl group on the nitrogen containing ring and, whilst reduced activity is observed,
the two highest concentrations of compound also show an increase in fluorescence
signal. It is also worth noting here that both compounds were obtained from Butt Park
Ltd. This chemical supplier was the only available vendor of these compounds and it
was difficult to ascertain the reliability of this source as chemicals came with no
accompanying purity data and the company has very little internet presence by which
to verify. It is a possibility that the compound effect observed is a result of

contamination by a manufacturing by-product.
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Halide series: as the Mw of the halide ions increases it is expected that the activity of
the molecule will decrease. One other route of investigation would be to test 5,7-
Difluoro-8-quinolinol as this would be predicted to be even more potent. 65 (Figure
5.40) shows only a small reduction in potency for substitution of the two chloride ions

for iodide.
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5.4. Discussion

In order to better understand the SAR of hit compounds, a round of series expansion
was carried out. This process was a fairly rudimentary experiment to collect SAR data
and to try and define the essential aspects of the compounds which are pivotal to their

activity.

Overall features of 7: The presence of a halide ion is preferential to activity. It can be
removed, however it cannot be substituted with a methyl group, indicating that a group
which draws electron density from the ring structure is preferential. It is also possible
that a hydrogen bond acceptor in this position is favoured. Modifications to the thiazole
group resulted in a severe drop in activity. As thiazoles are often seen to have

biological activity this may be an example of steric hindrance.

The thiophene group is also a modulator of activity, when removed entirely activity

drops, however when replaced with benzene most activity is retained.

Overall there appear to be there areas of modification that can be made to modulate
activity in 7. These are the chlorine substituent, the thiophene and
cyclohexanecarboxylic acid. The carboxylic acid appears to be critical to activity. As
there are several areas where the structure can be modified 7 would be classed as a
moderate quality lead. However, as no significant improvements to activity were

observed more work is needed to develop a high quality lead series.

Structural modifications to 23 were limited in availability with only three features able
to be tested. It was found that modification of the naphthalene group was well tolerated
with compounds 39 (Figure 5.20) and 41 (Figure 5.24) showing part and total removal
of this group have little effect on the pICso. These significantly improve the Mw of the

compound for drug likeness. The second area tested was the benzothiazole (40,
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Figure 5.22). In this ring, the sulphur was replaced with nitrogen resulting in a 10-fold
reduction in pICso. The final feature tested was the napthylmethyl group. Compounds
42 and 43 included reductions in this structure, both resulting in complete loss of

activity, indicating that this is the reactive centre of 23’s activity.

In the series expansion around chloroxine there were two fundamental structural
features which could be altered to elicit a change in potency. The first of these is the
two chlorine atoms, which were substituted for other halides and moved to different
positions around the central quinolinol structure. In addition, the secondary alcohol,
which was tested on both cyclohexane rings of the quinolinol as well as oxidised to a
ketone and substituted for a chloride ion. It was shown that both of these changes
elicited an effect on the compound potency. However, all compounds were less potent

than the parent compound, chloroxine.

As there are no examples of motifs around the central structure which can be changed
without compromising activity, this would exclude chloroxine from being truly defined
as a lead series as no evidence of being able to improve the structure has been shown.
However there are a number of potential molecules which have not been tested in this
study which would need to be investigated before stating this for sure. Compounds
which would have been of use to study are tiliquinol, tilbroquinol (Figure 5.54). These
compounds and their analogues have been previously identified as candidate
prodrugs in a persister cell study into biofilm survival in Escherichia coli (Fleck et al.,

2014).

206



HO HO

Br N

/

N

X

/ /
H3C HsC

Figure 5.54: Compounds tiliquinol (left) and tilbroquinol (right).

These have both been identified in a previous prodrug screen for activity against
persister cells however, were not included in this study. Due to their structural
similarity, it would have been useful to have tested these molecules against persister

cells in B. thailandensis.
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Series expansion around 7, 16, 23 and chloroxine gave rise to useful SAR information
and aided the development of lead series. At this stage 16 is the most promising lead
series as there are clear SARs in multiple sites of the structure and importantly,
modifications that improve the plCso have been identified. As described previously,
chloroxine is also a very promising compound, although there may not be as much

scope for improvement.

Series expansion was encumbered by being unable to obtain compounds from
commercial compound suppliers, crucially those compounds around the chloroxine

structure which showed the most promise.

Whilst useful, | do not feel that this round of series expansion has delivered results
representative of the potential. Because of the limitations described the experiment
lacked a systematic and quantitative structure which | think would bring more value
out of the data collected. Further progress in developing lead series may be made
through use of quantitative SAR (QSAR). QSAR is a method by which
molecules are evaluated according to their steric, electronic and lipophilic properties.
These properties are the converted into mathematical descriptors to allow computer
aided quantitative modelling of structures with optimum properties for the desired
biological response (Winkler, 2002). QSAR modelling is especially powerful in this kind

of study as | am yet to confirm the specific drug target (Wang et al., 2015).

A potential cause of error in series expansion was around inconsistencies within
compounds from different suppliers. For one supplier (Butt Park), none of the
compounds had any activity. This included a repeat stock of an original hit compound.

Whilst the compounds were not supplied with data on purity this could have been
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easily determined by LCMS, NMR or thin layer chromatography, however | failed to

do this whilst undertaking the project.

One of the challenges | have found in series expansion is a lack of chemistry expertise.
Identification of compounds in hit expansion was carried out by a chemist at the DDU
who identified a limited series of compounds around the structures of the six confirmed
hits. Since completing work on the project | recognise the benefits that could have
been gained from reaching out and collaborating with researchers with relevant

expertise.
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6. Mechanism of action studies

6.1. Overview

Attempts to identify the mechanism of action (MOA) for identified compounds formed
the last study in this project, taking place at Exeter from December 2014 to June 2015.
Next Generation Sequencing (NGS) was carried out by the Exeter Sequencing Service

who also assisted with computational analysis of the resulting data.

Having confirmed compound activities in chapter 5 the following priority was to

investigate the MOA for compound inhibition of persister cells.

As discussed in assay development, phenotypic screening can result in hits which are
more likely to survive the rigours of tests in animal models and clinical tests as the
compound has already shown positive results in a live model. Phenotypic screens can
also prevent researcher bias towards preconceived notions of “druggable” targets;
leading to evidence led discovery (Eder et al.,, 2014). However, the benefits of
unknown mechanisms of action in primary screening can become a problem further
down the drug discovery pipeline (Bourne et al., 2012). At these later stages, it can be
integral to lead optimisation to elucidate the targets that are driving phenotypes. This
is especially important to SARs where alterations to compound structure may result in
different pharmacology, whilst retaining the same broad whole cell response
(Futamura et al., 2013). This process of identifying the molecular and genetic targets
of active compounds can also be termed “target deconvolution” (Lee and Bogyo,

2013).

210



6.2. Chemical genetics approach.

| aimed to use a chemical genetics approach to identify proteins associated with
persister cell formation and survival. Chemical genetics is the study of genes through
small-molecule perturbation (Zanders et al., 2002). This has been made possible
through recent advances in the capacity and accessibility of sequencing technologies.
Chemical genetics is employed early in the drug discovery process for phenotypically
identified drug candidates. This gives useful information early on to be able to select
for successful outcomes and avoid wasting resources on non-tractable routes. This
should improve the efficiency of drug discovery which is of huge benefit to an
academically driven project such as this, which has access to limited resources.
Chemical genetics is also attractive in persister cell studies where it is hypothesised
that multiple regulatory pathways and gene redundancy are present. As small
molecules can inhibit the activity of functional homologues, use of chemical genetics
to identify targets can overcome issues of gene redundancy (Knight and Shokat,

2007).

The advances in NGS have made whole genome analysis an attractive and viable tool
for target identification. This study performed NGS on an Illumina platform. This
technology utilizes sequencing by synthesis (SBS) to track the addition of nucleotide

bases through fluorescence as a nucleic acid chain is built (Shen et al., 2005).

Over-expression Library

A plasmid based over-expression library was developed to identify and select for B.
thailandensis genes. The library was developed by Dr. Marc Fox, Dr. Sarah Harding
and Dr. Donna Ford at DSTL, Porton Down. It was designed to give a minimum of

four-fold omnidirectional coverage of the entire B. thailandensis genome. The library
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contained clones of 1.5-3 kbp of genomic DNA. Most genes from B. thailandensis are
less than 1.5 kbp long, and over 95% are smaller than 3 kbp. This library therefore
represents a good compromise between coverage of the entire genome, and avoiding
clones with several genes co-expressed. The experiment performed here aimed to
identify genetic targets which, when over-expressed, survive the bactericidal effects

of ceftazidime and chloroxine combination therapy.

This method has been successfully used in yeast to identify cellular targets of small
molecules (Luesch et al., 2005). A benefit of this method is that it is able to identify not
only primary targets but “off target” activities of compounds and alternate modes of

action (Lum et al., 2004).

6.3. Resistance generation

A pilot experiment to identify genetic targets of chloroxine through development of
resistance mutants was designed. The aim was to passage a persister culture through
cycles of treatment with a selective dose of chloroxine with the intention of isolating a
single resistant clone. Comparative genomic analysis of the resistant clone to the
naive persister genome could then identify the target gene of chloroxine as an anti

persister.

6.4. Experimental procedures

Preparation of NGS samples

An aliquot of 250 pl of the over expression library pBBR1-MCS2 in B. thailandensis
provided by DSTL was added to 3 x 5 ml tubes of LB broth containing 750 pg/ml
kanamycin (LB 750kan) and grown overnight with aeration at 37 °C to an approximate

optical density of ODeoo 1.5. The cultures were centrifuged and resuspended in M9
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media treated with 400 X MIC ceftazidime, either with or without additional 30 puM
chloroxine. A naive control of over expression library with only 750 pg/ml kanamycin
to preserve the plasmid was also produced. After static overnight incubation at 37 °C

the cultures were centrifuged to pellet cells and the supernatant discarded.

Plasmid DNA was extracted using a GeneJET Plasmid miniprep kit (Fermentas,
D00048). A freeze—thaw step was added to improve the survival of DNA preparations.
After initial resuspension of the cell pellet in ice-chilled resuspension buffer, reaction
tubes were submerged in liquid nitrogen until frozen. Tubes were then thawed on ice
with minimal agitation. This step was repeated twice before proceeding as per the
standard protocol. DNA was quantified from using the quBit fluorescence assay

(ThermoFisher, Q32850).

Library preparation was performed by Exeter Sequencing Service using Nextera and
Nextflex protocols. Round one of sequencing was run on a MiSeq and round two was

run on a HiSeq (lllumina Sequencing Platform).

Data analysis

Overview: Analysis was carried out by Konrad Paszkiewicz at the Exeter Sequencing
Service. This included development of a pipeline to filter the plasmid sequences from
pBBri1-MCS to retain only B. thailandensis genomic DNA and alignment of these
sequences against the annotated B. thailandensis E264 reference genome. Coverage
of the reference genome by the naive control library and the ceftazidime only sample
was calculated. Peak-calling of paired-end sequences was then performed using a
broad peaks with bandwidths > 300 bp. This was carried out using the MACS2 (model
based analysis for ChlP-Seq) (Zhang et al., 2008) version 2.0.10.20130712 with a cut

off of p>0.005. Differential peaks were then annotated.
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Results were visualised in the Integrative Genomics Viewer (IGV, Broad Institute)
(Robinson et al., 2011). ChlP-seq (chromatin immunoprecipitation sequencing) results
were used to identify and evaluate significance of regions of enrichment (Feng et al.,

2012).

Gene sequences were analysed to identify differentially expressed sequences from
the samples tested with a combination of ceftazidime and chloroxine (Table 6.1 — rows
7-9) but not in the ceftazidime only control (Table 6.1 — rows 4-6). Peaks identified
were cross-referenced with Burkholderia.com database (Winsor et al., 2008) to identify
function. Homologues with other Burkholderia species were also identified. Potential
targets were determined based upon likely significance, and the ease with which a
recombinant protein target could be expressed, purified and assayed to show activity

and target inhibition with chloroxine.

Resistance Generation

An overnight culture of B. thailandensis was grown to stationary phase before being
centrifuged at 10 000 X g for 10 minutes to pellet cells and resuspended in LB 750kan
to ODs00 0.5. A CFU count was carried out on the culture and 3 x 5 ml samples were
then treated with 400 pg/ml ceftazidime hydrate and 30 uM chloroxine. A further 3 x 5
ml samples were only treated with 400 pg/ml ceftazidime hydrate as a control group
and all samples were incubated statically for 72 hours at 37 °C. Following incubation
a second CFU count was performed and survival frequency determined by the
equation

CFU/mlT72
CFU/mlatTO
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6.5. Results

The over-expression library used for this work comprised the broad host range plasmid
pBBR1-MCS2 (Kovach et al., 1995) containing fragments of genomic DNA of sized
between 1.5-3 kb in the lac inducible multiple cloning site. This was provided by DSTL.
The library was representative of approximately 90,000 clones to give a minimum four-
fold, omnidirectional coverage of the B. thailandensis genome. This should ensure that

95% of ORFs are expressed at least once in the library.

Two rounds of NGS were carried out using the over-expression library under treatment

with ceftazidime and a combined treatment of ceftazidime and chloroxine (Table 6.1).

Plasmid DNA was extracted from surviving cells and run with agarose gel
electrophoresis (Figure 6.1). A band size of between 6.2 and 7.7 kb was expected
based upon the pBBR1-MCS2 plasmid of 4,707 bp and a gDNA insert of between
1,500 and 3,000 bp. Despite optimisation of the SOP for B. thailandensis, plasmids
extracted from the bacteria displayed smeared bands when visualised on a gel. There
is general consensus (unpublished data) that this is common when extracting plasmid
DNA from Burkholderia sp. Therefore, instead of using restriction digestion to isolate
the gDNA prior to sequencing, | decided to sequence the whole plasmid extraction. An
MACS2 pipeline was then designed to isolate the gDNA from the plasmid backbone

during data analysis.

Initial analysis confirmed almost total coverage of the B. thailandensis genome by the
naive library control. Twelve genes were identified which promoted persister cell
survival in the presence of chloroxine and ceftazidime combination treatment, were

identified (

Table 6.2). Data shown in appendix 1.
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Sample DsDNA concentration

number | Treatment ng/ul
1 | naive library 10.02
2 | naive library 19.13
3 | naive library 21.14
4 | ceftazidime 15.11
5 | ceftazidime 60.31
6 | ceftazidime 53.82
7 | Chloroxine + ceftazidime 68.05
8 | Chloroxine + ceftazidime 20.71
9 | Chloroxine + ceftazidime 42.83

Table 6.1: Sample conditions for round one of Next Generation Sequencing

QuBit analysis of plasmid miniprep preparation for NGS. Samples 1 — 3: untreated B.

thailandensis with over expression library pBBR1-MCS2, 4-6: 24 hours treatment with

400 pg/ml ceftazidime hydrate, 7-9 24 hours treatment with 400 pg/ml ceftazidime

hydrate and 30 uM chloroxine.
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Figure 6.1: Agarose gel (2%) of products of miniprep for Next Generation

Sequencing.

Plasmid pPBBR1-MCS2 is 4,707 bp, gDNA inserts ranged from 1,500 to 3,000 bp. An
expected band of 6.2 — 7.7 was expected. However, the gel shows smearing of DNA
over a much wider range of sizes. It is hypothesised that the bands seen are smeared

due to the difficult nature of extracting plasmids from Burkholderia spp.
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Round | Round

Predicted Name / Function 1 2

Outer membrane porin (Caglic et al.) of the

NodT family. Function is most likely an efflux
BTH_110108 | protein. Yes No

Predicted AraC family transcriptional
BTH_ 110513 | regulator. Yes Yes
BTH 110793 | Cellulose Synthase Operon protein C Yes Yes
BTH_I112074 | Hypothetical protein similar to DoxX family Yes Yes
BTH 112168 | Copper-translocating P-type ATPase Yes Yes
BTH_112314 | Hypothetical phosphotransferase Yes Yes
BTH 10077 | Hypothetical transposase Yes Yes
BTH 10185 | 5-dehydro-4-deoxyglucarate dehydratase. Yes Yes
BTH_10313 | Hydroxymethylglutaryl-CoA-lyase. Yes Yes
BTH 10527 | Hypothetical protein Yes Yes
BTH 11209 | MotA/TolQ/ExbB proton channel. Yes Yes
BTH 12652 | Branched chain amino acid ABC transporter. | Yes Yes

chloroxine.

218

Table 6.2: Pathways in B. thailandensis identified through two rounds of next

generation sequencing of persister cells from an over expression library treated with




BTH_I10108 is predicted to be an outer membrane porin (Caglic et al.) involved in the
transport and binding of proteins. The gene was present in round one of NGS however,
was not identified in round two. It is predicted that BTH_110108 is part of an outer
membrane efflux pump. As such, it is unlikely to be a specific target of chloroxine, but
may instead have mitigated the effects of one of the two antibiotics by efflux. No further

action was taken at this time.

BTH_II0513 is an AraC family transcriptional regulator. It is most likely located in the
cytoplasm. The AraC family of transcriptional regulators is one of the largest groups
of regulatory proteins in bacteria. They are involved in transcriptional regulation of
carbon metabolism, stress responses and virulence (Santiago et al., 2014) (Yang et
al., 2011). AraC activators have been used as targets in small-molecule drug discovery
for antibacterial agents previously in Escherichia coli (Skredenske et al., 2013). Gene

BTH_I10513 was synthesised and marked as a potential avenue of investigation.

BTH_I10793 is predicted to be cellulose synthase operon protein C. Bacterial cellulose
is commonly found in biofilms. Cellulose is synthesised and translocated across the
inner membrane. This may indicate that over-expression of BTH_I10793 provides
protection from antibiotic treatment through reinforcement of biofilm structures

(Morgan et al., 2014).

BTH_I12074 is a hypothetical protein with homology to DoxX-like family proteins.
Predicted to be localised to the cytoplasmic membrane, DoxX in M. tuberculosis is a
component of a membrane-associated oxidoreductase complex which protects the
bacteria against the oxidative stress of the host environment (Nambi et al., 2015). The
gene was synthesised for future investigation, but is likely to be challenging to work

with as it is a membrane protein.
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BTH_ 112168 is a copper-translocating P-type ATPase. This is a large protein
comprising a number of transmembrane helices and an ATP binding cassette. It is
predicted to be located in the cytoplasmic membrane. Whilst copper is a potent
cytotoxin, Cu*?* ions are also required as catalytic cofactors for proteins that carry out
essential cellular functions. Copper homeostasis is tightly regulated (Pena et al., 1999)
(Arguello et al., 2013). Chloroxine has been shown to be a potent chelator of copper
forming very stable complexes with Cu* and Cu?* over a wide range of pHs (Error!
Hyperlink reference not valid.). This gene was synthesised for future investigation.
However, due to the complexity involved in developing and enzyme assay to
characterise a membrane associated protein, further work on this has been
postponed. There is also a significant possibility that, given the predicted action in
transport across the cell membrane, this protein may not be a specific target of

chloroxine and up-regulation may be a response to antibiotic stress.

BTH_I112314 is a hypothetical protein. One domain of the protein has some homology
to aminoglycoside phosphotransferase enzymes. However, the gene is not complete.
Aminoglycoside phosphotransferase enzymes have been identified as potential drug
targets previously (Lallemand et al., 2012). Although this experiment does not use
aminoglycosides it is possible that the O-phosphorylation activity of the enzyme is in
some way modifying the compound or a target. A second domain of this protein which
is a greater peak in NGS analysis is related to general ATPases. Due to the
ambiguities in the likely function of this protein, it has not been a priority for further

work.

BTH_110077 is a hypothetical protein. Very little information is available for this gene.
All orthologs are transposases or putative transposases. Because of the lack of

information no further action was taken with this gene.
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BTH_I0185 is D-5-4-deoxyglucarate dehydratase. This enzyme is part of the ascorbate
and aldarate metabolism pathway, which is essential for the biosynthesis of arabinose.
The enzyme is in the only pathway to produce arabinose in B. thailandensis (Figure
6.2). A coupled assay has been developed in Acinetobacter baylyi to characterise this
enzyme which was used as a template the characterise it. (Aghaie et al., 2008) This
pathway could be further explored. However, the gene is not present in B.
pseudomallei and so is unlikely to be the target of chloroxine which inhibits persister

cells in both species.

BTH_I10185 is also involved in regulation of expression of the divergent ulaG and
ulaABCDEF operons involved in L-ascorbate dissimilation in Escherichia coli (Campos
et al., 2004) and the ascorbate transporter of Escherichia coli. The gene forms part of
the phosphotransferase system which is required for anaerobic utilisation of L-

ascorbate (Zhang et al., 2003).
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Figure 6.2: Kegg pathway for BTH_I0185, a gene involved in ascorbate and aldarate metabolism.

BTH_10185 encodes 5-dehydro-4-deoxyglucarate dehydratase (EC 4.2.41) as indicated by the red arrow on the figure. A linked assay

has previously been described using D-glucarate dehydratase (EC 4.2.1.40) and a-ketoglutarate semialdehyde dehydrogenase (EC

1.2.1.26) (Aghaie et al., 2008).
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BTH_I0313 is hydroxymethylglutaryl-CoA-lyase (HMG-CoA). This lyase plays an
essential role in lipid metabolism and degradation of ketone bodies. It is also involved

in the degradation of branched chain amino acids (Figure 6.3).

BTH_I0313 is also present in the genome of B pseudomallei at locus BPSL0333 and
a BLAST search (NCBI) identified hydroxymethylglutaryl-CoA-lyase in the genome of
Pseudomonas aeruginosa (Altschul et al., 1997) (Altschul et al., 2005). Loss of this

enzyme in humans leads to Reye syndrome, as such selectivity is important.

BTH_10313 was identified as the most promising gene identified from NGS. The gene
was synthesised and cloned into a bacterial expression plasmid for investigation. From
this recombinant protein may be expressed and purified for use in an in vitro assay to
identify if chloroxine inhibits enzyme action. It may also be possible to develop a cell-
based assay to see if expression of BTH_10313 in cells treated with chloroxine restores

the persister phenotype.

BTH_l0527 is a hypothetical protein with very little information available. The gene
contains two hydrolase domains and orthologs include hydrolases and esterases.

There was not enough evidence to prioritise this gene for further study.

BTH_11209 is a MotA/TolQ/ExbB proton channel family protein. This family includes
integral membrane proteins involved in translocation of proteins across membranes.
There is a high probability the proteins are proton channels. MotA is an essential
component of the flagellar in E-coli (Braun et al., 1999). ExbB is part of the TonB-
dependent transduction complex. The TonB complex uses the proton gradient across
the inner bacterial membrane to transport large molecules across the outer bacterial
membrane. | considered that BTH_ 11209 was likely to be non-specific to chloroxine,

and more likely involved in generic efflux pump activity.
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Figure 6.3: Kegg pathway for gene BTH_I0313 a gene included in a pathway for

degradation of ketone bodies.

B. thailandensis gene BTH_10313 encodes hydroxymethylglutaryl-CoA-lyase (red

box), an enzyme essential for lipid metabolism and degradation of ketone bodies. It is

also involved in the degradation of branched chain amino acids.
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BTH_12652 is a branched-chain amino acid ABC transporter permease/ATP binding
protein. The protein is large (741 amino acids) and consists of 11 transmembrane
helices. Approximately the last 300 amino acids are all cytoplasmic and form the

classic ATP binding fold.

Pfam predicts that the protein consists of 3 domains (Finn et al., 2016). A branched-
chain amino acid transport system / permease component (35-305); anATP-binding
domain of ABC transporter (511-667) and a branched-chain amino acid ATP-binding
cassette transporter (714-736). BTH_12652 is predicted to be a metabolite import
protein involved in the breakdown of branched chain amino acids. This is promising
as this is in the same pathway as the hydroxymethylglutaryl-CoA-lyase from the
identified gene BTH_l0313. The gene is a homolog of gene BP1026B in B.

pseudomallei.
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6.6. Discussion

Over Expression Library

Twelve potential genes in the B. thailandensis genome were identified through NGS

using the overexpression library (

Table 6.2). Through reference to the annotated genome (Winsor et al., 2008), | was
able to obtain some insight into the possible functions of these genes. This allowed
me to predict the most promising genes that are likely to be involved in persister

formation, maintenance and revival.

Six compounds with characteristics suitable for development into drug compounds
were identified for further development in chapter 5. | decided to progress into MOA
studies using just one compound, chloroxine. Target deconvolution is a time-
consuming and expensive process and | decided to develop the methodology using a
single compound which would be operationally more feasible. Also, developing
methods through successive rounds of experiments would require significant
guantities of the compound. As chloroxine is readily available and inexpensive it was
a suitable candidate. An addition consideration to this is that within the timescales of
this project more meaningful progress can be made towards producing a new therapy
to treat persister cells with chloroxine as it is already a licenced drug. As such | decided
to use a combination treatment of ceftazidime and chloroxine for initial development
of MOA experimental procedures before use with more difficult to obtain or expensive
compounds. This decision was further justified as chloroxine was the only compound
to show a significant reduction in cell numbers in the biphasic kill assay (Figure 4.37),

which is biologically a very similar experiment.
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An alternative technique to identify target genes could have been to use transposon
directed insertion-site sequencing (TRADIS) or knock-out mutants and assessing the
effects of disruption on persister survival. This has been used previously in
Burkholderia species to identify novel targets for antimicrobial development (Moule et
al., 2014). However, deletion mutants can be misleading in identifying pharmacological
interactions as transposon insertions may lead to observation of phenotypes
independent of persister function increasing the rate of false positive results. This is

especially relevant if assay quantification is through a viability readout.

An additional challenge to determining the target of compound inhibition is that protein
functions can be regulated by many post-translational modifications such as
phosphorylation. They are also dependent on spatial and temporal modifications. In
order to elucidate the relevant MOA a more sophisticated experimental design than a

traditional deletion mutant approach was required (Cong et al., 2012).

Resistance Generation

An experiment was carried out to identify target genes for chloroxine through
development of resistance. The rationale was to passage a persister culture through
cycles of treatment so isolate a single resistant clone. Comparative genomic analysis
of the resistant clone to a naive persister culture could then identify the target gene in
which mutation gives rise to resistance against chloroxine and ceftazidime. This
experiment was run for 3 months. However, conditions such as passage time and
treatment concentration required further optimisation. Data is not shown as no
scientific advance was made and the experimental procedure requires further work to
deliver meaningful results at this stage. The MOA for chloroxine used as an antibiotic

has not been previously described in the literature. As the MOA for chloroxine was not
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known, a more poignant approach may have been to start by testing chloroxine as a
sole agent at 10X MIC. However, after significant attempts to develop a resistant
mutant had failed, implementation of this experiment required significantly more time

than was available coming towards the end of this project.

Target Validation and Future Developments

The ultimate validation of the target engagement of chloroxine would require the
crystal structure of protein-inhibitor complex through purification and crystallisation of
the enzyme in complex with chloroxine. It will also be important to determine target
specificity and identify any off-target effects. In the first instance toxicity may be
predicted by quantifying Glso through a dose response assay in a selection of

immortalised human cell lines.

Further stages of drug discovery that should continue this line of work include in vitro
assays to provide further ADME information for chloroxine as well as PK/PD profiling.
To move from hit to the lead phase it would be advantageous to refine compound
properties to improve drug-like characteristics and potency (Hughes et al., 2011a).
However, as previously discussed, chloroxine is already a licenced and well tolerated
drug. It may be that expending further efforts to modify chloroxine are unjustified.
ADME and PK/PD investigations are still very important in determining correct dosing

regimens.

Having identified hydroxymethylglutaryl-CoA-lyase from gene BTH_I0313, the gene
was sequenced and cloned into a construct for recombinant expression in Escherichia
coli. A six histidine residue tag was included in the synthesised sequence to enable
purification by nickel affinity chromatography. This was carried out by Eve Chan, an

undergraduate student at the University of Exeter. During her final year research
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project, Eve was able to express and purify CoA-lyase and design a coupled assay
(Figure 6.3). However the time constraints of her project did not allow for inhibition
assays with chloroxine. It is hoped that these investigations will be carried out

imminently.

Hypothesised MoA’s for Chloroxine

Although chloroxine has been used a licenced antimicrobial for over a century, the
MOA for this antibiotic is not known. It is therefore impossible to know whether the
same pathway is targeted in persister cells as in general antibiotic activity; or whether

a secondary target causes the effect on persisters.

A study in 2014 identified that toxin GhoT, from a toxin/antitoxin system, Gho/GhoS
slows metabolism in the presence of antimicrobials in Escherichia coli. The
antimicrobials tested included 5,7-dichloro—hydroxyquinoline (chloroxine). The study
found that in the presence of chloroxine, the GhoT toxin damages the cell membrane
at the cell poles, thereby depleting cellular energy and disrupting proton motive force
(Cheng et al., 2014). GhoT was first described in (Wang et al., 2012) as a component
of a novel type V toxin-antitoxin with it's anti-toxin GhoS. GroT is a membrane lytic
peptide that causes lysed “ghost cells” with damaged membranes and an increase in
persister cell numbers. In non persisters the anti-toxin GhoS was identified as an
RNase which cleaves ghoT mRNA (Wang et al.,, 2012). The implication of this
research could be that treatment of Burkholderia with chloroxine causes cell wall
damage leading to cell decay. It was also noted that in cells over expressing GhoT,
hyper-permeability of the membrane occurred. This compromise to the membrane
may in the case of melioidosis treatment be the basis of the synergy observed when

chloroxine and ceftazidime are used together. Alternatively chloroxine may enhance
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the persistent state, driving the cells deeper into a lower metabolism state (Figure
4.37). However, a BLAST search of GhoT against the Burkholderia genome database

(Winsor et al., 2008) did not identify any homologs in any Burkholderia species.

The structure of chloroxine suggests stability in low pH environments. This indicates
that the compound should retain activity in the stomach. A believed reservoir of B.
pseudomallei persister cells is the gastrointestinal tract (Goodyear et al., 2012). This
has been hypothosised to be instrumental to recurrent disease; as such chloroxine’s

suitability for treatment of melioidosis is enhanced.

Preliminary results from MOA studies have highlighted two putative genes for further
investigation. Results indicate that use of an over-expression library for identifying
persister cell genes is justified and could be applied to other lead series. However
target inhibitor relationships need to be characterised through enzyme inhibition
studies or crystallisation of an enzyme inhibitor complex before this can be absolutely

confirmed.
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7. Conclusions and Outlook

Work on this investigation started in April 2012 and received funding for three years.
Following successful initial findings, an extension of three months was granted to carry

out SAR studies.

7.1. Summary of work

The impetus for this project was primarily to develop a drug discovery program to
improve treatment options in melioidosis. An equally important focus was to improve
the understanding of the role persister cells can play in (treating) chronic and recurrent
disease. An aim of the project was to investigate if persister cells are viable targets for
antimicrobial treatment. Through these investigations | hoped to learn more about the

role of persister cells and the genetic basis of their formation and survival.

To achieve these aims | developed a phenotypic assay to identify compounds that
eradicate persister cells. The assay was based on the reduction of the resazurin based
dye PrestoBlue and was optimised for HTS of a screening library. The screening
library chosen was the diversity library created by the DDU. As previously described,
this library has been designed to cover a larger area of chemical space and identify
drug-like small molecules. The diversity library has also been strategically designed

for antimicrobial drug discovery.

Screening of 61,250 compounds identified 2,127 compounds that gave a statistically
significant reduction in persister cell numbers. | then used dose-response assays to
triage these results to 29 compounds with a plCso greater than five. The project

benefited from the DDU’s expertise in HTS and interpretation of results. This gave me
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great confidence that the screening was a success and that the results from the first

work package in the project were reliable and biologically significant.

Using extended dose-response assays and structural information, as well as
information from the literature, six “best in class” compounds were selected. These
included the licensed drug chloroxine. In a time dependent killing assay chloroxine
reduced levels of persister cells by three orders of magnitude over 72 hours (P =0.01).
This confirmed the compound has activity in both the PrestoBlue assay and using the

“gold standard” culture/colony count method.

Series expansion was carried out for the six compounds with differing levels of
success. As described in chapter 5, good SAR characteristics were identified for three
of the six compounds. Series expansion around chloroxine using commercially
available compounds did not identify any more potent compounds, but did highlight
key features of the molecule for activity. Compounds 7 and 23 showed areas around
the structure that can be modified to modulate activity and have potential for future
development into lead series. 16 showed three key structural features integral to
activity with at least one structural modification leading to an increase in potency. 16
was the most promising as a lead series for future work. However, in order to make
the most progress within the confines of the overall project | chose chloroxine to take

forward into MOA studies.

Collaborators at DSTL were able to accurately replicate dose response assays for
chloroxine. They were also able to show that chloroxine is active against persister cells
formed by Burkholderia pseudomallei. This validates the approach that | took in
performing the original assays with B. thailandensis, and confirms that chloroxine has

potential for use in the pathogen.
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Following on from activity confirmation and series expansion the project progressed
to look at MOA studies for lead series. A chemical genetics approach was taken to
identify genes involved in persister cell survival using Next Generation Sequencing of
an over expression library. This identified twelve genes which were significantly over
represented when compared to a persister culture treated only with ceftazidime (P <
0.05). Based on the predicted function of these genes, and the tractability of
downstream assays, | selected two putative genes involved in inhibition of persister
cells by chloroxine. These genes had viable hypotheses for their action and it was
possible to design enzyme assays with which to test activity. | was also able to make
predictions from their structure and cellular location about the ease of which the

proteins could be expressed and purified for use.

7.2. Future Work

Mass population studies in persister cells are only able to measure averages which
can make some analyses impossible (Dhar and McKinney, 2007). One potential
method could be single cell micro fluidic analysis of individual persister cells to identify
heterogeneity within the population (Helaine and Holden, 2013). To facilitate drug
development and testing, it would extremely helpful to have a suitable murine model

for chronic and recurrent infection.

Figure 4.36 shows the dose response assay for chloroxine carried out in B.
thailandensis and B. pseudomallei by DSTL. The same assay was attempted for
Pseudomonas aeruginosa, a Gram-negative bacteria which also causes persistent
infections (Mulcahy et al., 2010b). Persister cells in P. aeruginosa have already been
identified as a target for therapeutic development (Liebens et al., 2016). From a drug

discovery perspective, if chloroxine is also active against persister cell targets in
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Pseudomonas infections the impact of this project could be far greater. A small amount
of funding was acquired by DSTL to investigate this. However, this species is far more
sensitive to low concentrations of the DMSO carrier, and so the assay was invalid. If
further streams of funding were to become available | am confident the assay could
be re-optimised for new species, for example by investigating a wider range of suitable

carriers.

There is an additional hurdle to anti-persister therapies, in that the food and drug
administration (FDA) only require testing against rapidly growing bacteria. This makes
market conditions excellent for a new conventional broad-spectrum antibiotic but is
considerably more challenging to develop an anti-persister therapy (Lewis, 2007). For
this reason, as chloroxine is already licenced, it is much more attractive as a potential

drug for a disease that is not attractive to significant pharmaceutical financial backing.

7.3. Academic Drug Discovery

Not only are we witnessing worrying trends in antibiotic resistance, but emerging
pathogens such as B. pseudomallei are being diagnosed in ever increasing
populations (Limmathurotsakul et al., 2016). It is therefore even more worrying that
large pharmaceutical companies have seen a significant reduction in drug discovery
programs since the turn of the century. This has led to a dramatic reduction in the
number of new molecular entities (NME) to be approved by the FDA and the number
of companies actively discovering new compounds to reduce by over half since 2005
(Kinch and Flath, 2014). A significant reason for this reduction in productivity is the
attrition observed in potential new drugs in phase Il and Il clinical trials due to patient
safety issues and insufficient compound efficacy (Paul et al., 2010). It can also be

speculated that the economic model for drug discovery, particularly for antibiotics, by
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large pharmaceutical companies reporting to shareholders is not viable (Pammolli et
al., 2011). There are diminishing incentives for companies to invest in antibiotic R&D
and push new products to market. Maximising sales volumes to make a return on
investment cannot be applied to antibiotics as overuse will drive resistance generation
(Hoffman and Outterson, 2015, Kesselheim and Outterson, 2010, Kesselheim and

Outterson, 2011); and increasing prices will stop the drugs reaching patients in need.

More recently models of pharmaceutical collaboration with academic groups,
biotechnology companies and government are emerging and contributing to new
platforms for discovery, leads and some drugs (Everett, 2015, Schultz Kirkegaard and
Valentin, 2014). These smaller, diverse companies are the drivers of creativity and
innovation able to apply high-risk ideas and concepts. Academic Drug Discovery
Centres (ADDC) are an example of industry—academic partnerships (Tralau-Stewart
et al., 2009) with the intent to develop drug candidates up to the point at which the risk
is suitably low for the product to gain commercial interest. In the case of neglected
diseases such as melioidosis, potential drugs would need to meet criteria for further
government or humanitarian funding. This urgent need was further recognised in a
major communique from the World Economic Forum, Davos 2016 calling for
revitalization of the basic scientific research and development required to create new

antibiotics.

From this project it became clear that any academic drug discovery programme is
reliant on a broad range of expertise and specialities. It is evident that the struggles |
encountered with obtaining adequate SAR data was partly due to a lack of chemistry
support within the project team. The bulk of the chemical synthesis work was not
inherently difficult. However, due to my background as a microbiologist and my lack of

experience in chemistry, this was outside of my skillset. The project would have
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benefited either from involvement of a postgraduate student or approximately £15,000

available for contracted synthesis of compounds.

7.4. Concluding remarks

It has been postulated that deeper understanding of the mechanisms of persister
formation could contribute to the development of persister-specific drugs and improve
treatment of chronic infectious diseases (Helaine and Kugelberg, 2014). As a whole
the project has been successful and concludes with sufficient data for continuation of
research following a number of leads and is at an ideal stage for instigation of a
medicinal chemistry program for development of chloroxine as a clinical option for

treatment of persistent melioidosis.
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