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Abstract

Mycobacterium tuberculosis, the causative agent of tuberculosis, is the leading cause of
mortality from a single infectious agent. The treatment of this disease is a long and
difficult process requiring full patient compliance, otherwise risking a recurrent infection
and/or antibiotic resistance. The treatment time of drug susceptible tuberculosis is six
months and uses drugs that are tolerable for the patient. Rifampicin resistant tuberculosis
and multi-drug resistant tuberculosis treatments rely on drugs that are either poorly
tolerated by the patient or have an unknown mechanism of action. Identifying new drugs
that could shorten the treatment time of tuberculosis or have reduced side effects is
imperative. This thesis focuses on drug discovery with an emphasis on using a target
specific high-throughput phenotypic screening to identify potential hits and leads. The
resulting hits are then re-examined, using microbiological, genetic, and biochemical
techniques to confirm the target protein/complex of the hits. The first project uses a media
supplementation assay to identify hits that inhibit amnio acid biosynthesis. These
pathways are well-validated using known inhibitors of branched chain amino acid
biosynthesis. The second project focuses on a large phenotypic screen designed to
identify inhibitors of the protein synthesis pipeline. Finally, the third project uses
numerous biochemical assays to assess the interactions of hits selected from an
overexpression screen of the Antigen 85 protein, fbpA. The hits were then evaluated using
a combination of biochemical assays, microbiological techniques, and whole genome
sequencing to confirm the targets of the hit compounds. While the success rate of
identifying hits from compound libraries is low in these projects, these methods have all
been validated and would be suitable for a more industrialised method of high-throughput

screening of compound libraries.
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1 General Introduction

1.1 Mycobacteria and related genus

Mycobacterium tuberculosis is an incredibly successful pathogen that is responsible for
causing human tuberculosis (TB). Taxonomically, M. tuberculosis falls into the
Actinobacteria phylum, a large collection of Gram-positive bacteria with high-GC DNA
content located in both aqueous and terrestrial environments, with a high prevalence in
soil environments'. Mycobacteria are located within the order of Actinomycetales first
outlined in 1916 as bacteria that display filamentous, branching growth in a mould like
fashion?. The sub-order Corynebacterineae contains the Mycobacteriaceae family of
which Mycobacterium is the only genus®. As well as containing the genus Mycobacteria,
the phylum Actinobacteria and the order Actinomycetales also contains other notable
bacterial genus, such as Streptomyces and Corynebacterium'. Streptomyces species are
of high importance due to their prolific production of antibiotics* and Corynebacterium
species are used in the production of amino acids, are frequently used as a model organism

for TB research, and cause opportunistic infections’.

There are currently 192 Mycobacteria species identified and validated as published in the
List of Prokaryotic names with Standing in Nomenclature when accessed on the
11/05/2020%%. These species are split into two categories, fast-growing species and slow-
growing species’. Slow-growing species are defined as taking seven days or longer to
grow on solid agar medium, while fast-growing species take less than seven days'’. The
fast-growing species are currently split into six groupings. These include Mycobacterium
fortuitum, Mycobacterium smegmatis, the Mycobacterium chelonae/Mycobacterium
abscessus complex, Mycobacterium mucogenicum, Mycobacterium
mageritense/Mycobacterium wolinskyi, and the pigmented fast-growing species'!.

Mycobacteria species are also split into two different groups based upon the type of
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disease caused. They are split into the tuberculosis causing Mycobacterium tuberculosis
complex!? and the non-tuberculosis mycobacteria (NTM)!?. NTMs have a sub-category
of organisms referred to as the Mycobacterium avium complex'*. The separation of these
groups is important due to differences in treatment regimen'?. The Mycobacterium
tuberculosis complex includes M. tuberculosis, Mycobacterium bovis, Mycobacterium
africanum, Mycobacterium microti, Mycobacterium canetti, Mycobacterium caprae,

Mycobacterium pinnipedii, Mycobacterium orygis and Mycobacterium mungi'>>'.

Mycobacteria are acid-fast, Gram-positive and rod-shaped bacilli??. They are described
as acid-fast because staining methods to visualise the bacterium must use a high
concentration of acid for decolourisation?®. This is due to the unique lipid rich
composition of the outer cell wall. Composed of long chain fatty acids up to 90 carbon
atoms in length, they are covalently attached to the arabinogalactan-peptidoglycan
framework of the cell wall and this enhanced cell wall structure constitutes a major

hydrophobicity barrier to not only cell stains, but also antibiotics®*.

1.2 Tuberculosis - a Historic Disease

TB is an ancient scourge of great apes from before the dawn of human civilisation.
Approximately 3 million years ago, hominids in eastern Africa were likely infected by a
progenitor of M. tuberculosis®. Indeed, evidence suggests that the Mycobacterium genus
may date back as far as the Jurassic period before the break-up of the Pangaean
supercontinent®®. Fossilised skull fragments indicate that TB infected Homo erectus
approximately 500,000 years ago®’ and modern M. tuberculosis may have emerged
around 20,000-15,000 years ago due to a genetic bottleneck?®?’. Lipid biomarkers
indicate that there were TB infected individuals in the eastern Mediterranean 9,000 years

ago®’ and there is DNA evidence for the presence of TB in Egypt in 3,000 BC3'.
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In ancient Greece, TB was known as phthisis. Hippocrates described phthisis in detail in
Of the Epidemics, Book I and noted that most people died*?. Isocrates later suggested that
phthisis was an infectious disease, in contrast to Hippocrates, whom suggested the disease
was inherited and Aristotle suggested the infectious nature of scrofula®. In the middle
ages scrofula became known as King’s Evil, this was due to the belief that the disease
could be cured with a Royal touch. It was not until much later that phthisis and scrofula
were connected in 1679 by Sylvius de la Boé, a physician in Amsterdam, in his book
Opera Medica®*. In addition, Sylvius de la Boé detailed that TB caused lung lesions that
often progressed to cavitation**. Benjamin Marten suggested in 1720, in a book entitled,
A New Theory of Consumptions, More Especially of a Phthisis or Consumption of the
Lungs, that TB might be caused by animalcules living inside the lesions®. In 1779, the
spinal form of TB was described by Percival Pott, leading to the naming of this variant as
Pott’s disease’®. Bizarrely, in the 19" century TB became a somewhat romanticised and
fashionable disease with the poet, Lord Byron stating ‘I should like, I think, to die of a

consumption’*’.

In 1882, the landmark discovery that M. tuberculosis is the infectious agent responsible
for TB was outlined by Robert Koch in a lecture named Die Aetiologie der Tuberculose®,
ultimately proving Benjamin Marten correct. By using methylene blue, Koch could
visualise rod shaped bacilli in isolates from TB infected animals. Koch proved that this
bacillus was the cause of TB by culturing the bacterium on dried bovine blood serum
slopes and then using the scaly colonies that grew to infect guinea pigs. These guinea pigs

quickly became infected with TB and thus M. tuberculosis was discovered.

In the 18" century Edward Jenner heard a claim from a dairy-maid stating, ‘I shall never
have smallpox for [ have had cow pox’. This would eventually lead to his world changing
discovery of a vaccine for smallpox and the diseases subsequent eradication’®. In the 20"
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century, Albert Calmette and Camille Guérin were attempting to culture M. tuberculosis
but faced issues with cell clumping. They treated the cells with ox bile to reduce the
clumping, but also noted that this reduced virulence and prompted an idea for a TB
vaccine*”*’, This led to them procuring a strain of Mycobacterium bovis and sub-culturing
the bacteria approximately 230 times on their bile, glycerine, and potato media. After 11
years of culturing they tested the bacteria by injecting animals, which did not develop
progressive TB*’. The vaccine was latter named Bacille Calmette-Guérin, the BCG
vaccine. The BCG vaccine has been the subject of much scrutiny since its introduction
and has debateable efficiency in preventing TB*'. No clear benefit to vaccination has ever
been proven and additionally the BCG vaccine can interfere with the tuberculin skin test

in up to 80% of cases leading to false positive individuals**.

The 20™ century also saw the discovery of the first antibiotic for treating TB, streptomycin
in 1944%. Shortly after para-aminosalicylic acid was discovered in 1946*% In 1952
isoniazid and pyrazinamide were discovered*®*’. Ethambutol was discovered in 19614
and rifampicin was designed in 1965%*, The 20" century culminated with the publishing
of the whole genome sequence of M. tuberculosis H37Rv by Cole et al, bringing TB

research into the modern era’'.

1.3 Tuberculosis Epidemiology

In 1993, TB was declared a global health emergency by the World Health Organisation
(WHO), but TB is still the biggest cause of death from a single infectious agent today. In
2018, between 9 million and 11.1 million people acquired TB>2. These numbers have
remained stable over the past few years®>>*. There were approximately 1.45 million
deaths from TB in HIV-positive and negative-individuals combined®’. TB
disproportionately affects South-East Asia, Africa and the Western Pacific, with these

regions accounting for 86 % of the worlds TB cases>>. As illustrated in Figure 1, the map
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shows rates of newly diagnosed TB in 2018. Eight countries accounted for 67 % of global
cases. These countries are: India (27 %), China (9 %), Indonesia (8 %), the Philippines (6
%), Pakistan (6 %), Nigeria (4 %), Bangladesh (4 %) and South Africa (3 %). The
highest mortality rates for TB are found in the southern half of the African continent, as
shown in Figure 2. The current treatment success rate for TB without any confounding

factors is 85 %.
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Figure 1. Estimated TB incidence rates in 20182,
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Figure 2. Estimated TB mortality in HIV negative individuals in 20182

Name a more iconic duo, M. tuberculosis and Human Immunodeficiency Virus (HIV),
co-infection account for 8.6 % of global TB cases>%. In some areas of Southern Africa,
TB and HIV co-infections can account for up to 50 % of cases. Individuals infected with
HIV are 19 times more likely to develop an active TB infection over HIV negative
individuals®2. One third of deaths attributed to HIV/AIDS, are through co-infection with
TB, accounting for 250,000 deaths. The treatment success rate for TB and HIV co-

infection is 75 %.

In 2018, 3.4 % of new TB cases were rifampicin resistant TB (RR-TB) or multi-drug
resistant TB (MDR-TB). MDR-TB is defined as TB cases resistant to rifampicin and
isoniazid. There were an estimated 484,000 new cases of RR/MDR-TB. The WHO
estimates that up to 78 % of RR-TB cases could be MDR-TB. In some countries of the
former Soviet Union, 50 % or more of previously treated cases were classified as
RR/MDR-TB as shown in Figure 3. In 2018 cases of extensively drug resistant TB (XDR-

TB) had been confirmed by 131 countries. XDR-TB is an infection that is resistant to
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rifampicin, isoniazid, one fluoroquinolone antibiotic, and one of either amikacin,
capreomycin or kanamycin. Approximately 6.2 % of MDR-TB cases could be XDR-TB.
RR/MDR-TB only has a treatment success rate of 56 % and XDR-TB has an even lower
success rate of 39 %. The increasing prevalence of these highly resistant forms of TB
infection underline the need for discovery and development of new drugs for novel
targets. Worryingly, reports have been increasing of totally drug resistant TB (TDR-TB).
Several cases from Italy”, Iran®®, India’’*, and South Africa® have reported TB
infections resistant to all drugs available. The WHO does not currently recognise TDR-

TB, and classifies these cases as XDR-TB®.
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Figure 3. Percentage of previously treated cases with rifampicin resistant/multi-

drug resistant tuberculosis (RR/MDR-TB)*2.

1.4 Clinical Presentation of Tuberculosis
TB is a chronic infection most commonly presenting as a pulmonary infection, however
active disease cases are surprisingly low with only 10 % of infected individuals

developing TB with the rest developing a latent infection®'. In a latent infection a person
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displays no outward signs of infection. The only way to know if someone is latently
infected is by testing an individual’s immune response. Pulmonary TB presents with
symptoms traditionally associated with pulmonary disease®”. The most common
symptoms are coughing (72.8 %), fatigue (59.7 %) and fever (52.3 %)%. There are also a
range of less common symptoms, such as weight loss, sweats, anorexia, chest pain,

diarrhoea and haemoptysis®.

Mycobacterial cervical lymphadenitis, also known as scrofula and King’s evil, is a
mycobacterial infection of the neck lymph nodes and the most common presentation of
extra-pulmonary TB®. Symptoms common to TB are present in scrofula, such as fatigue,
fever, weight loss and night sweats®%. Symptoms unique to scrofula are large firm

%4 or ulcerations®® in the neck from infected lymph nodes. The excision of

painless masses
the lymph nodes is not recommended®®. The second most common form of extra-
pulmonary TB is pleural TB, an infection in the pleural lining of the lungs®. In addition
to standard TB symptoms, individuals will suffer from pleuritic chest pain and a non-
productive cough®®. Chest X-ray shows unilateral pleural effusion and thickening of the
pleura®. Miliary TB is characterised by disseminated lesions of small diameter present
throughout the body, usually concentrated in organs, such as either the liver, pancreas or
spleen®” and in rarer cases can cause meningitis®®. Many symptoms are congruous with
that of other TB infections with the additional symptoms of failing organ systems with a
high burden of lesions®’. Cutaneous® and ocular’® lesions are not uncommon and can be
valuable for diagnosis. Skeletal and joint TB, most famously Pott’s disease, is a form of
vertebral TB, is characterised by a slow onset of symptoms mostly resulting in symptoms
of osteomyelitis and arthritis accompanied by traditional TB symptoms®. The slow onset

of Pott’s disease results in a high degree of neurological symptoms, such as either bone

deformities, granulation tissue or abscesses which compress the spinal cord”'. Nearly all
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cases of Pott’s disease display spinal curvature which can persist after successful

treatment’!.

1.5 Pathogenesis

TB is transmitted by aerosolisation of droplets containing the M. tuberculosis bacillus and
the inhalation of the droplets by another individual. The aerosolisation can occur from
coughing, sneezing and even talking. TB infection often occurs across two stages known
as primary TB and secondary (post-primary) TB’2. Primary TB is the first exposure to M.
tuberculosis and usually occurs in the lungs’. Due to the low number of bacilli required
to initiate a primary infection it can often be removed by the innate immune system alone
without inducing a response from the adaptive immune system’®. In the event that the
infection is not cleared, but controlled, the infection becomes latent. Latency is when the
immune response is sufficient to control but not eradicate the infection. In this state, the
bacteria and the infection persist, there is a constant state of immune control with no

symptoms or transmissibility”’.

In a pulmonary infection, a caseating locus of infection, a granuloma termed a Ghon’s
focus, is often formed in the upper lung lobes near the lobe interface. Alveolar
macrophages and dendritic cells engulf and carry the bacteria into the parenchyma of the
lung and to nearby lymph nodes disseminating the infection’®. In an innate immune
system driven process, macrophages are recruited and a granuloma is formed around the
locus of infection. As the granuloma grows the centre begins to caseate’’. The primary
locus of infection and the infected lymph nodes are referred to as Ghon’s Complex’*.
While the Ghon’s complex is most commonly found in the lungs, a primary TB infection

can occur almost anywhere including; the mucosa of the oral cavity’®, tongue’ and

t84 t85

tonsils®’, skin®!' and soft tissue®?, brain®’, breast®, gastrointestinal tract®® and liver®®, and

bones?’.
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A failure to control the infection leads to a more serious progressive primary infection. If
the primary infection is controlled by the immune system, then the infection becomes a
latent infection. An infection is described as latent when the individual is infected with a
stable number of M. tuberculosis bacilli but displays no outward signs or symptoms in
addition to being non-infectious®®. Most M. tuberculosis infections result in latent
infection®!. Latency is being viewed, increasingly, as a delicate interplay between various
levels of microbial activity and different immune responses’. The longer an infection
spends in the latent phase the lower the chances of the infection reactivating and causing
a secondary TB disease state. Secondary TB is a reactivation or reinfection when the
immune system has been primed to recognise M. tuberculosis in the past’?. Secondary TB
results in the characteristic formation of cavities in the lungs when necrotic tissue is
expelled via coughing. The cavities result in the release of large amounts of active bacillus

from the individual and are responsible for most of the disease spread.

1.6 Diagnosis of Tuberculosis

Until recently the diagnosis of TB has been difficult and time consuming. This is due to
the slow growth of M. tuberculosis. If a suspected case could not be identified using
microscopy or the tuberculin test, then the only option was the culture of M. tuberculosis
on Lowenstein-Jensen media® from sputum samples. The appearance of colonies on the
media was used as diagnostic proof of infection but colonies can take weeks to grow.
Drug sensitivity testing still relies heavily on bacterial culture to detect phenotypic
changes to growth. Liquid culture allows faster determination of resistance than solid
media. While some genotypic methods have been developed for identifying resistance to
first line antibiotics, resistance to second line antibiotics must still be detected with
phenotypic culture techniques. The gold standard for drug sensitivity testing for resistance

to second line antibiotics is liquid bacterial culture”.
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The analysis of sputum samples using staining and microscopy greatly reduces the time
for diagnosis. The stain of choice for diagnostic TB microscopy is the Ziehl-Neelsen (ZN)
stain. Cheap and readily available in most healthcare laboratories the ZN stain colours the
M. tuberculosis bacillus a bright red/pink colour which is highly visible in the sputum
sample. In samples with a low level of bacilli, ZN staining may not be conclusive and
false negatives are possible®®. Around 5000 bacilli per mL are required in sputum as the
sensitivity for this diagnosis is low. Additionally, distinguishing between different
mycobacterial species is not possible. The WHO currently suggests that examination of

two adequate sputum samples is able to identify 95-98 % of TB positive patients”.

The tuberculin skin test is used to assess an individual’s immune response to M.
tuberculosis. The tuberculin skin test works on the basis of a delayed hypersensitivity
reaction where T-cells primed in a previous exposure recognise the purified protein
derivative (PPD) injected®!. Upon recognition of the tuberculin, T-cells release signalling
lymphokines to initiate an immune response. The immune response causes a localised
induration to appear at the site of the injection between 24-72 hours®. The diameter of
the induration is measured and when combined with information about the patient can be
used to determine if a person has been exposed to a mycobacterial species®. There are a
plethora of downsides to the tuberculin skin test, mostly based around the many factors
that can influence the results. Even a correctly interpreted test does not necessarily
indicate the individual is currently infected with M. tuberculosis. Prior exposure to NTMs
and immunisation with the BCG vaccine can lead to false positive results. A new TB

infection or a very old infection can read as a false negative®?.

Chest X-rays have been a standard tool for TB diagnostics for many years. The ability of
X-rays to pick up abnormalities in the lungs makes this technique very sensitive for TB.
However, many of the presentations of TB may also appear similar to other diseases of
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the lung and combined with the qualitative nature of X-ray data, makes X-rays vulnerable
to misinterpretation and false diagnosis. The WHO insists that X-rays not be used alone

for diagnosis and be combined with bacterial identification techniques®’.

PCR based methods are seeing increasing use for TB diagnosis. The speed and sensitivity
of PCR techniques is much greater than any other testing method. Line-probe®* and
GeneXpert MTB/RIF assays® can be used for detection of M. tuberculosis and can also
identify the most common resistance conferring mutations for rifampicin and isoniazid.
The short comings of these systems are that resistance to second line antibiotics is much
more varied, as such these methods are not appropriate for second line drug sensitivity

testing™.

Interferon gamma release assays (IGRA) are an in vitro blood test that uses proteins, such
as Early Secreted Antigenic Target 6 (ESAT6) and Culture Filtrate Protein 10 (CFP10),
to stimulate T cells in blood samples. These proteins are specific to bacilli in the M.
tuberculosis complex, excluding M. bovis BCG*. The interferon gamma released by T
cells is measured via either an enzyme-linked immunosorbent assay (ELISA) using
QuantiFERON Gold tests or an enzyme-linked immunosorbent spot (ELISS) in T-
SPOT.TB tests®’. The lack of ESAT6 and CFP10 expressed by M. hovis BCG means that
IGRA tests are able to identify individuals with latent TB infection that have been
previously immunised with BCG®®. The specificity of the IGRA test has been reported to
be >93 % and the sensitivity >70 %. Of the two commercial tests available,
QuantiFERON Gold has higher specificity, and T-SPOT.TB has higher sensitivity®®.
IGRA tests are currently used for diagnosis of latent TB infection in high-income
countries with a low TB and HIV burden, they are not currently recommended by the

WHO for middle/low-income countries with a high TB and HIV burden®.
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Lateral flow lipoarabinomannan (LF-LAM) testing methods for patients co-infected with
TB and HIV are currently being developed. One of the newest developments is an
improved method for the detection of LAM in the urine of patients. This method uses a
pair of antibodies highly specific for LAM, one bound to the test strip, the other
conjugated to a small gold bead. The primary gold bead labelled antibody is added to the
urine sample and then washed over the test strip with the second antibody. This
immobilises the LAM and gold bead labelled antibody to the test strip. The gold bead
then undergoes silver amplification to increase the size and visibility of the bead'®. The
WHO currently recommends that lateral flow LAM only be used for seriously ill HIV
positive patients with a CD4 cell count of <100 cells/uL!%!. This policy has not yet been

updated with recommendations based upon this new method.

1.7 Treatment of Tuberculosis

The standard treatment regime for new cases of drug sensitive TB, called Directly
Observed Treatment Short-Course (DOTS), is a long process requiring four drugs,
ethambutol, isoniazid, pyrazinamide and rifampicin over a period of six months. The
initial intensive phase of treatment uses all four drugs for a period of two months with the
remaining four months utilising only isoniazid and rifampicin!®?. For relapsed patients,
that have a confirmed drug sensitive infection, the treatment is altered to use all five first

line drugs'®.

Table 1. First line treatments for drug susceptible TB. H, Isoniazid. R, Rifampicin. Z,
Pyrazinamide. E, Ethambutol. S, Streptomycin.

Infection Type Drug Sensitivity Phase 1 Phase 2 Phase 3

New Infection Sensitive HRZE (2 Months) HR (4 Months) N/A

Recurrent Sensitive HRZES (1 Month) HRZE (1 Month)  HRE (1 Month)
Infection
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The treatment plan for drug resistant TB functions differently with drugs split into
hierarchical groups of effectiveness and patient safety. Four principals are followed for
designing a patient’s custom treatment regime. Firstly, at least four drugs must be used in
combination for treatment and the infection must be tested for sensitivity. Secondly, the
drugs used cannot have any form of cross-resistance. For example, two rifamycin class
drugs could not be used together. Thirdly drugs, which are not safe for the patient, cannot

be used. Finally, drugs must be used from lower groupings preferentially.

Table 2. Drug-groupings for drug-resistant TB treatment. Adapted from information
present in WHO 2019 documentation'®,

Group Drugs
Group A: Levofloxacin/Moxifloxacin
Include all three drugs if possible. Bedaquiline
Linezolid
Group B: Clofazimine

Cycloserine/Terizidone

Group C: Ethambutol

Only to be used when a treatment regime cannot be completed Delamanid

with group A or B drugs. Pyrazinamide
Imipenem and Cilastatin/Meropenem
Amikacin/Streptomycin
Ethionamide/Prothionamide

Para-Aminosalicylic Acid
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1.7.1 Streptomycin and Aminoglycosides

HaNy,, NH
o OH OH
E o (¢} o o

CHjy

HO

HO

oW

HOIte [iile)

Ol

Z
HO HN-11lICH3

ZIle
Ol

Hy H

Streptomycin Kanamycin A

Figure 4. Structure of streptomycin and kanamycin A.

Streptomycin, an aminoglycoside antibiotic, was discovered in 1944 when it was isolated
from Actinomyces griseus®. Streptomycin was found to be active against TB soon after
its discovery, however, in the same study extremely high levels of resistance were
reported in some clinical isolates, with some being up to 8000-times more resistant than

M. tuberculosis H37TRv'%,

Aminoglycosides inhibit protein synthesis by binding to the ribosome and impairing the
proofreading function of the ribosome resulting in truncated or defective protein
production'®1%_ Streptomycin binds between the 50s and 30s subunits of the 70s
ribosome to the 30s ribosome subunit'”’. This does not interfere with the binding of
formyl-methionyl-tRNA or prevent translation initiation or mRNA binding, but does
interfere with the ribosomal proof reading allowing the incorporation of non-cognate
amino acids!®®!%, X-ray crystallography data of streptomycin bound to the 30s ribosome
shows a distortion of the 16s rRNA. Lateral displacement of nucleotides A1492 and
A1493 reduces the GTPase activity for elongation factor thermo-unstable (EF-Tu) with
cognate tRNA and increases the GTPase activity for EF-Tu with non-cognate tRNA!?,
This results in similar levels of GTPase activity for cognate and non-cognate tRNA
meaning that the ability to discriminate the addition of non-cognate tRNA is lost.
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Resistance to streptomycin can occur in the 16s rRNA found in the 30s subunit, encoded
by the rrs gene or in protein S12 found in the 30s subunit, encoded by rpsL'!!.
Additionally, mutations in gidB, a TRNA methyltransferase, can confer low levels of
resistance''!. The mutations may cause a change in methylation at position G518 in the
530 stem loop of the 16s rRNA which interferes with streptomycin binding'!'2. Also
mutations in Rv1258c, an efflux pump, can increase levels of resistance!!! as it has been

shown that this pump can export streptomycin'?,

1.7.2 Isoniazid

NH,

X

Z

N
Isoniazid

Figure 5. Structure of isoniazid.

In 1951 pharmaceutical company Roche tested several chemical scaffolds containing
pyridine rings for the treatment of TB. A couple of the compounds, most notably
isonicotinaldehyde thiosemicarbazone, showed anti-TB activity!!*. This led to the
development of isonicotinic acid hydrazide or isoniazid (INH) in 1952, In clinical trials
INH was shown to rapidly improve the health of patients, with a reduction in coughing,
weight gain, and improved lung health. During the clinical trial there were no deaths

caused by progression of the disease and all patients saw an improvement in condition'!>.
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Figure 6. Formation of the isoniazid and NADH adduct.

Isoniazid is a pro-drug that is metabolised into its active form by a M. tuberculosis
catalase-peroxidase, KatG'!'®. The metabolism of isoniazid by KatG creates a reactive
species that forms an adduct with nicotinamide adenine dinucleotide (NADH). The INH-
NADH molecule is a potent inhibitor of InhA'!7, an essential enoyl acyl carrier protein
involved with the biosynthesis of mycolic acids''®. The INH-NADH adduct has increased
affinity for the binding pocket of InhA when compared to NADH alone. This is due to
the nitrogen atom in the pyridine ring hydrogen bonding with a local water residue and
hydrophobic interactions between the ring and several surrounding amino acid

residues'!®. This results in the active site being blocked by the INH-NADH adduct.

Isoniazid resistance occurs commonly by reducing or halting the enzymatic activity of
KatG. A reduction in the activity of KatG will reduce the amount of INH-NADH
produced therein preserving the activity of InhA'?°. Modification of the INH-NADH
binding pocket in InhA can also confer resistance. A Ser94Ala mutation, a mutation in
the binding pocket of InhA, will cause resistance to isoniazid by decreasing the affinity
for NADH therefore allowing the INH-NADH adduct to release from the binding

pocket!??,
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1.7.3 Pyrazinamide

N

X NH, X NH,

= G
N

N

Nicotinamide Pyrazinamide

Figure 7. Structure of nicotinamide and pyrazinamide.

In 1945, Vitamin B3 also known as nicotinamide was found to have anti-mycobacterial
properties'?!. Pyrazinamide (PZA), an analogue of nicotinamide, was first tested against

tuberculosis infected mice in 19527,

Pyrazinamide only works against non-dividing bacteria and it is thought that the acidic
conditions of approximately pH 5.5 inside the tuberculoma/granuloma are where the drug
works most effectively'??. Like isoniazid, pyrazinamide is a pro-drug converted to its
active form, pyrazinoic acid, by PncA, a pyrazinamidase'?*. The pyrazinoic acid diffuses
out of the bacillus and, into an acidic environment, becomes protonated and diffuses back
into the bacillus and increases the acidity inside the cell'**!%>, The decrease in internal
pH is thought to inhibit enzymes inside the bacillus in a non-specific manner leading to

cellular death!%°.
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Figure 8. Conversion of pyrazinamide to pyrazinoic acid by PncA.

An alternate mechanism of cell death by pyrazinoic acid has been suggested, that being
the inhibition of the S1 protein of the ribosome, RpsA, and trans-translation'?”1?%. Trans-
translation is essential for breaking down non-stop and no-go ribosome complexes and
releasing the ribosomes from the unfinished protein and the mRNA'?’. However, this
mechanism of killing has recently been discounted'*’. Not all mycobacteria are
susceptible to pyrazinamide. For pyrazinamide to be effective the drug needs to be
actively transported into the cell using dedicated nicotinamide transporters and activated
intracellularly by a pyrazinamidase'*!. The most common form of resistance to

132

pyrazinamide is the reduction of amidase activity'** usually by the mutation of PncA'®,

There is a very high variation in mutations of PncA with the majority resulting in a loss

of amidase activity!3*134,

1.7.4 Ethambutol
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Figure 9. Structure of ethambutol.
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Ethambutol was discovered to be active against mycobacteria in 1961*%. Ethambutol is a
bacteriostatic agent that interferes with cell wall mycolation by preventing arabinan
polymerisation'®® by targeting the enzymes of the M. tuberculosis EmbCAB operon'?®.
The EmbCAB operon encodes three arabinosyltransferases responsible for the
polymerisation of arabinose found within arabinogalactan and lipoarabinomannan'3%137,
The EmbCAB operon has been found to be essential in M. tuberculosis'**'*°, Inhibiting
EmbC results in a truncated lipoarabinomannan by preventing o(1—5) arabinofuranose

141,142

polymerisation , and inhibiting EmbA and EmbB prevents the attachment of mycolic

acids to the arabinogalactan by inhibiting the terminal branching o(1—3)

arabinofuranosyltransferase!4>144,

Although resistance to ethambutol can arise in any of the genes in the EmbCAB operon,
they usually occur in EmbB in a highly conserved region. The most common mutation
occurs at position Met306. The methionine residue is swapped for one of the branched-

145 Nearly three quarters of ethambutol

chain amino acids, leucine, valine or isoleucine
resistance mutations occur in EmbB, with over 50% of those being a Met306Val/Leu/Ile

substitution'4°.
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1.7.5 Rifampicin and Rifamycins

Rifamycin SV

HOy,,

Figure 10. Structure of rifampicin and associated rifamycins.

The rifamycin class of antibiotics was discovered in 1957 in cultures of Amycolatopsis
mediterranei, previously known as Streptomyces mediterranei'¥'%°. The first discovered
was rifamycin B, which has no antibacterial properties. It was discovered that rifamycin
B degrades into rifamycin O and then to rifamycin S, which displays potent antibacterial
properties!#~13!. Several derivatives of rifamycin B were discovered, such as rifamycin

SV!! and an orally active derivative, rifampicin (RIF), which was designed in 1965%-°,

Rifampicin inhibits M. tuberculosis RNA polymerase!'>%!3

preventing the transcription
of DNA into RNA by binding to the B subunit of RNA polymerase'>*. Rifampicin blocks
the production of RNA product sterically at the 5’ end preventing elongation past 2-3

bases due to blocking exit of the RNA strand from the enzyme'>>!%6,

Mutations in the M. tuberculosis RNA polymerase f subunit gene rpoB confers resistance
to rifampicin. The majority of resistance mutations occur in the cluster I region of the

rpoB gene, a region of 22 codons stretching from codon 436 to 458. Mutations at codons
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438, 451 or 456 cause the strongest resistance phenotype'®’. The most common, clinically
relevant, mutations in RpoB are Ser456Leu (47%), His451Tyr (12%) and Asp441Val
(9%)'34. Ser456Leu causes a change in confirmation in the RpoB binding pocket that
increases the space between RIF and the edge of the pocket. This increases solvent access

t158

and reduces the van der Waals holding RIF into the binding pocket >°. His451Tyr causes

a protrusion into the binding pocket which results in steric blocking of the RIF ansa-

158 " Asp441Val changes the overall charge of an area of the

bridge preventing binding
binding pocket to have a more positive charge. The change in charge repels RIF from

binding with RpoB!%,

1.7.6 Fluoroquinolones

Ofloxacin Levofloxacin Moxifloxacin

Figure 11. Structures of fluoroquinolones.

Nalidixic acid, a naphthyridine derivative, was found to display antibacterial activity
against several bacteria in 1962, At first it was thought that Nalidixic Acid inhibited

DNA synthesis '®°, however this was disproven'®!.
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Fluoroquinolones inhibit type IIA topoisomerases, namely, topoisomerase II (DNA
Gyrase) and topoisomerase IV. DNA gyrase and topoisomerase [V are heterotetramers
consisting of two sets of two subunits. DNA Gyrase generates negative supercoils in DNA
and topoisomerase [V relaxes positive supercoils in DNA. This is achieved by creating a
double stranded break in the held DNA and allowing the other held strand to move
through the gap before ligating the broken strand together again'®’. Type IIA
topoisomerases make a double stranded DNA cut with a 4 base pair overhang, two
fluoroquinolones interact with the complex, one positioned between the cut ends of each
DNA strand'®®. This interaction stabilises the complex and does not allow the release of
either strand of DNA, the passage of the uncut strand between the cut strand or the ligation

of the cut DNA.

M. tuberculosis has a copy of DNA gyrase, formed from GyrA and GyrB, but does not
have a copy of topoisomerase IV. M. tuberculosis DNA Gyrase has an intrinsic
insensitivity to fluoroquinolones, particularly older generation drugs, such as
ciprofloxacin when compared to newer generation drugs, such as moxifloxacin'®. This
resistance is due to Ala90 in GyrA, in other bacterial orthologs this is instead Ser90.
Unlike Ser90, Ala90 does not contribute to fluoroquinolone binding which relies on Mg?*
and a water bridge'®*. The common resistance mutation, Ala90Val'®®, leads to steric
blocking of the magnesium ion and water bridge preventing binding of

fluoroquinolones'®*.
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1.7.7 Polypeptides
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Figure 12. Structures of polypeptide antibiotics.

Viomycin, capreomycin and enviomycin are a group of structurally related polypeptide
antibiotics that inhibit protein synthesis in M. tuberculosis. Viomycin has been shown to

inhibit the elongation of the peptide chain from the ribosome'®®

. Viomycin binds in the A
site of the ribosome after EF-Tu has inserted a tRNA or after EF-G has bound to
translocate the tRNA to the P site'®’. Viomycin binding at either of these steps prevents
the translocation of the tRNA until the viomycin has dissociated. This slows down the
creation of the peptide chain by repeatedly stalling the ribosome complex. Crucially this
does not prevent GTP expenditure by EF-G, increasing the energy cost of protein

167

synthesis ®’. While the precise mode of action of capreomycin, and enviomycin are not
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known, capreomycin inhibits interaction between ribosomal proteins L10 and L12

preventing protein synthesis'®®.

1.7.8 Para-aminosalicylic Acid
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Figure 13. Structure of para-aminosalicylic acid.

Para-aminosalicylic Acid (PAS) was the second antibiotic discovered for treating
tuberculosis**>. PAS was phased out of general use a long time ago but is now seeing a
resurgence in the clinic due to increasing levels of drug resistant TB'®°. PAS targets the
folate biosynthetic pathway and prevents biosynthesis of tetrahydrofolate!”’,
Dihydropteroate synthase converts PAS to hydroxyl dihydropteroate. The hydroxyl
dihydropteroate is then used as a substrate by dihydrofolate synthase to produce hydroxyl
dihydrofolate!”®. Hydroxyl dihydrofolate is bound by dihydrofolate reductase due to the
similarity to the natural substrate dihydrofolate. The bound hydroxyl dihydrofolate

prevents the activity of dihydrofolate reductase!”. The folate biosynthetic pathway is

important for the biosynthesis of many products, including the amino acid methionine'”!
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1.7.9 Thioamides and Triclosan
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Figure 14. Structure of thioamides and triclosan.

Ethionamide and prothionamide are related compounds with a similar mechanism of
action to isoniazid. Ethionamide and prothionamide are both activated by EthA a
monooxygenase and form an adduct with NAD!72. This thioamide-NAD adduct can then,
like the isoniazid-NADH adduct, inhibit InhA preventing mycolic acid biosynthesis'">!73,

Due to the similar mechanism of action it is common for isoniazid and thioamide

resistance to occur together!’2.

Triclosan, an unrelated compound to the thioamides, inhibits fatty acid synthesis is a
different way. When InhA binds with NAD, triclosan can interact and form a stable
complex!’*. The formation of this complex prevents any further activity of InhA and
results in a similar mechanism of lethality to isoniazid and thioamides, but with a different

mode of action.
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1.7.10 p-Cycloserine and Terizidone
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Figure 15. Structures of D-cycloserine and terizidone.

Treatment with D-cycloserine, a D-alanine analogue, leads to a cessation of peptidoglycan
biosynthesis in mycobacteria'”®>. D-Cycloserine interferes with the activity of two

6 and D-alanine-D-alanine ligase'’’. The construction of

enzymes, alanine racemase'’
peptidoglycan requires a five amino acid peptide stem branching from the glycan
backbone?*. The final two amino acids in the peptide stem are both D-alanine, an amino
acid that is not found naturally and must be converted from L-alanine by alanine
racemase'”. The two D-alanine units are linked together by D-alanine-D-alanine ligase

before attachment to the peptide stem!’®. The terminal D-alanine units are essential for

cross-linking of peptidoglycan strands and the correct formation of the cell wall.

As a D-alanine analogue, D-cycloserine competes with the natural substrates of alanine
racemase and D-alanine-D-alanine ligase and prevents activity. While both enzymes can
be inhibited, the inhibition of D-alanine-D-alanine ligase is the primary lethal target of D-
cycloserine!”. The inhibition of peptidoglycan synthesis has a knock on effect on the
cellular metabolism too, causing an increase in peptidoglycan precursors and cellular
catabolism!”. Terizidone is a molecule that contains two D-cycloserine units connected

to terephthalaldehyde via a condensation reaction. The mechanism by which D-

28

/“%
HN NH AN N /

4

o



C. Burke Chapter 1

cycloserine is released from terizidone is not understood and when measured, the release

of D-cycloserine from terizidone was ten times lower than expected'®’.

1.7.11 B-Lactams
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Figure 16. Structure of P-lactams, meropenem and imipenem, with cilastatin

additive.

[-lactam antibiotics, more commonly known as penicillins, are named as such because
they all contain a -lactam ring structure. -lactams are analogues of the D-alanine-D-

alanine terminal structure of the peptidoglycan peptide stem structure'®!

. Normally the
peptide stems of peptidoglycan are cross linked by D,D-transpeptidase activity of the
penicillin binding proteins (PBP)!%2. To make the crosslinks PBPs recognise the terminal
D-alanine-D-alanine motif and because B-lactams mimic this structure, they are also

recognised. Once a B-lactam is in a PBP active site the B-lactam ring opens and covalently

attaches to the active site and irreversibly damages the enzyme'®!.
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B-lactams are not commonly used to treat TB. The reasons for this are two fold, firstly
most B-lactams only target D,D-transpeptidase activity. M. tuberculosis also possess L,D-
transpeptidase activity reducing the overall effectiveness of B-lactamases'®!. Secondly,
M. tuberculosis also possess high activity B-lactamases that can open the 3-lactam ring
and deactivate the antibiotic safely'®®. Despite the natural protection from B-lactam
antibiotics there are a few combinations are recommended by the WHO for drug resistant

103 Meropenem'* and imipenem!'®> are both highly resistant to B-lactamase

infections
inactivation, however imipenem must be co-administered with cilastatin to prevent

degradation by renal dehydropeptidase 1'%,
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1.7.12 Other Tuberculosis Treatments
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Figure 17. Structures of clofazimine, lincomycin, and clarithromycin.

These treatments for TB do not fall into a particular category and/or are not recommended
for general use by the WHO. Clofazimine is a drug that has been used for treating leprosy,
another mycobacterial infection that has been repurposed for treating TB. While the mode
of action is not clear, recent evidence suggests that clofazimine is a pro-drug that

competes with menaquinone-4 in the electron transfer chain'®’.
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Clarithromycin is a macrolide antibiotic, characterised by a large lactone ring. Macrolide
antibiotics bind to the 50S subunit of the ribosome and inhibit protein synthesis'®. When
bound, macrolide antibiotics prevent the peptidyl transferase activity of the ribosome by

9

blocking exit of the peptide chain from the ribosome'®®. Similar to macrolides,

lincosamides, like lincomycin, inhibit the ribosome with the same mechanism'*°.

1.7.13 New Generation Multi-Drug Resistance Treatments

Pretomanid Linezolid

Figure 18. Structures of bedaquline, pretomanid, and linezolid.

Until recently the treatment of MDR-TB took between 18 and 24 months. This prolonged
treatment combined with the use of up to seven drugs at once and their poor tolerability
results in a very difficult process for the patient and could contribute to poor

191

compliance”". A new combination of drugs for treating MDR-TB is close to approval
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that should reduce treatment time and increase treatment success. Bedaquline, pretaminid,

and linezolid, are the core of this new treatment regime.

Bedaquiline, a dairylquinalone antibiotic, is a new class of inhibitor that targets ATP
synthase and is bactericidal even when mycobacteria are in a dormant state!?,
Dairylquinalones bind to ATP synthase and prevent proton transfer and the rotational
conformational change required for ATP generation!®. Resistance to bedaquiline can
occur by point mutations changing the binding site to reduce affinity, or by efflux pumps,
typically of the MmpL family of pumps'®*. Pretomanid, formerly known as PA-824, is a
bicyclic nitroimidazole pro-drug activated by deazaflavin dependent nitroreductase.
Transcriptional profiling indicates that pretomanid has a dual mode of action, targeting
fatty acid synthesis and causing respiratory poisoning'®’>. Another nitroimidazole of
interest for TB treatment is delaminid. Delaminid is also a pro-drug, but primarily inhibits
mycolic acid synthesis'®®. Linezolid is a protein synthesis inhibitor that inhibits protein
synthesis by binding to rRNA in the 30s and 50s subunits and inhibits formation of the
initiation complex'®’. This results in the rate of transcription slowing. Due to the unique

binding site, linezolid had little to no cross resistance with other protein synthesis

inhibitors'®®,

1.8 The Mycobacterial Cell Wall

The mycobacterial cell wall is a complex structure of polysaccharides, polypeptides, and
long chain fatty acids. Some of these structural motifs are common in other Gram positive
and Gram negative bacteria, some are unique to mycobacteria®*. The structure of the
mycobacterial cell wall is the greatest strength of M. tuberculosis, imparting high cellular
impermeability to antibiotics, but also its greatest weakness, as it offers a plethora of

additional drug targets unique to mycobacteria.
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From a macroscopic view, the cell wall consists of three distinct covalently linked layers.
The chassis of the cell wall is formed of peptidoglycan, common to nearly all bacteria,
with a few modifications from the standard template?*. Attached to the peptidoglycan is
the first of two major deviations from standard cell wall structure, the arabinogalactan
layer. Arabinogalactan is a polysaccharide consisting of a galactofuranose backbone with
branch like elaborations of polymerised arabinofuranose chains'®. The last portion of the
cell wall, and the layer that contributes most to the resistance to permeation, is the mycolic
acid layer, covalently linked to the arabinogalactan termini?*. Inter-dispersed with the
covalently linked mycolic acids are free lipids in the form of trehalose mono-mycolate
(TMM) and trehalose di-mycolate (TDM)?*. Together these form a nearly impermeable,
waxy, lipid layer. In addition to those above, the surface of M. tuberculosis also displays
other unique lipid bound macromolecules in the cytoplasmic membrane, such as

lipomannan (LM) and LAM, as a way of modulating the host immune system?%°2%2,

1.8.1 Peptidoglycan

Peptidoglycan is a crucial element of the bacterial cell wall providing mechanical strength
and shape to bacteria, as well as resisting internal cellular turgor to prevent lysis?®,
Preventing correct synthesis and maintenance of peptidoglycan or allowing enzymatic
digestion will cause the peptidoglycan sacculus to split and cell lysis?*®. Peptidoglycan
also serves as a framework for external cell structures to be built upon. In mycobacteria,
peptidoglycan is an attachment point for the unique macromolecules of the mycobacterial
outer membrane complex®*. The polysaccharide portion of peptidoglycan consists of
alternating p(1—4)-linked N-acetylglucosamine and N-acetylmuramic acid residues that
form long glycan backbone chains, and attached to the glycan chains are short penta-

peptide stems?*. In mycobacterial species the glycan backbone is modified by converting
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some N-acetylmuramic acid residues to N-glycolylmuramic acid residues?**. The penta-
peptide stem consists of L-alanine, D-isoglutamate, meso-diaminopimelate (mDAP), D-
alanine, and D-alanine attached to the N-acetyl or N-glycolylmuramic acid?*. Crosslinking
between the peptide stems attaches the individual peptidoglycan strands together in a rigid
mesh like structure. The links between the peptide stems are formed directly in the Aly
format, unlike some other types of peptidoglycan which have short peptide linkage units
between the peptide stems**?*>. Unlike other bacteria with Aly subtype peptidoglycan
which form 3-4 linkages between mDAP and D-alanine, mycobacteria primarily form 3-
3 linkages between the mDAP residues with only a few 3-4 linkages?’®?%’. Immature
mycobacterial peptidoglycan also displays mono- and tri- methylation of the carboxylic
acid groups of the D-isoglutamine, mDAP, and terminal D-alanine?*®. These same groups

can also be mono-, di-, and tri-amidated?°®.

GlmU, an enzyme with dual acetyltransferase and uridyltransferase activity, starts
peptidoglycan  biosynthesis by acetylating glucosamine-1-phosphate into N-
acetylglucosamine-1-phosphate using acetyl-Coenzyme A**’. GImU then activates the

209 MurA converts some of the

product with a free UMP into UDP-N-acetylglucosamine
produced UDP-N-acetylglucosamine by attaching an enoyl-pyruval from phosphoenoyl-
pyruval to produce enoyl-pyruval-N-acetylglucosamine?'?. This product is subsequently
reduced by MurB to produce UDP-N-acetylmuramic acid?!!, the majority of which is
hydroxylated by NamH to UDP-N-glycolylmuramic acid***?!2, The UDP- N-
glycolylmuramic acid and remaining UDP-N-acetylmuramic acid are then modified by
MurC, D, and E in succession to add the first three residues of the penta-peptide, L-
alanine, D-isoglutamate, and mDAP?!32!4_ p-alanine:D-alanine ligase connects two D-

alanine residues together'’® and they are attached as a pair by MurF to complete the penta-

peptide?!*. The UDP-N-glycolylmuramic acid and UDP-N-acetylmuramic acid with
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attached penta-peptide are ready for lipidation by MurX and are now known as Park’s

nucleotide?!?

. MurX attaches a Park’s nucleotide to a decaprenyl phosphate to produce
Lipid I and situates the molecule into the inner membrane?®!*2!>, Attachment of UDP-N-
acetylglucosamine to Lipid I in a PB(1—4) linkage by MurG produces the basic
peptidoglycan building block Lipid I1*!6. Lipid II is flipped to the outer membrane by a
flippase. Mur] or FtsW are thought to be candidates for this process, but this is
unconfirmed®!7??2. In contrast to this, there is recent evidence of FtsW as a
glycosyltransferase??>%, In support of Murl, the protein has a cytoplasmic gate, a
cytoplasmic entrance and a periplasm exit, and segments which resemble transport
regions>?®??7, The periplasmic class A penicillin binding proteins (aPBP), PonAl, A2,
and A3 polymerise Lipid II into the long peptidoglycan chains with glycosyltransferase
activity???2°. The aPBPs also crosslink the peptide stems with a 3-4 linkage by cleaving
one terminal D-alanine residue with transpeptidase activity. D, D-carboxypeptidases and
L,D-transpeptidases work in tandem to remove a terminal D-alanine residue'®? and create
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the 3-3 crosslink=", respectively, finishing the peptidoglycan structure.

1.8.2 Arabinogalactan

Covalently linked to the peptidoglycan, arabinogalactan is a polysaccharide that forms
branch like protrusions from the cell surface'*>?*!. The arabinoglactan is linked at the
base of the structure via a linker unit**?. The linker comprises of a phosphate group, N-
acetylglucosamine, and L-rhamnose’**. The stem of the structure is comprised of
approximately 30 B-D-galactofuranose residues with link through alternating f(1—5) and
B(1—6) linkages®*2. On the galactan chain at positions 8, 10, and 12, there are a(1—>5)
linked arabinofuranose branch points'** 232, These branch points are elaborated with

arabinofuranose residues connected with a(1—5)-links?** 236, These arabinose chains
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also contain further branches through a(1—3) arabinofuranose branch points**?. Each
arabinose chain culminates in a forked structure consisting of an arabinose o(1—3) and
a(1—>5) branch, each extended with a single p(1—2) arabinofuranose residue**?. These
fork branches provide the attachment points for mycolic acids, of which about two-thirds
are mycolated”*°. The arabinofuranose unit upon which these two forks originate is also

d236—239

modified with an a(1—2)-D-galactosamine residue when that fork is mycolate or

a succinyl residue when not mycolated>*.

WecA initiates arabinogalactan biosynthesis by producing Cso-P-P-N-acetylglucosamine,
a precursor to the linker unit, by combining N-acetylglucosamine-1-phosphate with Cso-
P?*!, L-rhamnose is added by WbbL?*? using UDP- L-rhamnose produced by RmID*** to
complete the linker unit. GIfT1 adds two galactofuranose residues?**?*°, the first with a
B(1—4) link and the second with a B(1—5)-link?**. The main chain is constructed by
GIfT2 which polymerises approximately 28 galactofuranose units with alternating
B(1—6) and B(1—5) linkages®***®. The lipid attached linker unit and polymerised
galactofuranose chain is flipped to the outer membrane by an unknown flippase,
potentially Rv3781 or Rv3783%*°. Once on the outer membrane, arabinose polymerisation
can begin using decaprenyl phosphoryl-D-arabinose (DPA) as a an arabinofuranose
donor. DPA is produced from ribose-5-phosphate by several enzymes. The primary
carbon is pyrophosphorylated by PrsA using ATP to produce phosphor-a—D-ribosyl-1-
pyrophosphate?°. The terminal phosphate from the pyrophosphate is removed and UbiA

143.231.252  The phosphate at position C5 is removed by

adds decaprenyl phosphate
Rv3807¢?> and the resulting decaprenyl-1-phosphoribose is epimerized by DprE1 and
DprE2 for the final product DPA?**, AftA primes the galactofuranose chain at a single
B(1—5) linked residue at positions 8, 10, and 12 of the galactan chain'*-*>, An unknown

glycosyltransferase polymerises long chains of o(1—5) linked arabinofuranose
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residues'’. Additional branching is introduced by AftC and elongation by AftD*¢2%7_ To
terminate the synthesis of arabinogalactan, AftB adds (3(1—2) arabinofuranose caps to
the two available arabinofuranose residues immediately after an a(1—3) branch point?®,
Additional, modifications to the structure are the addition of D-galactosamine by

Rv3779238:239.259.260 o quccinyl by an unknown enzyme. Lcpl, a phosphotransferase,

transfers and ligates the competed arabinogalactan to peptidoglycan??.

1.8.3 Myecolic Acids

The waxy outer portion of the cell wall consists of mycolic acids. Mycolic acids are long
chain fatty acids that consist of two chains, a longer mero-mycolate chain ranging from
42 to 62 carbons in length, and a shorter saturated o-chain of 24 to 26 carbons in length?*.
Some of the mycolic acids are covalently attached to the terminal end structures of
arabinogalactan while others are attached to trehalose in the form of TMM or TDM. The
TMM and TDM are inter-dispersed with the arabinogalactan attached mycolic acid layer
to form an additional pseudo-lipid bi-layer, which contributes to the impermeability and
drug resistance of mycobacteria?®!. The generic term mycolic acid referrers to three

similar variations of lipid with different structural modifications®*262-263

. a-mycolates
contain cis-configuration cyclopropane rings. Methoxy-mycolates contain cis or trans
cyclopropane rings and a methoxy group. Similar to methoxy-mycolates, keto-mycolates
contain the same ring structures and a keto-group. Most mycobacteria have approximately

two of these functional groups per mycolate, however some strains, such as M.

tuberculosis H37Ra have up to three groups>°2.

Mycolic acids are produced by the combination of two fatty acid synthases (FAS)-I and
FAS II. FAS-I produces shorter lipids up to 26 carbon units in length. For mycolic acid

synthesis, FAS-I elongates a C14-CoA primer chain. Firstly, FabD transacylates the acyl
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carrier protein, AcpM, with a malonyl group to form malonyl-AcpM?**. This malonyl-
AcpM is the basic extension unit used by FAS-II to produce mycolic acids. FabH
condenses a C14-CoA chain with malonyl-AcpM to produce Cis-AcpM?%. Ci6-AcpM is
now able to utilise the FAS-II system starting with a keto-reduction reaction catalysed by
MabA?%S, The resulting hydroxyl group is dehydrated by HadAB/BC to produce a double
bond?*’. The double bond then undergoes an enoyl-reduction reaction catalysed by InhA
which is the end of one cycle of extension'!”. For subsequent cycles, KasA/KasB replaces
the action of FabH to condense the extended lipid with another malonyl-AcpM?2%%.26%,
Each cycle extends the chain length by two carbon atoms and this continues until the
mero-mycolate chain length reaches between 42-62 carbons in length. After completing
the FAS-II pathway the mero-mycolate undergoes additional modification for the
cyclopropane rings, methoxy and keto-groups that differentiate the different types of
mycolic acids?’®?73. FabD32 ligates AMP to the mero-mycolate chain to prime it?’* for
addition to a Cz o-alkyl-CoA produced by FAS-1 by polyketide synthase 13
(PKS13)?">%76_ Finally, the mycolate is matured by a reduction reaction catalysed by
Rv2509%77. For the final construction of the cell wall, the completed mycolic acids need
to be transported outside of the cell by a currently unknown method. It is currently thought
that mycolic acids are attached to trehalose to make TMM, which is then transported

3278

outside of the cell by the mmpL class of efflux pumps, MmpL3-"°. One suggested method

has the mycolate transferred from PKS13 to a D-mannopyranosyl-1-phospho-heptaprenol

by mycolyl-transferase I, by a currently unknown enzyme?"’

. A mycolyl-transferase 11
swaps the mycolate to trehalose-6-phosphate with the phosphate group being removed
before transport?’”®. Once outside the cell the three mycolyl-transferase isoforms of

Antigen 85 take varying, but overlapping, roles in attaching the mycolic acids to the

arabinogalactan, and producing TMM and TDM?,

39



C. Burke Chapter 1

1.8.4 Phosphatidyl-myo-Inositol and Elaborations

Phosphatidyl-myo-inositol (PI) and the derivatives produced from it are an important
component of the inner and outer membrane of mycobacteria®®!:?*2, PI and phosphatidyI-
myo-inositol mannosides (PIMs) constitute 56 % of the phospholipids in the
mycobacterial cell wall and 37 % in the cytoplasmic membrane. PI consists of a
diacylglycerol attached to a myo-inositol sugar ring via a phosphate linkage®®. PI is
elaborated with two mannopyranose sugars and up to two acyl chains to form mannosyl
phosphate inositol (PIM2)**?%3. The addition of two more mannopyranose creates the
basic PIM units of AciPIM4 or Ac,PIM4?*+2%. From these PIMs units more elaborated

PIMs can be synthesised along with the much larger LM and LAM?¢,

The biosynthesis of PI is initiated by phosphatidyl-myo-inositol phosphate synthase,
PgsAl. PgsAl catalyses the addition of diacylglycerol to the primary carbon of D-myo-
inositol-3-phosphate by cleaving the CDP from CDP-diacylglycerol®®*. This produces
phosphatidyl-myo-inositol-3-phosphate and the additional 3-phophate group is removed
by an unknown phosphatase to produce PI. PimA attaches a mannopyranose from GDP-
Mannose to carbon two of the inositol to produce PIM;**7?%%_ PimB attaches a second

mannopyranose from GDP-Mannose to carbon four of the inositol to produce PIM,?*’.

The position two mannopyranose residue is acylated by Rv2611c at the sixth position®*
and the inositol ring is acylated at the third position by an unknown transacylase. These
are now referred to as MPI or AciPIM2/Ac,PIM» depending on the number of acyl chains
attached. PimC and PimD add the third and fourth mannopyranose residues, also using
GDP-Mannose as a sugar donor’”!. These are attached to the position four
mannopyranose connected to the inositol to produce AciPIMas/Ac2PIM4. For further

mannosylation to occur AciPIM4/Ac,PIM4 must be attached and flipped across the

membrane and a lipid linked sugar donor utilised. Ppm1 takes mannopyranose from GDP-
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mannose and attaches it to a Cso/Css polyprenyl-phosphate to afford polyprenyl-
phosphate-mannopyranose ~ (PPM)*>**.  The mechanism of flipping for

Ac1PIM4/Ac,PIM4 and PPM has not been determined.

Once the early PIMs are situated in the outer membrane, synthesis of higher tier PIMs,
LM and LAM can commence. PimE and an unidentified glycosyltransferase catalyse the
addition of two a(l—2) terminal mannopyranose residues to AciPIMas/Ac2PIM4 to
produce mature AciPIM¢/AcPIMe using PPM?*, These elaborations are exclusive to the
higher PIMs and are not found in LM and LAM. For synthesis of LM and LAM,
AciPIM4/AcyPIMy is elaborated by MptA and MptB with oa(1—6) mannopyranose
residues from PPM?*>2% MptC introduces branching in the form of a(1—2) side
chains?*’?*®. If elaboration is not continued, then this forms LM. LAM has further
additions in the form of arabinose structures attached to the mannose backbone. An
unknown arabinofuranosyl transferase primes the mannan spine with arabinofuranose
residues from DPA in a similar manner to arabinogalactan. EmbC polymerises 12-16
arabinofuranose residues with an a(1—35) linkage to the priming arabinofuranose'4!142,
The arabinogalactan branching enzymes AftC and AftD perform the same function on the
LAM and introduce internal a(1—3) branches followed by o(1—5) elongation®-*,
After polymerisation is complete AftB, as for arabinogalactan, caps the arabinose chains
with a p(1—2) linkage to complete LAM?®. The capping can be modified with two
additional o(1—2) mannopyranose residues by CapA3* and MptC?’ to produce
ManLAM. Finally, the mannose cap can be terminated with attachment of an a(1—4) 5-

deoxy-5-methyl-thio-xylofuranose by an unknown enzyme?*!-392,

1.9 Model Organisms
The biosafety level of M. tuberculosis can be prohibitive to laboratory study, unless there

is a functional Containment Safety Level 3 (CSL-3) laboratory available, and trained
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staff. To circumvent this the model organism M. bovis BCG can be used as a surrogate.
Ordinarily, M. bovis is also a biosafety level 3 organism due to its inclusion in the M.
tuberculosis complex and ability to cause human tuberculosis. However, the attenuated
M. bovis BCG strain can be used at Containment Level 2. M. bovis BCG has a similar
rate of growth and has 99.95 % genetic homology to M. tuberculosis making it suitable

as a model organism>%,

The slow growth rate of M. tuberculosis and M. bovis BCG can hold back research.
Mycobacterium smegmatis is a non-pathogenic rapidly growing mycobacterial species
with a doubling of approximately 4 hours. M. smegmatis has the common features of
mycobacterial species, such as the cell wall, but due to differences in pathogenicity
screening for drugs with M. smegmatis only turns up 50 % of hits when compared to M.

304

tuberculosis™". M. smegmatis has value as a model organism where rapid results are

needed, but M. tuberculosis and M. bovis BCG are superior for drug screening.

1.10 Project Aims

With rising levels of antibiotic resistance, the need for new antibiotics is greater than ever.
High-throughput screening of large compound libraries offers the highest chances of
success for discovering new hits and leads. Due to the nature of high-throughput
screening, there are a very diverse range of inhibitors that can be found that need to be
re-investigated, however the time and effort for mode of action studies is substantial and
may often result in identifying sub-optimal targets. Designing high-throughput screens to
identify hits and leads of a specific known drug target allows for rapid target
identification. The main aim of these projects was to identify novel inhibitors of M.

tuberculosis. This was split into three smaller aims:
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1. Validate new screening methods to preferentially identify inhibitors of

known drug targets.

This aim was centred around validating new screens using a phenotypic readout with
either, M. bovis BCG or M. tuberculosis,by using known inhibitors of the target protein

to validate the screening method.

2. Use the screening method in a high-throughput screen to identify hits from

compound libraries.

This aim was to use the validated screening method in a high-throughput format to

identify new hits for a known protein/complex target.

3. Use biochemical assays and genetic techniques to identify the targets of the

new hits.

This aim was to take inhibitors identified by screening and properly identify their target
protein/complex by conducting biochemical assays, whole genome sequencing of

spontaneous drug resistant mutants, and over expression studies of the target in question.
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I Chapter 2

Development and Validation of High-Throughput
Phenotypic Screening Methods to Identify
Inhibitors of M. tuberculosis Amino Acid

Biosynthesis
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2 Development and Validation of High-Throughput Phenotypic Screening

Methods to Identify Inhibitors of M. tuberculosis Amino Acid Biosynthesis

2.1 Introduction

M. tuberculosis possesses the genes for an extensive system of enzymes for the
biosynthesis of all 20 standard amino acids®'. This network is likely required by M.
tuberculosis for survival, as a common defence mechanism of host cells suffering from

395 Tryptophan

intracellular infection is nutrient limitation, including amino acids
degradation is also a common response to many intracellular pathogens*®=3%_ however
M. tuberculosis is resistant to this strategy due to the ability to enzymatically synthesise
tryptophan®”. The essentiality of these biosynthetic pathways to the virulence of M.
tuberculosis is further highlighted by numerous studies on amino acid auxotrophs.
Auxotrophic strains are often generated for testing as vaccine candidates and commonly
display stress and starvation vulnerability and attenuation in mice models of infection.
)p10-313,

Auxotrophs for branched-chain amino acids (BCAA lysine®!*, arginine’'®,

316

methionine®!®, cystine®'’, proline and tryptophan®'® in mycobacterial species display

attenuation in mice models of infection. Disruption of isoleucine biosynthesis decreases

319 Attempts to construct M. tuberculosis strains that

M. tuberculosis survival under stress
were deficient in shikimate kinase and therefore shikimate, a precursor molecule for
aromatic amino acid biosynthesis, led to non-viable cells, suggesting the importance of
the aromatic amino acids; phenylalanine, tyrosine and tryptophan®?’. Histidine
biosynthesis auxotrophs are unable to survive for extended periods of histidine

starvation®?!.

Due to the essentiality of amino acids in protein synthesis, the depletion of amino acids

inside M. tuberculosis results in cell death. While the biosynthesis of all amino acids is
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crucial for cell survival, some represent better targets than others. Analysis of the KEGG
pathway®?2-?* for the biosynthesis of amino acids in M. tuberculosis H37Rv as shown in
Figure 19 makes it clear that there are various bottlenecks in the pathways that could be
exploited. For example, the shikimate pathway supplies the precursor molecule,
chorismate, for the biosynthesis of all the aromatic amino acids*?***3%, TlvB1 is an
acetolactate synthase (ALS) that is used to produce all three BCAA*?® and HisA is a
common enzyme used for both histidine and tryptophan synthesis**°. Preventing the
biosynthesis of multiple essential products is very desirable from a drug treatment
perspective. Conversely, as shown in Figure 19, some amino acids have multiple
hypothetical pathways for biosynthesis, such as cysteine, proline, and lysine making them
undesirable targets. Recently inhibitors of amino acid biosynthesis, particularly that of
tryptophan and serine, have been the subject of interest. Several inhibitors of tryptophan
synthase have been outlined in the literature**!*2, These inhibitors target the TrpA/B
complex to prevent the final step of tryptophan biosynthesis, the removal of indole from
indole-3-glycerol phosphate and the subsequent attachment to L-serine**!. SerB2, also
known as phosphoserine phosphatase is the final step in L-serine biosynthesis and is
responsible for dephosphorylating L-3-phosphoserine to produce L-serine***. Several

inhibitors of SerB2 have been identified from high-throughput screening?343%3,

This chapter uses two compounds, Metsulfuron-Methyl (MSM) and Sulfometuron-
Methyl (SMM)), to validate the new screening method developed in this study. MSM and
SMM, traditionally used as herbicides, are BCA A biosynthesis inhibitors that inhibit ALS
in mycobacteria and other organisms*!>*3. ALS can process two different substrates that
produce distinct products as shown in Figure 20. Decarboxylation of pyruvate and
condensation with another molecule of pyruvate produces acetolactate for further

modification into valine or leucine**”**, Substitution of the second pyruvate with a 2-
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ketobutyrate produces acetohydroxybutyrate for isoleucine synthesis**”33®, There are five
M. tuberculosis genes associated with ALS. There are four large catalytic subunits (ilvB1,
ilvB2, ilvG, and ilvX) and one small regulatory subunit (ilvN)>!. In E. coli ALS operates
as a heterotetramer of two large catalytic subunits and two small regulatory subunits in a
complex®*. The use of MSM and SMM as validation compounds serves two purposes.
Firstly, ALS is a currently unexploited drug target that has been suggested as an area of
interest for drug development due to essentiality and the lack of an ortholog in

312,329.340341 " Secondly, ALS represents one of the ideal drug targets outlined

humans
above that is responsible for the biosynthesis multiple amino acids. The use of MSM and

SMM for validation ensures that the methods developed are suitable for identifying hits.

In this study, we will develop new high-throughput screening methods to identify hits of
amino acid biosynthesis from large compound libraries. The aim of these screening
methods is to incorporate preliminary target identification into the screening in an attempt
to mitigate the time sink of spontaneous drug resistant mutant isolation. Additionally, this
study will use more conventional methods to learn more about the validation compounds,
MSM and SMM, and their relationship with the ALS of M. tuberculosis. The validation
of the screening methods has shown that they are suitable for the identification of amino
acid biosynthesis hits from large compound libraries. The dropout methodology has also
been shown to be able to identify which amino acid biosynthetic pathways are targeted
by an inhibitor, in this case MSM and SMM. While the trial screen did not isolate any
inhibitors of amino acid biosynthesis, the validation of these methods has shown their
effectiveness in a screening capacity. Data from whole genome sequencing (WGS) and
mutant gene overexpression indicates that the target of MSM and SMM in M. tuberculosis

is [lvB1 and that inhibition of this enzyme prevents biosynthesis of all BCAA.
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Figure 19. KEGG pathway of M. tuberculosis amino acid biosynthesis pathways.
Coloured boxes indicate potential bottlenecks in amino acid biosynthesis. Green arrows
are annotated with genes on KEGG website. Black arrows have no annotation. Used with
permission from Kanehisa Laboratories.
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Figure 20. Synthesis of branched chain amino acids (BCAA) and inhibitors. A.
Inhibitors of [lvB1 acetolactate synthase subunit. B. M. tuberculosis biosynthetic pathway
of BCAA. Adapted from Figures in Burke, C. et al. 2019°®. The catalytic subunit and
regulatory subunit complex formed from i/vBI and ilvN respectively synthesize the
BCAA precursors acetohydroxybutanoate and acetolactate. These products undergo
further enzymatic modification to produce the BCAAs.
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2.2 Materials and Methods

2.2.1 Liquid Minimum Inhibitory Concentrations (MIC) of Validation
Compounds

The validation compounds MSM, SMM and pyrimethanil were dissolved in DMSO.
Several dilutions of the compounds were made in compound plates (Greiner, 96 well, PP,
V-bottom. Ref - 651201), at 100x final concentration. The final concentrations for this
experiment are displayed in Figure 21. In separate microplates (Greiner, 96 well, PS, F-
bottom, black, sterile. Ref - 655086) for each compound, 1 pL of the 100x dilutions was
added in triplicate to each plate as well as triplicate wells of 1 pL DMSO and 100 uM
rifampicin. Each well was made up to 100 pL with mid-log (ODsoo 0.4-0.8) M. smegmatis
mc?155 or M. bovis BCG that had been normalised to a cell density of 1x10° cells per
mL. This gave 1x10° cells per well. The plates were sealed with parafilm and tin foil and
incubated at 37 °C and 5 % CO». M. smegmatis microplates were incubated overnight and
M. bovis microplates were incubated for 7 days after which a resazurin survival assay was

carried out (Method 6.6.1).

2.2.2 Dose Response of Amino Acid Supplementation for Validation Compounds

Dilutions of MSM and SMM were made at 100x concentration in DMSO and 1 pL was
added to the wells of 3 microplates (Greiner, 96 well, PS, F-bottom, black, sterile. Ref -
655086), for each compound. Stock mixtures of all twenty amino acids and of the three
BCAAs were made up at a concentration of 2 mM in dH»O and filter sterilized. The stocks
were diluted to make 2x the required experiment concentration with sterile dH>O. 50 pL
of the 2x concentration amino acids or BCAA were added to each well of the microplates.

A mid-log (ODgoo 0.4-0.8) M. bovis BCG culture was diluted to 2x10° cells per mL in 2x
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7H9 media and 50 pL was added to each well. This resulted in a 1 mM concentration of
all 20 amino acids or BCAA with 1x10° cells per well in 1x concentration 7H9 media.
The microplates were incubated at 37 °C and 5 % CO; for 7 days after which a resazurin

survival assay was carried out (Method 6.6.1).

2.2.3 Amino Acid Drop-Out Validation

Twenty mixtures of 19 amino acids (each mixture lacked a different amino acid) were
made to a 2 mM concentration. Microplates (Greiner, 96 well, PS, F-bottom, black,
sterile. Ref - 655086) were set up with 1 uL. of 5 mM stock MSM or SMM per well.
Nineteen amino acid mixtures (50 pul) were added to the wells. A mid-log (ODsoo 0.4-
0.8) M. bovis BCG culture was diluted to 2x10° cells per mL in 2x Middlebrook 7H9
media and 50 pL. was added to each well. This resulted in a 1 mM concentration of the
desired amino acids with 1x10° cells per well in 1x concentration 7H9 media. The
microplates were incubated at 37 °C and 5 % CO: for 7 days after which a resazurin

survival assay was carried out (Method 6.6.1).

2.2.4 Restriction Free Cloning of Wild Type Acetolactate Synthase Genes

Restriction free cloning was used to clone the wild type ALS catalytic subunits, i/vB],
ilvB2, ilvG and ilvX and the regulatory subunit i//vN into pVV16. Plasmids were made for
each subunit individually as well as plasmids with one of the catalytic subunits and the
regulator. Forward and reverse primers, 50 base pairs long, were designed with a 25 base
pair overlap with the start and end of the gene and the flanking portions of plasmid
sequence. The forward and reverse primers also included Ndel or HindlII restriction sites,
respectively. For cloning ilvB2, ilvG, and ilvX with ilvN, 2 sets of primers were required.
The ilvN + 100 bp, ilvB2 Duo, ilvG Duo, and ilvX Duo primers were used for these
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plasmids. The ilvN + 100 bp primer sequence started 100 base pairs upstream of the start
codon to include the promotor. The i/vB2 Duo, ilvG Duo, and ilvX Duo reverse primers
included the start of the i/vN + 100 bp sequence instead of plasmid DNA sequence. For
ilvBI and ilvN together the forward i/vBl and reverse i/lvN primers were used and
amplified as one PCR product. The first PCR step was used as outlined in Method 6.4.2
and used to amplify the genes of interest using the primers in Table 3. The PCR products
were purified by gel extraction (Methods 6.4.3 and 6.4.4). The second PCR step used the
same PCR mix but instead of primers, 10 ng of fresh pVV16 plasmid DNA and 4 pL of
purified PCR product were added. Where two genes were being cloned this step was the
ilvN + 100 bp product. The step was repeated using the catalytic subunit gene PCR
product for plasmids with two genes. Once the PCR steps were completed for each
plasmid the mixture were treated with 1 pL. of Dpnl for 2 hours at 37 °C for 2 hours to
digest methylated template plasmid and the reaction was cleaned as in Method 6.4.5.
Finished plasmids were transformed into E. coli Top10 (Method 6.3.5) and selected for
with 50 pg/ml kanamycin. The plasmids were extracted (Method 6.4.8) and were then

sequenced by Eurofins Genomics.
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2.2.5 Spontaneous Resistant Mutant Generation for Metsulfuron-Methyl (MSM)
and Sulfometuron-Methyl (SMM)

M. bovis BCG Drug Resistant Mutants (DRM) were isolated on 20 mL 7H11 agar plates
supplemented with 10, 20, 30, 40, and 50 uM MSM or SMM. 1x10® mid-log M. bovis
BCG cells were plated on the plates and incubated at 37 °C and 5 % CO> until colonies
appeared (approximately 1-2 months). The colonies were inoculated into 7H9 media and
their MICs determined using resazurin (Method 6.6.1) to confirm resistance to MSM or
SMM. The genomic DNA of the resistant mutants was extracted (Method 6.4.1) and sent

for whole genome sequencing (WGS) to MicrobesNG (University of Birmingham).

2.2.6 Restriction Cloning of ilvB1 and ilvN Mutant Genes

The mutant and wild type copies of ilvBI and ilvN were cloned into plasmids for
overexpression using restriction enzymes. Mutant and wild type genes of ilvBI were
cloned into pMV261a using the primers displayed in Table 4. The i/lvN and full i/vB1I plus
ilvN operon were cloned into pVV16 using the primers from the restriction free cloning
shown in Table 3. These primers contained Ndel or HindIII restriction digest sites for
redundancy. The genes were amplified using PCR (Method 6.4.2) using the primers
above. For PCR of the mutant genes, where the template DNA was substituted with the
extracted genome of drug resistant mutants. The PCR products were purified (Method
6.4.5) and the PCR products and plasmids were digested with the appropriate NEB
restriction enzymes (Method 6.4.6). The digested DNA products were purified using gel
extraction (Methods 6.4.3 and 6.4.4) and then ligated (Method 6.4.7). Finished plasmids

were transformed into E. coli Top10 (Method 6.3.5). Plasmid pVV 16 was selected using
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50 pg/mL kanamycin and pMV261a was selected using 50 pg/mL apramycin. The

plasmids were extracted (Method 6.4.8) and were then sequenced by Eurofins Genomics.

Table 4. Primers for i/vBI cloning into pMV261a.

Gene Name Direction Primer 5’- 3’ (Cutsite HindIII)
ilvBI Foward catgcatgaagcttatagcgcaccaaccaag
ilvBI Reverse catgcatgaagctttcaggcgtggccttc

2.2.7 Overexpression of Acetolactate Synthase (ALS) Genes in M. bovis BCG

ALS pVV16 plasmids in Table 5 were electroporated (Method 6.3.6) into M. bovis BCG
and selected using 25 pg/mL kanamycin 7H11 agar plates. Colonies were picked and
inoculated into 7H9 media supplemented with 25 pg/mL kanamycin and grown until mid-
log (ODgoo 0.4-0.8). At this point M. bovis BCG containing pVV16-ilvG and pVV16-
ilvG+ilvN failed to grow sufficiently and were excluded. MSM and SMM dilutions were
made at 100x desired concentration in DMSO and 1 pL was pipetted into microplate
(Greiner, 96 well, PS, F-bottom, black, sterile. Ref - 655086) wells in triplicate.
Rifampicin was included at 1 pM as a negative control and 1 pL of DMSO only was
included as a positive control. Cells were adjusted to 1x10° cells/mL using 7H9 media
and 100 pL was added to each well. The microplates were incubated for 7 days at 37 °C
and 5% COz. The microplates were read using the resazurin survival assay (Method

6.6.1).
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Table 5. Wild type plasmids electroporated into M. bovis BCG.

Parent Plasmid Plasmid Name Gene Inserts  Resistance Antibiotic
pVV16 No insert 25 pg/mL Kanamycin
pVV16 pVV16 ilvBi ilvBI 25 pg/mL Kanamycin
pVV16 pVV16 _ilvBI+ilvN ilvBl +ilvN 25 pg/mL Kanamycin
pVVl1é6 pVV16_ilvB2 ilvB2 25 pg/mL Kanamycin
pVV16 pVV16_ilvB2+ilvN ilvB2 +ilvN 25 pg/mL Kanamycin
pVVl1é6 pVV16_ilvG ilvG 25 pg/mL Kanamycin
pVV1é6 pVV16_ilvG+ilvN ilvG + ilvN 25 pg/mL Kanamycin
pVVl1é6 pVV16_ilvX ilvX 25 pg/mL Kanamycin
pVV1e6 pVV16_ilvX+ilvN ilvX + ilvN 25 pg/mL Kanamycin
pVVl1é6 pVV16_ilvN ilvN 25 pg/mL Kanamycin

2.2.8 Overexpression of Mutated Acetolactate Synthase (ALS) Genes in M. bovis
BCG and M. smegmatis

Wild type and mutated ALS genes in plasmids pVV16 and pMV261a in Table 6 were
electroporated (Method 6.3.6) into M. bovis BCG and M. smegmatis mc*155 and selected
using 25 pg/mL kanamycin or apramycin 7H11 agar plates. Colonies were picked and
inoculated into 7H9 media supplemented with 25 pg/mL kanamycin or apramycin and
grown until mid-log (ODego 0.4-0.8). MSM and SMM dilutions were made at 100x
desired concentration in DMSO and 1 pL was pipetted into microplate (Greiner, 96 well,
PS, F-bottom, black, sterile. Ref - 655086) wells in triplicate. Rifampicin was included at
1 uM for M. bovis BCG and isoniazid at 10 pg/mL for M. smegmatis mc*155 as negative
controls. DMSO (1 pL) only was included as a positive control. Cells were adjusted to
1x10° cells/mL using 7H9 media and 100 pL was added to each well. M. bovis BCG

microplates were incubated for 7 days at 37 °C and 5% CO,. M. smegmatis mc*155
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microplates were incubated for 24 hours. The microplates were read using the resazurin

survival assay (Method 6.6.1).

Table 6. Wild type (WT) and mutated plasmids electroporated into M. bovis BCG and

M. smegmatis mc*155.

Parent Plasmid Name Gene Inserts Resistance Antibiotic
Plasmid

pMV261a No inserts 25 pg/mL Apramycin

pMV26la pMV26la WTilvBI WT ilvB1 25 pg/mL Apramycin

pMV26la pMV26la MSM ilvBI MSM ilvB1 25 pg/mL Apramycin

pMV26la pMV26la SMM ilvBI SMM ilvB1 25 pg/mL Apramycin

pVV1e6 No inserts 25 pg/mL Kanamycin
pVV16 pVV16 WTilvN WT ilvN 25 pg/mL Kanamycin

pVV16 pVV16_MSM ilvN MSM ilvN 25 pg/mL Kanamycin
pVV16 pVV16_SMM ilvN SMM ilvN 25 pg/mL Kanamycin

pVV16 pVV16_WT ilvBI+ilvN WT ilvBI +ilvN 25 pg/mL Kanamycin
pVVl1é6 pVV16 MSM ilvBI+ilvN  MSMilvBl +ilvN 25 ng/mL Kanamycin
pVV16 pVV16_SMM ilvBI+ilvN SMM ilvBI + ilvN 25 pg/mL Kanamycin

2.2.9 TB Box Amino Acid Drug Rescue Screen

Approximately 1 puL of 200 compounds in DMSO were aliquoted from three 20 uM stock
compound plates into 8 microplates (Greiner, 96 well, PS, F-bottom, black, sterile. Ref -
655086). Mid-log (ODgoo 0.4-0.8) cells were adjusted to 1x10° cells/mL in 7H9 and were
supplemented with one of twelve different 10 mM amino acid solutions to 100 uM. Cells
(100 pL) were added to each well and the plates incubated at 37 °C in 5 % CO; for 7 days.
The microplates were read using the resazurin survival assay (Method 6.6.1). The amino

acids supplemented were as follows: methionine, asparagine, alanine, arginine, aspartic
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acid, cystine, glutamic acid, glutamine, glycine, proline, serine, and tyrosine.
Additionally, this experiment was carried out using all twenty amino acids supplemented
together at two different concentrations, 100 uM and 1 mM using a 2 mM stock.
Supplementation at 1 mM was achieved by using the 2 mM stock of all twenty amino

acids and 2x 7H9 media mixed in a 1/1 ratio. All the screens were conducted in singlet.

2.2.10 TB Box Amino Acid Dose Response Screen

Dilutions of the compounds pulled out in the drug rescue screen were made at 100x
concentration in DMSO and 1 pulL was added to each well of a microplate (Greiner, 96
well, PS, F-bottom, black, sterile. Ref - 655086). Isoniazid at 1mg/mL (1 puL) was added
as a negative control. Stock mixtures of all twenty amino acids were made up at a
concentration of 2 mM in dH>O and filter sterilized. The stocks were diluted to make 2x
the required experiment concentration with sterile dH>O. The 2x concentration amino
acids (50 puL) was added to each well of the microplate. A mid-log (ODeoo 0.4-0.8) M.
bovis BCG culture was diluted to 2x10° cells per mL in 2x 7H9 media and 50 puL was
added to each well. This resulted in a 1 mM concentration of all twenty amino acids with
1x10° cells per well in 1x concentration 7H9 media. The microplate was incubated at 37
°Cand 5 % CO; for 7 days after which a resazurin survival assay was carried out (Method

6.6.1). Due to compound restraints this experiment was conducted in singlet.

2.2.11 TB Box Amino Acid Dropout Screen

Twenty mixtures of 19 amino acids (each mixture lacked a different amino acid) were
made to a 2 mM concentration. Microplates (Greiner, 96 well, PS, F-bottom, black,
sterile. Ref - 655086) were set up with 1 pL. of compound per well at 100x the desired

concentration. Isoniazid (1 pL of 1 mg/mL) was included as a negative control. Nineteen
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amino acid (50 pL) mixtures were added to the wells. A mid-log (ODsoo 0.4-0.8) M. bovis
BCG culture was diluted to 2x10° cells per mL in 2x Middlebrook 7H9 media and 50 pL
was added to each well. This resulted in a 1 mM concentration of the desired amino acids
with 1x10° cells per well in 1x concentration 7H9 media. The microplates were incubated
at 37 °C and 5 % CO; for 7 days after which a resazurin survival assay was carried out

(Method 6.6.1). Due to compound restraints this experiment was conducted in singlet.

22.12 TB Box Amino Acid Compounds Liquid Minimum Inhibitory
Concentrations (MICs)

The TB Box compounds were dissolved in DMSO at 2 mM. Several dilutions of the
compounds were made in compound plates (Greiner, 96 well, PP, V-bottom. Ref -
651201), at 100x concentration. In separate microplates (Greiner, 96 well, PS, F-bottom,
black, sterile. Ref - 655086) for each compound, 1 pL of the 100x dilutions was added in
triplicate to each plate as well as triplicate wells of 1 pL DMSO and 100 pM rifampicin.
Each well was made up to 100 pL. with mid-log (OD600 0.4-0.8) M. bovis BCG that had
been normalised to a cell density of 1x10° cells per mL. This gave 1x10° cells per well.
The plates were sealed with parafilm and tin foil and incubated at 37 °C and 5 % CO2 for

7 days after which a resazurin survival assay was carried out (Method 6.6.1).

2.2.13 TB Box Amino Acid Compounds Solid Minimum Inhibitory Concentrations
(MICs)

Small 10 mL 7HI11 agar plates were set up containing the TB Box compounds at
concentrations of 10, 20, 30, and 40 pM. Mid-log (ODsoo 0.4-0.8) M. bovis BCG was
spotted onto the surface of the plates 4 times in 10 pL volumes. Each spot had a different

number of cells; 1000, 100, 10, and 1 cells/10 uL.. The plates were incubated at 37 °C at
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5 % CO> until growth was seen on the no drug control plate. The solid MIC was

approximated as the first plate with no growth on any of the spots.

2.2.14 TB Box Amino Acid Compounds Drug Resistant Mutant Generation

9 cm diameter 20 mL 7H11 agar plates were set up containing the TB Box compounds at
the desired concentration with a maximum DMSO concentration of 1 %. Concentrations
varied depending on the compound MICs but were typically 5x, 10x, and 20x the solid or
liquid MIC. Mid-log (ODe¢oo 0.4-0.8) M. bovis BCG or M. tuberculosis H37Rv cultures
were adjusted to 1x10° cells/mL and 100 uL of cells were spread out on the agar plate for
1x10® cells on each plate. The agar plates were incubated at 37 °C with 5 % CO, until

colonies appeared (approximately 1-2 months).
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2.3 Results

2.3.1 Minimum Inhibitory Concentrations (MICs) of Validation Compounds

We aimed to design, validate and use a high-throughput phenotypic screening method to
identify amino acid biosynthesis inhibitors from large chemical libraries due to the
success of a previous screen identifying a tryptophan biosynthesis inhibitor. Three known
amino acid biosynthesis inhibitors were selected as validation compounds and examined
for activity against mycobacterial species. The inhibitors chosen were two inhibitors of
BCAA synthesis, MSM and SMM, and an inhibitor of methionine biosynthesis,
pyrimethanil. The data in Table 7 shows the MIC values for each compound and Figure
21 shows the graphs used to determine those values. Pyrimethanil was immediately

discontinued due to a very high MIC when first tested.

Table 7. Minimum inhibitory concentration (MIC) values for validation compounds

and mycobacterial species tested.

Compound Organism MIC
Metsulfuron-methyl (MSM) M. bovis BCG 15 uM
Metsulfuron-methyl (MSM) M. smegmatis mc*155 12 uM
Sulfometuron-methyl (SMM) M. bovis BCG 10 uM
Sulfometuron-methyl (SMM) M. smegmatis mc*155 5uM
Pyrimethanil M. bovis BCG ~ 500 uM
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Figure 21. Minimum inhibitory concentration (MIC) graphs for validation hits. A
and B M. bovis BCG and M. smegmatis mc?155 MIC graphs for metsulfuron-methyl
(MSM) respectively, in triplicate. C and D M. bovis BCG and M. smegmatis mc*155 MIC
graphs for sulfometuron-methyl (SMM) respectively, in triplicate. E M. bovis BCG MIC
graph for pyrimethanil, in singlet. Data shown as the mean and standard deviation.

2.3.2 Rescue from Validation Compounds using Amino Acid Supplementation

M. bovis BCG was subjected to various concentrations of MSM and SMM with increasing

concentrations of amino acid supplementation. When supplemented with all twenty
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amino acids, as shown in Figure 22, A and B, M. bovis BCG was rescued from MSM and
SMM based inhibition. Given enough supplemented amino acids the cells could be
rescued from 2-3 times the MIC of the validation compounds without a phenotypically
detectable change from the normal control cells. When supplemented with only the
BCAA asin Figure 22, C and D, leucine, valine, and isoleucine, this effect was even more
pronounced with less BCAA required for rescue. The phenotypically detectable rescue

from the amino acid synthesis inhibitors indicated that this may be a good strategy for a

larger HTS.
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Figure 22. Rescue from validation hits using amino acid supplementation. Data
shown as the mean and standard deviation of triple replicate. A and B M. bovis BCG
treated with multiple metsulfuron-methyl (MSM) and sulfometuron-methyl (SMM)
concentrations, respectively and supplemented with increasing concentrations of all
twenty standard amino acids. C and D M. bovis BCG treated with multiple metsulfuron-
methyl (MSM) and sulfometuron-methyl (SMM) concentrations, respectively and
supplemented with increasing concentrations of BCAA.
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2.3.3 Single Amino Acid Supplement GSK TB Box Screens

M. Bovis BCG was screened for the ability to survive when twelve different amino acids
were individually supplemented into the growth media at 100 uM while treated with two
hundred and eight compounds from the GSK TB box. The other eight amino acids had
been screened previously by Dr Katherine Abrahams (University of Birmingham). Cells
were subjected to each compound twice, once with amino acid supplementation and once
without. The percentage survival was calculated for each well. The percentage survival
without amino acid supplementation was subtracted from percentage survival with amino
acid to give a difference in survival. These were plotted on graphs, shown in Figure 23,

and any difference of 25 % or greater was considered a hit.
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Figure 23. Single amino acid supplementation screen results. Difference in percentage
survival between M. bovis BCG with and without 100 uM amino acid supplementation
when treated with 20 pM compound. Data points are single replicate. A — Alanine. B —
Arginine. C — Asparagine. D — Aspartic Acid. E — Cystine. F — Glutamine. G — Glutamic
Acid. H — Glycine. I — Methionine. J — Proline. K — Serine. L. — Tyrosine.
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2.3.4 All Amino Acids Supplemented GSK TB Box Screen

The same two hundred and eight compounds were screened again with simultaneous
supplementation of all twenty amino acids at 1 mM. The percentage survival was
calculated for each well. The percentage survival without amino acid supplementation
was subtracted from percentage survival with amino acid to give a difference in survival.
These were plotted on graphs, shown in Figure 24, and any difference of 20 % or greater
was considered a hit. All twenty amino acids combined with increased concentration of
supplementation resulted in a much more robust screen. A total of eighteen hits were
found and are displayed in Table 8 which was equal to an 8.6 % hit rate for the screen.
One of the hits found was an inhibitor discovered in previous amino acid screening with

tryptophan biosynthesis by Abrahams et al**!.
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Figure 24. All amino acids supplementation screen results. Difference in percentage
survival between M. bovis BCG with and without 1 mM amino acid supplementation
when treated with 20 pM compound. Data points are single replicate.
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Table 8. Percentage difference data and compound plate designations for hits.

Compound Plate Designation Percentage Difference
E1 G211IN6 105.17 %
H5 G211IN7 - TrpA/B inhibitor! 101.66 %
G1 G211IRK 97.54 %
B3 G211IN7 94.71 %
H4 G2111RK 86.25 %
F5 G211IN7 85.02 %
G4 G211IN6 49.48 %
A7 G211IN7 48.90 %
A5 G211IN6 47.31 %
G8 G211IN7 41.93 %
G1 G211IN6 39.99 %
D10 G211IN7 39.48 %
B7 G2111RK 34.27 %
G6 G211IN6 28.92 %
E6 G211IRK 28.28 %
G2 G211IN6 22.03 %
ES G211IRK 21.02 %
E4 G211IN7 20.78 %

2.3.5 Dose Response Testing of All Amino Acid Screen Hits

Dose response testing was conducted on fifteen of the hits from the all amino acid
supplementation screen that had adequate remaining supply. This comprised of testing
the survival of M. bovis BCG when treated with four different concentrations of
compound with five different concentrations of amino acid supplementation. This was
performed in singlet due to limitations with the amount of compound provided by GSK.

The percentage survival was calculated and plotted on graphs shown in Figure 25. El
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G211IN6 (A), G1 G211IRK (B), B3 G211IN7 (C), H4 G2111RK (D), F5 G211IN7 (E),
A7 G211IN7 (G), A5 G211IN6 (H), and G8 G211IN7 (I) displayed a dose response that
indicated that higher concentration of amino acid supplemented resulted in increased cell

survival across multiple compound concentrations.
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Figure 25. Rescue from hit compounds using amino acid supplementation. M. bovis
BCG treated with four different concentrations of compound and supplemented with five
different concentrations of all twenty amino acids. Single replicate.
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2.3.6 Drop-Out Screen with Validation Hits

The drop-out screen was designed to determine whether it was possible to establish which
specific amino acids were causing the rescue effect. Due to the entanglement of the amino
acid biosynthesis pathways we decided that dropping individual amino acids from the
mixture of twenty and looking for a reduction in survival was the best strategy. Figure 26
shows the survival of M. bovis BCG in different mixtures of nineteen amino acids when
treated with 50 pM of MSM or SMM. MSM and SMM target BCAA biosynthesis and
therefore, when valine, leucine, or isoleucine was removed from the media there was a
drastic reduction in cell viability. This indicates that this method may work well to narrow

down which amino acid biosynthetic pathways are targeted by unknown compounds.
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Figure 26. Drop-out screen with validation hits. A MSM supplemented at 50 uM. B
SMM supplemented at 50 uM. Each data set is labelled by which amino acid was removed
from the mixture. Data shown as the mean and standard deviation of triple replicate.

2.3.7 Drop-Out Screen with TB Box Compound Hits

The eight compounds with a favourable response to amino acid supplementation from the
dose-response testing were examined for amino acid specificity with the drop-out screen.
M. bovis BCG was treated with compound based upon the dose response and the
concentrations that showed the best range of recovery. Many of the compounds tested
showed no clear result with the background noise being much greater than when the same
experiment was conducted with the validation compounds. E1 G211IN6 (B) and H4
G211IRK (H) both showed a heavy reduction in survival when lacking histidine in the

media and to a lesser extent a survival reduction when lacking cysteine. G1 G2111IRK (G)
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also showed a reduction without cysteine and with alanine. It must be noted that when
lacking cysteine many of the compounds show a slight reduction in survival and when

lacking glycine show a slight increase in growth.
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Figure 27. Amino acid drop-out of hits. Cells were treated with compound at the
concentration labelled on each graph. Data sets are labelled by which amino acid was
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2.3.8 Restriction Free Cloning of Acetolactate Synthase (ALS) Catalytic and
Regulatory Subunits

The catalytic (ilvB1, ilvB2, ilvG, and ilvX) subunits and regulatory (i/vN) subunit of ALS
were cloned individually and together as pairs into pVV 16 using restriction free cloning.
The first PCR generated the gene fragments that are used as mega primers for the second
PCR stage, as shown in Figure 28. The second PCR used the mega primers to clone the
whole plasmid, which results in the incorporation of the gene fragment inside the mega
primer. For the paired cloning pVV16 containing i/vN with 100 base pairs upstream was
used in a third PCR using the catalytic subunit mega primer. These cloned plasmids were
then transformed into E. coli TOP10 and colony PCR was used to confirm the presence
of the gene in the plasmid and shown in Figures 29 and 30. Completed plasmids were
sequenced by Eurofins Genomics to check there were no mutations incorporated during

the cloning.
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10 kb —
8 kb —
6 kb —
S kb
4 kb —

3 kb —
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1.5 kb —

1 kb -

0.5 kb —

Figure 28. Mega primer PCR. 1 —ilvB1 1857 bp, 2 — ilvB2 1659 bp, 3 — ilvG 1644 bp,
4 —ilvX 1548 bp, 5 —ilvN 507 bp, 6 —ilvB1 + ilvN 2364 bp, 7 —ilvN + 100 bp 607 bp, 8
—ilvB2 duo 1659 bp, 9 — ilvG duo 1644 bp, 10 —ilvX duo 1548 bp (lower band).
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10 kb 1 2 3 4 5 6 7
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N ’
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Figure 29. Colony PCR of first gene insertion into plasmid pVV16. 1 —ilvB] 1857 bp,
2 —ilvB2 1659 bp, 3 — ilvG 1644 bp, 4 — ilvX 1548 bp, 5 — ilvN 507 bp, 6 — ilvB1 + ilvN
2364 bp, 7 — ilvN + 100 bp 607 bp. Lower gel image is the same as above with greater
exposure to see i/lvBI fragment.

A ou- B
8 kb - 6 kb
6kb- 5 kb
5 kb - 1 kb
4 kb 3kb
3 kb o

2 kb
2kb+ 1.5 kb
1.5 kb -

1 kb
1 kb -
0.5 kb 0.5 kb

Figure 30. Colony PCR of second gene insertion into plasmid pVV16 containing the
ilvN + 100 bp fragment. A 1 —ilvB2 duo 1659 bp, 2 — ilvG duo 1644 bp. B 1 —ilvX duo
1548 bp.
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2.3.9 Overexpression of Acetolactate Synthase (ALS) Genes

The ALS genes were cloned into pVV16 and overexpressed in M. bovis BCG and treated
with MSM and SMM to look for changes in the MIC. When M. bovis BCG was
electroporated with a plasmid containing i/lvG the bacteria failed to grow sufficiently,
therefore was not tested. The data shown in Figure 31B shows a slight shift in curve for
overexpression of i/lvBI from empty plasmid, however the data points still indicate a
similar MIC. The data shown in Figures 31 and 32 show that no significant shift in the
MIC for MSM and SMM, when overexpressing ALS genes. This suggests that a mutation

in one of the ALS genes is needed to see any change in the MIC.
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Figure 31. Survival of M. bovis BCG overexpressing acetolactate synthase (ALS)
treated with metsulfuron-methyl (MSM). Data shown as the mean and standard
deviation of triple replicate. A Overlaid curves. B - H Individual curves. B shows a slight
shift in curve from the empty plasmid.
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2.3.10 Liquid Minimum Inhibitory Concentrations (MICs) of Hit Compounds

To progress further with the hit compounds the liquid MICs were established. The graphs
are shown in Figure 33 and MICs are in Table 9. An MIC for G1 G211IRK (F) could not
be established despite being repeated. A7 G211IN7 was not able to be progressed due to

a compound shortage.
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Figure 33. Minimum inhibitory concentration (MIC) graphs for hits. Data shown as
the mean and standard deviation of triple replicate.
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Table 9. Minimum inhibitory concentrations (MICs) for hits.

Compound MIC
A5 G211IN6 15 uM
E1 G211IN6 5uM
B3 G211IN7 15 uM
F5 G211IN7 25 uM
G8 G211IN7 30 uM
G1 G211IRK >40 uM
H4 G2111IRK <2.5 uM

2.3.11 Drug Resistant Mutant Generation

Spontaneous drug resistant mutants can be isolated from a bacterial culture by plating the
cells on media containing high levels of drug. Only the bacteria that can grow in the
prescence of the drug will form colonies and allows these mutants to be selected from a
large bacterial culture. Isolation of drug resistant mutants to four of the hit compounds
and both validation compounds was attempted. Unfortunately, mutant isolation for the hit
compounds was unsuccessful with two compounds giving lawns of M. tuberculosis
H37Rv and the other two showing no growth. This was caused by having to use liquid
MIC values which do not always match solid MICs meaning the concentrations of
compounds used were too high or too low. Due to a lack of compound the other hits could
not be attempted, and the unsuccessful attempts could not be repeated. The validation
compounds both produced several colonies of mutant M. bovis BCG. Whole genome
sequencing revealed that single nucleotide polymorphisms occurred in both ilvBI and
ilvN in each mutant. While there were several different mutations in i/vB1, all the ilvN
mutations were the same with a substitution of threonine for isoleucine at position 50.

The different mutations are outlined in Table 10.
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Table 10. Whole genome sequencing (WGS) data of M. bovis BCG mutants to
metsulfuron-methyl (MSM) and sulfometuron-methyl (SMM).

Amino Acid
Compound Mutant Gene Base Change mmf) ?l
Substitution

ilvBI tGg/tTg Trp516Leu
MSM 1

ilvN aCc/aTc Thr50Ile

ilvBI gaC/gaA Asp317Glu
MSM 2

ilvN aCc/aTc Thr50Ile

ilvBI Ccg/Tcg Pro66Ser
MSM 3

ilvN aCc/aTc Thr50Ile

ilvBI tGg/tTg Trp516Leu
SMM 1

ilvN aCc/aTc Thr50Ile

ilvBI Ccg/Tcg Pro66Ser
SMM 2

ilvN aCc/aTc Thr50Ile

ilvBl gTc/gCc Vall37Ala
SMM 3

ilvN aCc/aTc Thr50Ile

2.3.12 Overexpression of Drug Resistant Mutant ilvBI and ilvN in M. smegmatis
mc?155

Following the WGS of the MSM and SMM resistant mutants the i/vB/ and ilvN were
cloned into pMV261a and pVV16, respectively from mutants with different mutations.
To prove the involvement of these mutations an overexpression experiment of M.
smegmatis mc?155 was conducted to look for a MIC shift of MSM and SMM. The results
of the overexpression experiment are shown in Figure 34. The overexpression of wild
type ilvB1 showed slight improvement over the plasmid only control. Both mutant copies
of ilvBl showed a much greater increase in survivability even at the highest

concentrations tested. The overexpression of wild type i/vN and mutant i{/[vN showed no
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increase in survivability over the plasmid control. Overexpression of both wild type genes

together showed a modest increase in survivability, whereas the overexpression of both

mutant genes resulted in a level of survival similar to the mutant i/lvBI overexpressed

alone. These results indicate that the most important mutation for resistance to MSM and

SMM are in the catalytic protion of the enzyme, IlvB1. The mutations in the regulatory

domain, IlvN, may play a role in the stability or regulation of the mutant enzyme complex.
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Figure 34. The effect of overexpressing mutant acetolactate synthase (ALS) genes on
the minimum inhibitory concentration (MIC) of metsulfuron-methyl (MSM) (A)
and sulfometuron-methyl (SMM) (B). Data shown as the mean and standard deviation

of triple replicate.
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2.4 Discussion

The aim of this project was to design, validate, and utilise a phenotypic screening method
for identifying inhibitors of amino acid biosynthesis from large compound libraries. The
rationale behind this is to preferentially search for inhibitors of known effective drug
targets and to reduce reliance on resistant mutant generation by incorporating target

identification into screening.

To identify amino acid synthesis inhibitors M. bovis BCG was treated with compounds
and supplemented with an amino acid to look for a ‘rescue’ phenotype. A rescue
phenotype was defined as cells that were saved from a compound by supplementation of
an amino acid. In practice this was assessed by comparing the survival of M. bovis BCG
treated with an inhibitor and supplemented with an amino acid to cells without amino acid
supplementation. Single amino acid supplementation has been previously shown by
Abrahams et al (2017) to be effective at identifying tryptophan synthesis inhibitors*!.
Initially this project followed a similar method for screening two hundred and eight
compounds from the GSK TB Box set. After screening the compounds with twelve amino
acids separately (Figure 23) it became apparent that this method was not effective for all
amino acid biosynthesis inhibitors. Many amino acids have shared biosynthetic pathways
meaning that the biosynthesis of multiple amino acids could be compromised by a single
inhibitor. Single amino acid supplementation will only rescue cells from depletion of that
amino acid. This means that biosynthetic inhibitors of two or more amino acids would

display as false negatives with this screening method.

The method was adapted using supplementation of all twenty amino acids at once to
identify biosynthetic inhibitors of multiple amino acids. This change was validated using
BCAA synthesis inhibitors MSM and SMM in a dose response fashion. These inhibitors

prevent the biosynthesis of valine, leucine, and isoleucine by inhibiting the activity of
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acetolactate synthase. This makes them ideal for testing methods for finding biosynthetic
inhibitors of multiple amino acids. As shown in Figure 22 the level of cell survival was
dependant on the amount of amino acid and inhibitor the cells were treated with. A
phenotypically measurable relationship between cell survival, amino acid
supplementation, and inhibitor treatment was ideal for the purpose of this project. The
screen was repeated with supplementation of all twenety amino acids giving more
convincing results (Figure 24). A total of eighteen hits were found, which were defined
as compounds, which displayed a 20 % or greater rescue phenotype. This value was
chosen to reduce false positives as much as possible. The list of hit compounds included
the TrpA/B inhibitor found by Abrahams et al**'. This indicates that this method was
appropriate for finding biosynthetic inhibitors of single amino acids as well as multiple
amino acids. Most of the hit compounds were retested with a dose response checkerboard
to confirm the relationship between cell survival, hit compound, and amino acid
supplementation. Of the compounds retested, eight showed results that were consistent

with the dose response displayed by the validation compounds (Figure 25).

A second phase of drop-out screening was designed to narrow down which amino acids
were essential for rescue from a hit compound. The survival of M. bovis BCG treated with
hit compound was measured as in the first phase of screening. The amino acid
supplementation was adjusted. Only nineteen of the twenty amino acids were
supplemented at once. This resulted in twenty different combinations of nineteen amino
acids. This screening method was again validated with MSM and SMM (Figure 26) and
found that individually dropping out any of valine, leucine, or isoleucine resulted in a
complete loss of cell survival. This is consistent with MSM and SMM inhibiting
acetolactate synthase and preventing BCAA biosynthesis, therefore making the

supplementation of all those amino acids essential for cell survival. The drop-out

86



C. Burke Chapter 2

screening was also applied to the hit compounds. Compounds E1 G211IN6 and H4
G2111IRK both showed a loss of survival when histidine and cystine were lost from the
media. G1 G211IRK showed a loss of survival when cystine and alanine were lost from
the media. The cystine hits may have been false positives. Across all the compounds
tested, 75 % showed a low survival or the lowest survival when cystine was removed
compared to the other conditions. It was thought that this may be due to the thiol group
of the cystine participating in redox. This was not investigated further in this project. In
addition, the heavy survival reductions without cystine mentioned above have no
biosynthetic pathway in common with the other amino acids that were dropping out,
histidine or alanine. This is unlikely unless the compound can inhibit enzymes in two
different pathways. In general, when compared to the drop-out of the validation
compounds the background noise was much higher and this may indicate that the

compounds are acting in a way that is nonspecific to amino acid biosynthesis.

In mycobacteria there are several different proteins categorised as catalytic acetolactate
synthase subunits: IlvB1, IlvB2, IlvG, and IlvX, and a single regulatory subunit, IIvN,
that form a complex together. To see which of these enzymes was inhibited by MSM and
SMM the wild type genes were cloned for overexpression in M. bovis BCG. The genes
were successfully cloned separately and in pairs of catalytic subunit and regulator
(Figures 28-30). Overexpression of the genes caused no detectable increase in resistance
to MSM and SMM when compared to an empty plasmid strain (Figures 31 and 32). Cells

transformed with plasmids containing i/vG failed to thrive and were not tested.

Drug resistant mutants were generated for MSM and SMM, and several attempts were
made to generate mutants to the hit compounds. Whole genome sequencing (WGS) of
several mutant colonies for MSM and SMM revealed that both compounds targeted a

single catalytic subunit, IlvB1. Furthermore, many of the mutations were the same for
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each compound. In addition, every mutant had a complimentary mutation present in I[lvN,
which were all the same. While attempted, no mutants could be raised against the hit
compounds and stocks of the compounds in question ran out and could not be replenished.
The lack of resistant mutants could, in part, be explained by the usage of liquid MICs
rather than solid MICs. Variation between liquid and solid MICs is not uncommon and
as such the compound concentrations used for mutant generation could have been too

high or too low to permit effective mutant selection.

Two mutant copies of i/vBI and ilvN were cloned from the drug resistant mutants to retry
overexpression. The genes were cloned and overexpressed in M. smegmatis mc*155 and
compared to empty plasmid and wild type i/vBI and ilvN. Overexpression of the mutant
copies of IlvB1 led to a large increase in resistance to MSM and SMM compared to the
wild type and empty plasmid. In contrast, overexpression of the mutant IlvN showed no
increased resistance to MSM and SMM. Overexpression of the mutant IlvB1 and IIvN
together showed the same resistance profile as mutant [lvB1. Overexpression of wild type
IlvB1 and IlvN did show a modest increase in resistance to MSM and SMM in contrast

to what was found in the original overexpression in M. bovis BCG.

The validation of these screening methods with MSM and SMM has shown that they are
capable of filtering out and partially identifying the targets of amino acid biosynthesis
hits. The initial screening of MSM and SMM showed a potent dose response in line with
what would be expected of amino acid biosynthesis inhibitors. The drop-out screen was
able to identify which amino acids were critical to cellular survival when treated with
MSM and SMM. These results were also supported by the whole genome sequencing
(WGS) of drug resistant mutants and overexpression experiments. In practice screening
for unknown inhibitors of amino acid biosynthesis from a compound library was not as

easy. While the primary screen was good at filtering a large number of compounds to a
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small number of hits, the drop out screen was not as reliable. High levels of background
noise and potential false positives meant that the results were not as useful. The lack of
resistant mutants for genome sequencing meant that the project could not progress as
planned. These screening methods are probably more suited for a specific subset of amino
acid, which have relatively isolated biosynthetic pathways. Amino acids, such as
tryptophan, tyrosine, phenylalanine, valine, leucine, isoleucine and histidine are good
candidates for this type of screening. Indeed, valine, leucine, and isoleucine biosynthesis
inhibitors were used for the validation of these methods and a tryptophan biosynthesis
inhibitor was discovered using similar methods**!. In an ideal situation where compound
was not limited this project would have benefited from the drop-out screen being repeated
in triplicate. In addition, more compound would have meant that solid MICs could have
been measured allowing for more effective attempts at drug resistant mutant generation.
While a secondary objective of this project aimed to reduce reliance on drug resistant

mutants, that reliance could not be eliminated completely.

&9



C. Burke Chapter 3

I Chapter 3

High-Throughput Screening, Microbiological
Techniques, and Biochemical Assays for
Identifying Novel Inhibitors of the Protein

Synthesis Pipeline

90



C. Burke Chapter 3

3 High-Throughput Screening, Microbiological Techniques, and Biochemical

Assays for Identifying Novel Inhibitors of the Protein Synthesis Pipeline

3.1 Introduction

The protein synthesis pipeline is the system that produces protein via DNA transcription
to RNA, then translation of the RNA into protein. This is an essential process for all
biological life and there are a number of conserved enzymes to perform this sequence of
events. The primary enzyme components to the pipeline are RNA polymerase and its
associated regulators, tRNA synthases and the ribosome. RNA polymerase is a large
enzyme complex responsible for translating DNA into RNA. RNA polymerase is made
up of five subunits, two a subunits (RpoA), a  subunit (RpoB), a p’ subunit (RpoC), and
a o subunit (RpoZ)*****. There are multiple types of RNA produced, including
messenger RNA (mRNA), transfer RNA (tRNA) and ribosomal RNA (rRNA), all of
which are essential for protein synthesis. The ribosome then translates the mRNA into
protein by matching codons from the mRNA with the codons on tRNA and using the

associated amino acid in the protein chain.

Transcription begins with the attachment of RNAP to a sigma factor to form RNAP-Holo,
which then binds to the promotor region of a gene. The formation of RNAP-Holo is
stabilised by two essential transcription factors, CarD***3*> and RbpA*#®. CarD stabilises
RNAP-Holo by inserting a tryptophan residue into the upstream edge of the transcription
bubble*”® which prevents the bubble collapsing®¥’>*. RbpA acts by anchoring the
promotor DNA to RNAP-Holo®*. The unstructured N-terminal tail of RbpA fits into the
active site grove and has an unknown interaction with the -5 position base of the template
strand®°. CarD and RbpA work together synergistically to stabilise the usually short-
lived M. tuberculosis RNAP-Holo complex**’. M. tuberculosis has thirteen sigma factors

51,351

of the sigma 70 variety of which SigA is the group 1, primary ‘housekeeping’ factor
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of the bacterium. Promotor regions contain two areas of six high probability bases, known
as the -10 and -35 consensus regions*>?, which serve as a recognition site for the sigma
factor in the RNAP-Holo complex. Once RNAP-Holo has bound to the DNA it enters an
open confirmation and separates the DNA into single strands from the -12 base to the +2
base®®. After synthesis of a short DNA-RNA hybrid strand of approximately 8-9 base
pairs long RNAP-Holo begins ‘scrunching’, where RNAP-Holo continues to synthesise
RNA without moving along the DNA, because it is still attached to the promoter, by
pulling DNA inside the complex and scrunching the DNA up?>?. Scrunching allows the
RNAP-Holo to continue transcription and provides the tension in the complex to allow

promoter escape®3.

Once detachment from the promoter is achieved the sigma factor detaches and the RNAP
enters the elongation phase. During the elongation phase one base pair of the double
stranded DNA downstream is decoupled at a time in front of the active site**>. This only
allows for the addition of one nucleotide substrate at a time. Additionally, one base pair
from the DNA-RNA hybrid, furthest from the active site, decouples and one base pair of

coding strand DNA and non-coding strand DNA anneal upstream of the enzyme®>°.

Termination of transcription happens downstream of the translation stop codon and can
occur with or without aid from a DNA-RNA Helicase, Rho. Rho independent
transcription termination occurs when a C/G rich hairpin structure forms in the extruded
RNA that causes a pause in RNA transcription. This pause in transcription needs to be
coupled with the DNA-RNA hybrid being formed mostly of uridines. The strong C/G rich
hairpin allows a stall in progress long enough for the weaker DNA-RNA hybrid bond to
dissociate and the RNA to leave®*°. Rho dependant transcription termination requires the
Rho helicase to thread the new RNA through a central pore. Rho then uses ATP

hydrolysis to traverse along the RNA in the 5’ to 3’ direction to catch up to the RNAP
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and remove the RNA from the RNAP*’_ In order for Rho to catch RNAP there is a pause
in movement of RNAP caused by a RNA hairpin structure®*®. The binding of Rho to the
RNA is dependent on the accessibility of Rho utilisation (RUT) sites, loop structures in
the RNA can often obscure RUT sites allowing a degree of control over premature

termination >>°.

The mRNA produced by RNA polymerase is then used by the ribosome to produce
protein. The bacterial ribosome is a large RNA and protein structure formed of two
subunits, the small reading 30S subunit and the large catalytic 50S subunit. These
subunits, together form the bacterial 70S ribosome. The 30S subunit consists of the 16S
RNA strand and twenty one proteins, and the 50S subunit consists of the 23S and 5S RNA

strands and thirty six proteins®®

. Most of these elements are highly conserved but
mycobacterial ribosomes have a few deviations*®!. The 70S ribosome has three sites of
activity located in the cleft between the 30S and 50S subunits called A, P, and E. The A
(Aminoacyl or Acceptor) site receives tRNA complimentary to the mRNA3®%2, The P
(Peptidyl) site forms a peptide bond between the amino acid in the P site and the new

amino acid in the A site. The E (Exit) site is the release site for the tRNA after the amino

acid has been added to the growing peptide chain.

The initiation of translation is driven by the formation of the pre-initiation complex. This
is the binding of mRNA to the 30S subunit in combination with initiation factors 133,
23% and 3%%°, and N-formylmethionine loaded tRNA. The binding is facilitated by a purine
rich location in the mRNA upstream of the translation start site, known as the ribosome
binding site or the Shine-Dalgarno (SD) sequence. The SD sequence associates with a
complimentary anti-SD nucleotide sequence in the 30S subunit. The 30S subunit then
relocates so that the start codon of the mRNA is in the P site, where the 50S subunit binds

and initiates translation using N-formylmethionine loaded tRNA3%. A second type of
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initiation bacteria are capable of using called leaderless translation occurs with mRNA
transcripts without a SD sequence. The mRNA needs to start with an AUG or GUG codon
and the 5° end must be phosphorylated®¢” %, Pre-formed 70S ribosomes can translate

from this mRNA with assistance from initiation factor 23¢°.

Once the 70S complex is formed around the mRNA the elongation phase can begin with
the assistance of three elongation factors, EF-Tu, EF-Ts, and EF-G. Elongation involves
the movement of mRNA through the APE sites of the ribosome one codon at a time. As
a new codon is ratcheted into the A site an amino acid loaded tRNA with the
corresponding anti-codon is inseted into the A site by EF-Tu’. The peptide bond is
formed between the amino acids in the A and P site. EF-G then pushes the tRNA along
to the next site®’!. This results in the A site becoming available for a new tRNA and a
tRNA sans amino acid being expelled from the E site. EF-Ts complexes with an unloaded
EF-Tu and allows the release of the bound GDP, this allows EF-Tu to pick up a fresh

GTP and tRNA37%,

Translation termination is controlled by the presence of a stop codon in the mRNA
sequence and by three proteins known as release factors. Once a stop codon has moved
into the A site tRNA will no longer be able to interact. Instead the stop codon is recognised
by release factors RF1 and RF2. RF1 and RF2 cause the hydrolysis of the bond between
the finished peptide chain and the tRNA in the P site’’*. The stop codons, UAA, UAG,
and UGA®™, are recognised by specific release factors. RF1 recognises UAG, RF2
recognises UGA, and both recognise UAA3">376, RF3 starts the ribosome recycling
process by catalysing the release of RF1 or RF2 from the ribosome®”’ ", Ribosome
recycling factor (RRF) and EF-G are required to break down the 70S ribosome once

translation is complete®*® %3, First the mRNA is displaced from the complex, then the last
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tRNA molecule present in the P site*®*. Once these are removed the ribosome can

dissociate freely.

For the ribosome to carry out translation efficiently it needs a steady supply of tRNA
loaded with amino acids. The process of loading tRNA in M. tuberculosis is carried out
by approximately twenety two tRNA synthases®'. Synthesis of tRNA begins with
transcription of the tRNA gene by RNA polymerase which usually terminates in a Rho
independent manner*®®. The 5’and 3’ ends of the tRNA often need post translational
editing to form mature tRNA ready for loading. The 5’ end is edited by ribonuclease P, a
universally conserved protein across all domains of 1ife®*®3%’ The 3’ end of tRNA
requires a CCA tail to accept the attachment of an amino acid. Of the forty five annotated
M. tuberculosis H37Rv tRNA genes in Mycobrowser*®, only ten have a CCA tail,
meaning that many tRNA need additional processing at the 3> end**>. Once the tRNA is
matured it can be loaded with an amino acid by a tRNA synthase. The tRNA synthase
uses ATP to transfer an amino acid to the 2" or 3™ hydroxyl group of adenine in the
terminal 3° CCA tail**>**, The loaded tRNA can then picked up by EF-Tu and used in

translation.

The majority of the enzymes and co-factors involved in the protein synthesis pipeline are
crucial to all bacteria including M. tuberculosis. Many antibiotics already target parts of
the protein synthesis pipeline. The first drug used for the treatment of TB was
streptomycin, a protein synthesis disruptor that interferes with the proofreading ability of
the ribosome!® 1%, Rifampicin, a drug currently used as part of the frontline treatment of
TB inhibits RNA polymerase by blocking the exit of the RNA chain from the
polymerase!®?156 A few inhibitors have been described that inhibit tRNA synthetase in
mycobacteria although they are not currently used as treatments>*!%, The abundance of

targets in the protein synthesis pipeline and there near universal essentiality for
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mycobacterial survival make large-scale screens dedicated to finding these inhibitors an
attractive prospect. This project focused on the development and use of a new phenotypic
screening method for protein synthesis pipeline inhibitors and biochemical assays to

identify where in the pathway an inhibitor takes effect.

Assays to assess inhibitor effectiveness against RNA polymerase and ribosome targets
were developed as part of this study. The RNA polymerase assay used the broken-beacon
technique®”>, shown in Figure 35, to detect RNA transcripts produced. In short,
commercial E. coli polymerase was given the start portion of the mmsA gene to transcribe.
A twenty four base pair DNA probe with a 5> TAMRA fluorophore was made to be
complimentary to the mmsA gene. A shorter, 14 base pair DNA probe with an attached 3’
black hole quencher 2 (BHQ2) was produced to be complimentary to the fluorescent
probe. When the DNA probes are hybridised the 5> TAMRA and 3° BHQ2 line up and
the fluorescence is quenched. When the hybridised probes encounter the mmsA transcript
the longer fluorescent probe separates from the quencher probe and hybridises with the
transcript. This allows the TAMRA to fluoresce, which can be detected by a plate reader.
The fluorescence is proportional to the amount of RNA transcript produced by RNA
polymerase. The ribosomal assay used a commercial A ribosome Purexpress kit and
purified M. smegmatis ribosomes. The ribosomes were given an RNA template of
mCherry to translate. This resulted in the production of fluorescent mCherry, which can

be detected by a plate reader.
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Figure 35. Broken beacon RNA polymerase assay. A 24 base pair DNA oligo with a
5’ TAMRA flurophore modification complimentary to the M. tuberculosis mmsA gene is
hybridised with a 14 base pair DNA with a 3° BHQ2 quencher modification. While the
TAMRA and BHQ?2 oligos are hybridised the BHQ2 quenches any fluorescence. When
exposed to mRNA of mmsA gene produce by RNA polymerase from an mmsA double
stranded template the TAMRA oligo preferentially hybridises with the longer mRNA
strand. This releases the short BHQ2 quencher oligo and results in a detectable increase
in fluorescence.
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3.2 Materials and Methods

3.2.1 Preliminary mCherry Reporter Screen Using M. tuberculosis Protein
Synthesis Inhibitors

A test screen was designed using hits identified as protein synthesis inhibitors by
Professor James Sacchettini (Unversity of Texas A & M) using a cell free extract system.
The hits were dissolved in DMSO and were pipetted into microplates (Greiner, 384 well,
PS, F-clear bottom, black, sterile. Ref — 781097) using an Echo Acoustic dispenser
(Labcyte) by GlaxoSmithKlein (GSK). M. tuberculosis H37Rv containing pTIC6a-
mCherry was grown to mid-log (ODsoo 0.4-0.8) supplemented with 25 pg/mL kanamycin.
The cells were pelleted at 4,000 rpm and washed twice in 7H9 without kanamycin to
remove trace kanamycin from the cultures. The cells were split into two groups and
adjusted to ODeoo 0.4 and one group was induced with 100 ng/mL of anhydrotetracycline
and the other group was left uninduced. Each well was made up to 50 pL with cells and
incubated at 37 °C with 5 % CO; for 48 hours. A PHERAstar FS BMG labTech plate
reader at excitation 580 nm and emission 620 nm was used to read the mCherry
fluorescence. The resazurin survival assay was then carried out (Method 6.6.1) but was
modified for a volume of 50 pL. Plates were assessed individually by eye for colour

change in the resazurin.

3.2.2 High Throughput Single Shot Screen of the GlaxoSmithKlein TB Box

M. tuberculosis H37Rv containing pTIC6a-mCherry were prepared as in Section 3.2.1
and supplemented with 100 ng/mL of anhydrotetracycline. The screen was conducted in
microplates (Greiner, 384 well, PS, F-clear bottom, black, sterile. Ref—781097) and each
hit had two different final concentrations, 10 uM and 1 puM. Hits were dissolved in 100

% DMSO and were dispensed into microplates at GSK by an Echo Acoustic dispenser
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(Labceyte). Each well was made up to 50 uL with cells and incubated at 37 °C with 5 %
CO; for 60 hours. A PHER Astar FS BMG labTech plate reader at excitation 580 nm and
emission 620 nm was used to read the mCherry fluorescence. The resazurin survival assay

was then carried out (Method 6.6.1) but was modified for a volume of 50 uL.

3.2.3 High Throughput Dose Response Screen of the GlaxoSmithKlein TB Box

M. tuberculosis H37Rv containing pTIC6a-mCherry were prepared as in Section 3.2.1
and supplemented with 100 ng/mL of anhydrotetracycline. The screen was conducted in
microplates (Greiner, 384 well, PS, F-clear bottom, black, sterile. Ref—781097) and each
compound had a range of final concentrations spanning from 50 uM to 0.846 nM. Hits
were dissolved in 100 % DMSO and were dispensed into microplates at GSK by an Echo
Acoustic dispenser (Labcyte). Each well was made up to 50 uL. with cells and incubated
at 37 °C with 5 % COz for 60 hours. A PHERAstar FS BMG labTech plate reader at
excitation 580 nm and emission 620 nm was used to read the mCherry fluorescence. The
resazurin survival assay was then carried out (Method 6.6.1) but was modified for a

volume of 50 pL.

3.2.4 Protein Synthesis Hits Liquid Minimum Inhibitory Concentrations (MICs)

Several dilutions of the protein synthesis hits were made in compound plates (Greiner, 96
well, PP, V-bottom. Ref - 651201) at 100x concentration. In separate microplates
(Greiner, 96 well, PS, F-bottom, black, sterile. Ref - 655086) for each compound, 1 pL
of the 100x dilutions was added in triplicate to each plate as well as triplicate wells of 1
uL DMSO and 100 uM rifampicin. Each well was made up to 100 pL with mid-log (ODeoo
0.4-0.8) M. bovis BCG or M. smegmatis mc*155 that had been normalised to a cell density

of 1x10° cells/mL. This gave 1x10° cells per well. The plates were sealed with parafilm
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and tin foil and incubated at 37 °C and 5 % CO2 for 1 day for M. smegmatis mc>155 or 7
days for M. bovis BCG after which a resazurin survival assay was carried out (Method

6.6.1).

3.2.5 Protein Synthesis Hits Solid Minimum Inhibitory Concentration (MIC)

Dilutions of hits were made at 100x the desired concentration in DMSO. Each hit (10 pL)
was pipetted into 1.5 mL microcentrifuge tubes. 7H11 agar (1 mL) was mixed with the
hit in the microcentrifuge tubes and pipetted into a 48 well microplate (Corning Costar,
48 Well Cell Culture Cluster, 3548). The agar was allowed to set. A mid-log (ODeoo 0.4-
0.8) M. tuberculosis H37Rv AleuDApanCD strain culture was adjusted to 2x10* cells/uL
and 5 pulL were spotted into the centre of each well. The plate was incubated at 37 °C with
5 % CO; for 3 weeks until the control spots had grown sufficiently. The MIC was
determined as the well with the lowest concentration of the hit on which there was no
growth. A few hits had their solid MIC determined in wild type M. tuberculosis H37Rv

using the same method.

3.2.6 Protein Synthesis Hits Drug Resistant Mutant (DRM) Generation

Large 20 mL 7HI11 agar plates for the growth of the M. tuberculosis H37Rv
AleuDApanCD strain were set up containing compounds at the desired concentration with
a maximum DMSO concentration of 1 %. Concentrations were typically 0x, 2.5x, 5x, and
10x the minimum inhibitory concentration (MIC). Plates were sent to Dr Alistair K.
Brown (University of Newcastle) and plates inoculated. Mid-log (ODeoo 0.4-0.8) M.
tuberculosis H37Rv AleuDApanCD strain cultures were adjusted to 1x10° cells/mL and
100 uL of cells were spread out on the agar plate for 1x108 cells on each plate. The agar

plates were incubated at 37 °C with 5 % CO; until colonies appeared (approximately 1-2
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months). A few compounds had DRMs generated in wild type M. tuberculosis H37Rv

using the same method.

3.2.7 Hit 45 and 46 Drug Resistant Mutant (DRM) Cross Resistance Tests

Hits 45 and 46 DRMs were tested using rifampicin for cross-resistance. Rifampicin was
aliquoted into a plate (Greiner, 96 well, PP, V-bottom. Ref - 651201) at 100x, the desired
concentration. Rifampicin (1 pL) at each concentration was added to the wells of the
microplate (Greiner, 96 well, PS, F-clear bottom, black, sterile. Ref — 655090). Cultures
of M. tuberculosis H37Rv and the DRM of M. tuberculosis H37Rv were grown to mid-
log (ODsoo 0.4-0.8) and had cell density adjusted to 1x10° cells/mL. Cells (100 uL) were
added to each well. The plates were sealed with parafilm and tin foil and incubated at 37
°Cand 5 % CO; for 7 days after which a resazurin survival assay was carried out (Method

6.6.1).

3.2.8 Producing Artificial rpoABCZ Operon by Gibson Cloning

An artificial rpoABCZ operon was created by cloning each gene and inserting them into
pMV261k. Primers approximately 30 base pairs long were designed by the NEBuilder
website (nebuilder.neb.com) to have a forward and reverse sequence for cloning each
gene fragment with complementary overhangs for the adjacent fragments. Primers are
listed in Table 11. The fragments were replicated using a standard PCR (Method 6.4.2),
run using agarose gel electrophoresis (Method 6.4.3) and purified from the agarose
(Method 6.4.4). The fragments were assembled using a NEBuilder HiFi DNA Assembly
Cloning Kit (NEB, E5520S). Fragments (0.5 pmol) were mixed in a 1:1 ratio, 10 pL of
NEBuilder HiFi DNA assembly master mix was added and the reaction was made up to
20 pL with dH>0. The reaction was incubated at 50 °C for 1 hour. The assembled plasmid
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was transformed into 5-alpha competent E. coli (NEB) using the SOC outgrowth medium
provided in the kit (Method 6.3.5). Cells were plated out onto LB agar plates with 50
pg/mL kanamycin and incubated at 37 °C overnight. Colonies were picked and tested
using colony PCR (Method 6.4.2) and the plasmid extracted (Method 6.4.8). Plasmids

were sequenced by Eurofins Genomics.

Table 11. Primers for rpoABCZ operon Gibson cloning.

Gene Fragment Primer Direction Sequence 5’- 3’ (Overlap/Anneal)
pMV261k Forward gggcgagtga/atcgatgtcgacgtagttaactage
pMV261k Reverse agatcagcat/gccacggatgcecaccaca
rpoA Forward catccgtggc/atgetgatctcacagege

rpoA Reverse gaatctgcca/tcaaagetgtteggtttcg
rpoB Forward acagctttga/tggcagattcccgeccagag
rpoB Reverse acgtcgagca/tcacgcaagatcctcgacac
rpoC Forward tettgegtga/tgetegacgtcaacttctte
rpoC Reverse gagatactca/tcagcggtagtcgctgtag
rpoZ Forward ctaccgctga/tgagtatctcgcagteegac
rpoZ Reverse cgacatcgat/tcactcgccctcggtgtg

3.2.9 Overexpression of rpoABCZ Operon in M. smegmatis mc*155 and M. bovis
BCG

Electrocompetent M. smegmatis mc*155 and M. bovis BCG were electroporated with
pMV261k-rpoABCZ as per Method 6.3.6 and selected using 25 pg/mL kanamycin.
Colonies were picked and grown in 7H9 with 25 pg/mL kanamycin until mid-log (ODsoo
0.4-0.8). Test hits, rifampicin and isoniazid were dissolved in DMSO and diluted into a
compound plate (Greiner, 96 well, PP, V-bottom. Ref - 651201) at 100x the desired

concentration and 1 pL of pipetted in triplicate into a microplate (Greiner, 96 well, PS, F-
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bottom, black, sterile. Ref - 655086). The cells were adjusted to a density of 1x10°
cells/mL and 100 pL was added to each well. The plates were sealed with parafilm and
tin foil and incubated at 37 °C and 5 % CO2 for 1 day for M. smegmatis mc?155 or 7 days

for M. bovis BCG after which a resazurin survival assay was carried out (Method 6.6.1).

3.2.10 Restriction Cloning for RNA Polymerase Purification

For protein purification 7poA, rpoB, rpoC, rpoZ, and sigA were cloned into various
overexpression vectors. Several vectors were made, pACYC Duet-rpod +sigd, pACYC
Duet-rpoA+rpoZ, pCDF Duet-rpoB+rpoC, and pET28a-sigA. Inserts were amplified
with PCR (Method 6.4.2) using the primers in Table 12. Inserts were purified from an
agarose gel (Methods 6.4.3 and 6.4.4) and inserts and plasmids were digested (Method
6.4.6) using the restrictions enzymes for each primer in Table 12. Digested DNA was
cleaned (Method 6.4.5) and ligated in a standard ligation (Method 6.4.7). Competent E.
coli was transformed (Method 6.3.5) and grown overnight at 37 °C with selection
antibiotic appropriate for each plasmid shown in Table 13. Plasmids were extracted using
a Qiagen Miniprep kit (Method 6.4.8). For duet vectors the process was repeated over
with the fresh purified plasmid for the second insert. Plasmids were checked with colony

PCR (Method 6.4.2) and sequenced by Eurofins Genomics.
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Table 12. Primers and restriction enzymes for cloning RNA polymerase.

Gene Primer Restriction Primer Sequence 5’- 3’ (Junk/Cutsite/Anneal)
Name Direction Enzyme

rpoA+10 Forward ncol (NEB) catgcatg/ccatgg/gccatcaccatcaccatcaccatcaccat
His tag cacctgatctcacage

rpoA Reverse hindIIl (NEB)  catgcatg/aagctt/ctaaagctgttcgg

rpoB Forward ncol (NEB) gatcgatc/ccatgg/ggttggcagattcccgecagage

rpoB Reverse bamHI (NEB)  gatcgatc/ggatcc/ttacgcaagatcctegacacttge

rpoC Forward ndel (NEB) gatcgatc/catatg/ctcgacgtcaacttcttcgatgaactccge
rpoC Reverse ecoRV (NEB) catgcatg/gatatc/ctagcggtagtcgcetgtag

rpoZ Forward ndel (NEB) catgcatg/catatg/agtatctcgcagtccgac

rpoZ Reverse kpnl (NEB) catgcatg/ggtacc/ctactcgcecteggtgtg

sigA Forward ndel (NEB) catgcatg/catatg/gcagcgaccaaage

pACYC

sigA Reverse kpnl (NEB) catgcatg/ggtacc/tcagtccaggtagtcg

pACYC

sigA Forward ndel (NEB) catgcatg/catatg/gcagcgaccaaage

pET28a

sigA Reverse notl (NEB) catgcatg/gcggecge/tcagtccaggtagtege

pET28a

Table 13. Selection Antibiotic for plasmids.

Plasmid Antibiotic

pACYC Duet 34 ug/mL Chloramphenicol
pCDF Duet 100 pg/mL Spectinomycin
pET28a 50 pg/mL Kanamycin
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3.2.11 Purification of RNA Polymerase Holo Enzyme

Competent E. coli BL21 was transformed sequentially with pACYC Duet-rpoA+sigA and
pCDF Duet-rpoB+rpoC and grown in 1 L 2X YT media cultures. Protein was extracted
and purified using a His-Trap HP column (GE Healthcare) as in Method 6.5.1. The
protein was dialysed (Method 6.5.2) and purified further by using anion exchange
(Method 6.5.3). Protein gels (Method 6.5.4) and Western blots (Method 6.5.5) were

used to assess the presence and purity of the protein.

3.2.12 SigA Expression Trial

E. coli BL21 and T7 Shuffle were transformed (Method 6.3.5) with pET28a-sig4 and
pET30a-sigA (donated by Joelle Brodeur, Univerité de Sherbrooke). The plasmids were
selected for using 25 ug/mL kanamycin. 50 mL cultures were set up in different media
listed in Table 14. The cultures were grown to mid-log (ODsoo 0.4) and induced with 1
mM IPTG if necessary. Cultures were then incubated overnight at 16 °C. The cells were
harvested, lysed, and the lysate clarified as in Method 6.5.1. The clarified lysate and
pellet were examined on protein gels (Method 6.5.4) and Western blots (Method 6.5.5)

for the presence of SigA.
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Table 14. Conditions in expression trial.

Cell Line Plasmid Media IPTG Induction

E. coli BL21 pET30a-sigA4 Terrific Broth Yes

E. coli BL21 pET30a-sigA ZYM-5052 No
Autoinduction Media

E. coli BL21 pET28a-sigA Terrific Broth Yes

E. coli BL21 pET28a-sigA ZYM-5052 No
Autoinduction Media

E. coli BL21 pET28a-sigA 2X YT Media Yes

E  coli  T7 pET30a-sigd Terrific Broth Yes

Shuffle

E. coli T7 pET28a-sigd Terrific Broth Yes

Shuffle

3.2.13 Purification of M. smegmatis mc*155 Ribosomes

M. smegmatis mc*155 was grown in 1 L LB broth cultures to mid-log (ODeoo 0.4-0.6) at
37 °C with 180 rpm shaking. Cells were harvested by centrifugation at 6,000 RPM at 4
°C. Pelleted cells were resuspended in French Press buffer (20 mM Tris-HCL pH 7.5, 50
mM magnesium acetate, 100 mM ammonium chloride, 1 mM dithiothreitol, 0.5 mM
EDTA)ata 1:2 (w/v) ratio. 10 units of RNase Free DNAse (ThermoScientific) was added
and incubated at 4 °C for 20 minutes. Cells were lysed in a French press at 16,000 psi and
the lysate was clarified by centrifugation at 25,000 rpm for 30 minutes. The lysate was
layered 1:1 over a cushion of High-Salt Sucrose Cushion buffer (20 mM Tris-HCL pH

7.5, 50 mM magnesium acetate, 100 mM ammonium chloride, 1 mM dithiothreitol, 0.5
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mM EDTA, 1.1 M RNAse free sucrose) in an ultracentrifuge tube (Beckman Coulter,
344058) and centrifuged at 100,000 g for 16 hours. The ribosomes were pelleted at the
bottom of the tube with a brown layer deposited on top, which was discarded. The
ribosomes were resuspended in French press buffer and the sucrose cushion and
centrifugation was repeated twice more. The ribosomes were then dialysed (Method
6.2.2) into Tight Couples buffer (10 mM Tris-HCL pH 7.5, 6 mM magnesium acetate, 50

mM ammonium chloride, 1 mM dithiothreitol, 0.5 mM EDTA).

3.2.14 RNA Amplification and Purification

Template mCherry RNA was amplified from a pHIT88-mCherry plasmid produced by
Dr Katherine Abrahams (University of Birmingham) using a HiScribe T7 High Yield
RNA Synthesis Kit (NEB, E2040S). 100 mM each of ATP, GTP, CTP, and UTP (2 puL)
were added into a mirocentrifuge tube. 10x Reaction Buffer (2 pL) was added along with
1 pg of pHIT88-mCherry DNA template. The reaction was made up to 18 pL with dH2O
and 2 pL of T7 RNA Polymerase was added. The reaction was mixed and incubated at
37 °C for 2 hours. The RNA was cleaned using a Monarch RNA Cleanup kit (NEB,
T2030). The volume of the RNA sample was adjusted to 50 pL with nuclease free dH>O
and 100 pL of Binding Buffer added. 150 pL of ethanol was added and the sample was
loaded into the column. The sample was centrifuged at 13,000 rpm for 1 minute and the
flow through discarded. Wash Buffer (500 pL) was added and the sample was centrifuged
as before. The flow through was discarded and the previous step repeated. After washing
the column was transferred to a RNAse free microcentrifuge tube and the RN A was eluted
off with 20 pL of nuclease free dH2O and centrifuged as before. The RNA was stored at

4 °C until use.
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3.2.15 Ribosome Inhibition Assay

The ribosome inhibition assay was conducted using a PURExpress A Ribosome Kit
(NEB, E3313S), mCherry RNA template, and M. smegmatis mc?155 ribosomes. In a PCR
tube 5 pL Solution A, 1.5 pL Factor Mix, 200 ng RNA template, and 100 uM test
compound in DMSO were made up to 18.5 uL with dH>O. The mixtures were added to a
microplate (Greiner, 384 well, PS, F-clear bottom, black, sterile. Ref — 781097). M.
smegmatis mc>155 ribosomes (6.5 pL) was added to each for a final concentration of 60
pmols. The top of the plate was covered with a plastic adhesive lid to prevent evaporation.
The plate was read on a BMG plate reader at excitation and emission for 1000 cycles

every 30 seconds.

3.2.16 RNA Polymerase Assay

BHQ2 and TAMRA oligos were hybridised in a 2:1 ratio, 8 uM:4 uM in a 500 pL aliquot.
40 pL of 100 uM BHQ?2 oligo, 20 pL of 100 pM TAMRA oligo, 100 pL 5x SSPE buffer,
25 pL 20x Denhardt’s reagent and 315 pL of dH,O were added into a 1.5 mL
microcentrifuge tube. The mixture was heated at 95 °C which reduced by 10 °C every 5
minutes. The oligos were checked for hybridisation and fluorophore quenching on a BMG
plate reader. Reactions of 20 uL. were set up with E. coli RNA Polymerase, Holoenzyme
(NEB, M05518S). 4 uL of 5x RNA polymerase buffer, 1 pL E.coli RNA polymerase, 125
uM ATP, 125 uM CTP, 125 uM GTP, 125 uM UTP, 5 pL of hybridised TAMRA/BHQ2
oligos, 40 nM of mmsA DNA template were made up to 19 uL. with RNase free dH2O. 1
uL of 200 pM or 2 mM compound in 20 % DMSO was added for 10 uM or 100 uM
compound in 1 % DMSO. The reactions were read on a BMG plate reader every 30

seconds for 1000 cycles.
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Table 15. TAMRA and BHQ2 Oligonucleotides.

DNA Sequence 5° — 3’ Modifications
ttcacatttcatcgacggacaacg 5’ —TAMRA
cgatgaaatgtgaa 3> -BHQ2
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3.3 Results

3.3.1 Proprietary Screen

A screen using M. tuberculosis H37Rv containing pTIC6a-mCherry was designed to
identify inhibitors of the protein synthesis pipeline from compound libraries
phenotypically. The screen was tested with 38 hits, including blind controls, provided by
Professor James Sacchettini (University of Texas A & M). The hits in question were
identified as inhibitors of the mycobacterial ribosome by cell free assays. The data was
analysed by calculating the percentage normalisation for mCherry expression and cell
survival as outlined in Method 6.6.3. The screen identified 23 hits, shown in Figure 36,
that were able to penetrate the cell wall and inhibit mCherry production in a dose
dependant response including 2 blind controls, rifampicin, and linezolid. In addition,
comparing the decrease in mCherry fluorescence to the resazurin fluorescence indicates
that the reduction in mCherry fluorescence is not due to cellular death. This screen using
known inhibitors of the ribosome shows that using inducible expression of mCherry could

be a powerful tool for screening for protein synthesis pipeline hits.
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Figure 36. Proprietary protein synthesis pipeline inhibitor screen results. Each graph
shows the percentage mCherry expression compared to the percentage survival of M.
tuberculosis H37Rv. Single replicate.
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3.3.2 Single Shot High-Throughput Screen of GSK TB Box Set

The single shot high-throughput screen was used to reduce the 2799 compounds of the
GSK TB box set to a manageable number of hits. Two single well experiments were
conducted for each compound with different final concentrations, 1 pM (Figure 37) and
10 uM (Figure 38). The data was analysed by calculating the percentage normalisation
for mCherry expression and cell survival as outlined in Method 6.6.3. Hit compounds
were identified by causing either a 50 % or greater reduction in percentage mCherry
fluorescence at 10 uM or at both concentrations for a pseudo dose-response. In addition,
the percentage cell survival needed to indicate that the reduction in mCherry fluorescence
was not due to cell death. A total of 91 hits fit the criteria to be designated a true hit

compound. This represented 3.25 % of the total compounds screened.
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3.3.3 Dose-response Screen of Hit Compounds

The ninety one hit compounds were further tested with a dose response screen. A two part
screening method allows the initial single shot screen to be more relaxed and the selection
critera for hit compounds to be more permissive. The second, more rigerous, dose-
response phase of screening can then filter out any false positive results found in the initial
screen. The concentration range used in the dose-response, 50 pM to 0.846 nM, spanned
higher and lower than the concnetrations in the original single shot screen to pick up a
wide array of activity. The Z’ of the plates was calculated (Method 6.6.2) and any plates
with a Z’ of less than 0.5 were excluded from the results. The Z’ measures the seperation
between the positive and negative controls. Poor seperation between the controls means
the the data is poor quality. This exclusion critera meant that one plate had to be excluded,
resulting in one data set being triplicate instead of quadruplicate. The data was analysed
by calculating the percentage normalisation for mCherry expression and cell survival as
outlined in Method 6.6.3. Of the ninety-one hits tested, eighteen showed a favourable
dose-response patten. Once again, the percentage cell survival was plotted to show that
the mCherry fluorescence reduction was not due to cell death. The data in Figure 39
shows the comparison between mCherry fluorescence and cell survival with rifampicin
and linezolid included as controls. The eighteen hits amount to 0.64 % of the total

compounds screened.
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Figure 39. Dose-response of 18 hit compounds. Each graph shows the percentage
mCherry expression compared to the percentage survival of M. tuberculosis H37Rv. Data
shown as the mean and standard deviation of triple or quadruple replicate.

3.3.4 Liquid Minimum Inhibitory Concentrations (MICs) of Hit Compounds in M.
bovis BCG and M. smegmatis mc*155

Hits 9 to 18 from the dose response, were chosen to be progressed for full mode of action
studies. This was based on information from GSK, which suggested that these compounds
were more suitable for testing. In addition to those ten hits, compounds 45 and 46 were
included due to WGS of DRMs suggesting that these compounds targeted RNA
polymerase. All the hits had their MICs established in M. bovis BCG. Due to a lack of
compound, 45 was excluded from MIC testing in M. smegmatis mc?155. The data in Table
16 shows the MICs established for the hits and Figures 40 and 41 show the graphs for M.

bovis and M. smegmatis, respectively.
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Table 16. Liquid minimum inhibitory concentrations (MICs) established for M. bovis
BCG and M. smegmatis mc*155.

Hit MIC in M. bovis BCG MIC in M. smegmatis mc*155
9 > 100 uM > 100 uM
10 6.25 uM 12.5 uM
11 12.5 uM > 100 uM
12 6.25 uM > 100 uM
13 12.5 uM > 100 uM
14 6.25 uM 100 uM
15 0.78 uM 12.5 uM
16 6.25 uM <1uM
17 12.5 uM 6.25 uM
18 6.25 uM > 100 uM
45 1.56 uM N/A
46 100 uM 12.5 uM
Rifampicin 7.8 nM 5 uM
Isoniazid 0.9375 uM N/A
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and control compounds in M. bovis BCG. Data shown as the mean and standard
deviation of triple replicate.
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Figure 41. Liquid minimum inhibitory concentrations (MICs) for hit compounds
and control compounds in M. smegmatis mc*155. Data shown as the mean and standard
deviation of triple replicate.

3.3.5 Solid Minimum Inhibitory Concentrations (MICs) of Hits in M. bovis BCG,
M. tuberculosis H37TRv and M. tuberculosis H37Rv AleuDApanCD

Solid MICs were determined for the majority of hits where there was enough stock
compound. The solid MICs for all hits tested are displayed in Table 17. Hits 45 and 46
(Figure 42) MICs were established before compounds 9 to 18 in M. bovis BCG. Liquid
MICs established by GSK in M. tuberculosis H37Rv were used as a basis for the
concentrations used in agar plates. Hits 9, 10, 11, 13, 17, and 18 had MICs established in
M. tuberculosis H37Rv as shown in Figure 43. Hits 9, 11, 13, 14, 17 and 18 also had their

MICs established in the M. tuberculosis H37Rv AleuDApanCD, an attenuated BSL2
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strain, by Dr Alistair K. Brown (University of Newcastle). Hits 12, 15 and 16 lacked

sufficient stocks to have solid MIC testing.

Table 17. Solid minimum inhibitory concentrations (MICs) established for M. bovis
BCG, M. tuberculosis H37Rv, and M. tuberculosis H37Rv AleuDApanCD. MICs labelled
N/A were not able to be conducted due to compound shortages.

Hit MIC in M. MIC in M. MIC in M. tuberculosis
bovis BCG tuberculosis H37Rv H37RV 4leuDApanCD

9 N/A >50 uM > 100 uM
10 N/A 10 uM N/A
11 N/A <1uM 0.6 uM
12 N/A N/A N/A
13 N/A >50 uM > 100 uM
14 N/A N/A 5 uM
15 N/A N/A N/A
16 N/A N/A N/A
17 N/A 5uM <1luM
18 N/A >50 uM 40 uM
45 1.95 uM N/A N/A
46 32.8 uM N/A N/A
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Compound 45
GSK MIC - 3.9 uyM
Solid MIC - 1.95 uM

Compound 46
GSK MIC - 4.1 uM
Solid MIC - 32.8 uM

Figure 42. Solid minimum inhibitory concentrations (MICs) of hits/compounds 45
and 46 in M. bovis BCG. GSK MIC was established by GSK in M. tuberculosis H37Rv.
Solid MIC determined as the first plate with no cell growth at any dilution.
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Compound 9 Solid MIC => 50 uM
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Compound 10 Solid MIC = 10 uM
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|
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Compound 17 Solid MIC = 5 uM

25uM  30uM  35uM  40uM  45uM 50 uM

Compound 18 Solid MIC = > 50 uM

0 pM 1 M SuM 10uM  I5uM 20 pM

25uM - 30puM  35puM  40uM  45uM 50 uM

Figure 43. Solid minimum inhibitory concentrations (MICs) for hits/compounds 9,
10,11, 13,17, and 18 in M. tuberculosis H37Rv. Solid MIC determined as the first well
with no cell growth.

3.3.6 Spontaneous Drug Resistant Mutant (DRM) Generation and Mutant Re-
testing

DRM generation was attempted in either M. tuberculosis H37Rv or M. tuberculosis
H37Rv AleuDApanCD for compounds with sufficient stock. M. tuberculosis H37Rv
resistant mutants to hits 45 and 46 were isolated using agar plates. The plates contained
5x and 10x the MIC provided by GSK, 3.9 uM and 4.1 pM for 45 and 46, respectively.
Each hit produced 6 mutant colonies. The mutants were then retested in liquid medium
with up to 20x the MIC (Figure 44 A and B). All the mutants showed varying levels of
increased survival over M. tuberculosis H37Rv. The genomes of the resistant mutants

129



C. Burke Chapter 3

were extracted and the whole genomes sequenced, which showed SNPs in the 7poB gene
of RNA polymerase. The mutants were tested for cross-resistance to rifampicin to see
whether these mutations in rpoB would affect the MIC (Figure 44 C and D). Hits 10 and
17 had mutants generated in M. tuberculosis H37Rv AleuDApanCD by Dr Alistair K.
Brown (University of Newcastle). Hit 10 mutants were generated at 50 uM (5x MIC M.
tuberculosis H37Rv) and hit 17 at 12.5 uM (2.5x MIC M. tuberculosis H37Rv). Both sets
of mutants were re-tested with 2x the MIC for M. tuberculosis H37Rv. DRM generation
was also attempted in M. tuberculosis H37Rv AleuDApanCD by Dr Alistair K. Brown

(University of Newcastle) for hits 11, 14, and 18 but no colonies appeared.
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Figure 44. Hit compound retest of 45 and 46 mutants and cross-resistance with
rifampicin. A. Hit 45 resistant mutants retest. B. Hit 46 mutants re-test. C. Hit 45 resistant
mutants rifampicin cross-resistance. D. Hit 46 resistant mutants rifampicin cross-
resistance. Data is single replicate only.
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Compound 17 2x MIC Retest

Figure 45. Mutant retesting for hit compounds 10 and 17. Four DRMs were isolated
for hit/compound 10 and one DRM for hit/compound 17. All DRMs showed resistance
to appropriate compound greater than the wild type.

3.3.7 Whole Genome Sequencing (WGS) of M. tuberculosis H37Rv Hit 45 and 46
Drug Resistant Mutants (DRMs)

The six DRMs for each of hit 45 and 46 were sequenced. SNPs in rpoB were present in

ten of the twelve mutants with the other two mutants displaying no mutations of interest.
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Out of these mutations 60 % were a Gly560Ser substitution and another was a Gly560Val
substitution. The remaining 20 % of mutants contained an Asp574Asn mutation, with one
of those being a complex mutation with Val575Gly. There were no mutations in other
portions of the Rpo complex. Base changes and amino acid substitutions are shown fully

in Table 18.

Table 18. Whole genome sequencing (WGS) data of hits 45 and 46 resistant mutants.

Hit Mutant Gene  Base Change Amino Acid Substitution
1 rpoB  Gac/Aac Asp574Asn
2 rpoB GacgTc/AacgGe  Asp574Asn / Val575Gly
45 3 rpoB Ggc/Age Gly560Ser
4 rpoB  ¢Gce/cCe Arg557Pro
6 rpoB Ggc/Age Gly560Ser
1 rpoB Ggc/Agc Gly560Ser
2 rpoB Ggc/Age Gly560Ser
46 3 rpoB gGce/gTc Gly560Val
5 rpoB Ggc/Agce Gly560Ser
6 rpoB Ggc/Agc Gly560Ser

3.3.8 Mapping Resistance Mutations onto RNA Polymerase structure

The structure of the M. tuberculosis RNA polymerase-holo enzyme has been previously
solved®®, using this structure the locations of the most common clinically relevant
rifampicin resistance mutations, Asp435Val, His445Tyr, and Ser450Leu'*® were mapped
onto the structure, as well as all the resistance mutations for hits 45, 46 and the Arg556Ala
resistance mutation for the structurally similar D-APP1 and D-IX336*°. The images in
Figure 46 show the hits 45 and 46 likely bind far from rifampicin and bind at the same

location as D-APP1 and D-1X336.
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Figure 46. M. tuberculosis RNA polymerase and RpoB inhibitors. A. Hits 45
and 46 with analogues D-AAP1 and D-1X336. B. M. tuberculosis RNAP (RpoB
Blue, Rest Green) with common rifampicin mutations (Yellow), 45 and 46
mutations (Red) and D-AAP1 mutation (Purple). C. Close up of M. tuberculosis
RpoB (Blue) with common rifampicin mutations (Yellow), 45 and 46 mutations
(Red) and D-AAP1 mutation (Purple). M. tuberculosis structure adapted from
published PDB structure®,

3.3.9 Overexpression of Artificial rpoABCZ Operon in M. smegmatis mc*155

A screen overexpressing RNA polymerase was devised to use as a tool for identifying
RNA polymerase inhibitors. This screen would work by observing an increase in the MIC
of compounds when compared to the MIC of WT M. smegmatis. Gibson cloning was used
to create a pMV261k plasmid containing the genes for M. tuberculosis RNA polymerase.
RpoA, rpoB, rpoC, and rpoZ were inserted one after another into pMV261k including 20

base pairs upstream of 7poB, rpoC, and rpoZ to include the ribosome binding sites. The
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plasmid was inserted into M. smegmatis mc*155. The data in Figure 47 shows the
percentage survival of M. smegmatis mc?155 with pMV261k-rpoABCZ plasmid
compared with empty pMV261k when treated with the hit compounds. Concentrations
were based off the liquid MICs from Section 4.3.4. Not all compounds were tested due
to shortage. While some of the curves display a slight increase in resistance to the hit
compounds the shift is too small to be conclusive. Rifampicin also displays a similar shift,

whereas isoniazid does not.
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Figure 47. Overexpression of rpoABCZ Operon in M. smegmatis mc*155 to identify
RNA polymerase inhibitors. Data shown as the mean and standard deviation of triple
replicate.
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3.3.10 RNA Polymerase Purification

Purification of M. tuberculosis RNA polymerase to use in biochemical assays was
conducted using 2 duet plasmids, pACY C-rpoA+sigA and pCDF-rpoB+rpoC. A previous
study had shown that the presence of RpoZ was not required for enzyme function and that
co-expression of the core enzyme with SigA increased enzyme activity*®’. The plasmids
were designed to be transformed into E. coli and for all four proteins to be purified as the
RNA polymerase holo-enzyme by using a ten residue long histidine-tag on RpoA. The
data in Figure 48 shows the soluble and insoluble fractions of the expression trial of the
plasmids in E. coli BL21 individually as well as Western blot staining of the RpoA his-
tag using Penta-His antibodies. Proteins roughly corresponding to the sizes of RpoA (37.7
kDa), RpoB (129.2 kDa), and RpoC (146.7 kDa) were visualised in both the soluble and
insoluble fractions. SigA was only seen in the insoluble fraction and ran higher than its
desired kDa of 57.7, however no equivalent band was visible in the empty plasmid
sample, this is likely to be SigA. The Western blot showed a single defined band within
heavy smearing at just under 46 kDa, which is approximate to the kDa of RpoA (37.7
kDa). While SigA was present in the insoluble fraction, it was hoped that when the
plasmids were co-expressed together more soluble Rpo proteins would make the SigA
more soluble with complex formation. The data in Figure 49 shows the large-scale His-
tag purification of RNA polymerase holo-enzyme in E. coli BL21. As predicted the co-
expression of the plasmids did result in more SigA in the soluble fraction. The 100 mM
imidazole fraction was chosen for additional purification due to the highest amount of
SigA being present in that fraction. While there was an increased amount of SigA in this
purification a separate expression trial of SigA using different type of media and different
induction methods was conducted (Figure 50). Unfortunately, the trial did not show any

bands that appeared to relate to SigA. The RNA polymerase holo-enzyme was purified
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several times and all purifications were assessed for activity using gel electrophoresis to
identify the prescence of a new RNA band after incubation in a reaction. None of the gels

showed any evidence of RNA production.

A

190 kDa
135 kDa

100 kDa
75 kDa
58 kDa

46 kDa

32 kDa

25 kDa

22 kDa
17 kDa

11 kDa

PACYC Empty
PACYC-rpod+sigd
pCDF Empty
pCDF-rpoB+rpoC
PACYC Empty
PACYC-rpod+sigd
pCDF Empty
pCDE-rpoB+rpoC

o~
wn
S
&
&
3
&
&

190kDa—<
135kDa—

100 kDa —
75 kDa —

58 kDa =
46 kDa —

32 kDa —
25 kDa =

22 kDa =
17 kDa —
11 kDa =

Figure 48. RNA polymerase expression trial. A. Protein gel of soluble and insoluble
fractions. Box 1 — Soluble RpoA 37.7 kDa. Box 2 — Soluble RpoB 129.2 kDa and RpoC
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146.7 kDa. Box 3 — Insoluble RpoA 37.7 kDa. Box 4 — Insoluble SigA 57.7 kDa. Box 5
— Insoluble RpoB 129.2kDa and RpoC 146.7 kDa. B. Western blot of expression trial.
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Figure 49. His-tag purification of RNA polymerase holo-enzyme. RpoC 146.7 kDa,
RpoB 129.2kDa, SigA 57.7 kDa, and RpoA 37.7 kDa.
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Figure 50. SigA expression trial. SigA 57.7 kDa. No apparent bands corresponding to
SigA. The expression trial used a wide range of conditions with both manual induction
and auto induction media and different E.coli strains. The pET30a-sigA4 plasmid was
donated by Joelle Brodeur, Univerité de Sherbrooke. Due to prior protein purifications
finding SigA in the insoluble fraction both insoluble and soluble fractions were

examined.
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3.3.11 M. smegmatis Purified Ribosome mCherry Assay

A crucial aspect of the protein synthesis pipeline is translation and the action of the
ribosome. To identify inhibitors of the ribosome an assay was conducted to produce
mCherry protein and the resulting fluorescence from the mCherry was monitored in real
time. When treated with an inhibitor the activity of the ribosome decreases resulting in
slower production of mCherry and a corresponding decrease in fluorescence. Ribosomes
purified from M. smegmatis were used in conjunction with the A ribosome Purexpress
protein synthesis kit to assay ribosome activity. RNA template of mCherry produced from
a pHIT88-mCherry plasmid was used as a template for the ribosomes. The production of
fluorescent mCherry allowed for the activity of the ribosomes to be measured directly.
The fluorescence of mCherry was measured every 30 seconds for 1000 cycles. The data
in Figure 51 shows the fluorescence measured across the first 500 cycles. As well as a
positive control and blank, rifampicin, isoniazid, F1673-0402 (aspartyl-tRNA synthesis
inhibitor)*®!, and chloramphenicol were included. As expected, chloramphenicol
inhibited the production of mCherry resulting in massively reduced fluorescence when
compared to the positive control. The other control inhibitors showed no reduction in
fluorescence. The hit compounds tested showed no inhibition of the production of

mCherry and therefore do not inhibit translation by M. smegmatis ribosomes.
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Figure 51. M. smegmatis ribosomal inhibition assay. Hits/compound included at 100
uM. Data shown as the mean and standard deviation of triple replicate.
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3.3.12 Broken Beacon E. coli RNA Polymerase Holo-Enzyme Assay

The broken beacon assay uses a pair of short DNA oligos, one complimentary to a short
sequence of the target RNA with an attached 5° TAMRA fluorophore, and a shorter oligo
complimentary to the TAMRA oligo with an 3’ attached BHQ2. When the 2 oligos are
annealed together the BHQ2 quenches the TAMRA. In the presence of the target RNA,
the large TAMRA oligo dissociates from the BHQ2 oligo and preferentially hybridises
with the target RNA. This dissociation of the TAMRA oligo from the BHQ2 oligo causes
an increase in fluorescence proportional to the amount of target RNA. This allows the
measurement of RNA polymerase activity in real time. The target RNA is produced by
commercial E. coli RNA polymerase holo-enzyme from a 493 base pair template DNA
of the start of the mmsA gene from M. tuberculosis H37Rv. The mmsA gene was chosen
as it has the ideal promotor region for SigA3*®. The data in Figure 52A shows the results
for the initial assay where all hits were included at 10 puM. Hits 15, 16 and 45 caused a
reduction in fluorescence compared to the positive control with 15 being the most
effective. Isoniazid and F1673-0402 showed a very small effect on overall fluorescence.
Rifampicin showed a large effect on fluorescence as expected. Unexpectedly,
chloramphenicol showed a large reduction in fluorescence. Hits 15, 16, 45 and 46 were
assayed again with higher concentrations of compound shown in Figure 52 B. Hit 46 was
included on the basis of the whole genome sequencing (WGS) results. Hits 15, 16 and 45
all showed increased potency at 100 pM when compared to 10 uM. The chloramphenicol
control was repeated with a fresh compound stock at 100 uM. This time chloramphenicol
showed a vastly reduced level of inhibition, which indicates that the inhibition in the
original assay may have been due to an incorrectly produced stock compound. These

results suggest the hits 15, 16 and 45 are inhibitors of E. co/i RNA polymerase.
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Figure 52. E. coli RNA polymerase holo-enzyme broken beacon inhibition assay. A.
All hits/compounds including control compounds are included at 10 uM. One cycle is
equal to 30 seconds. B. All hits/compounds included at concentrations labelled. One cycle
is equal to 30 seconds. Non-linear regression is shown; there are too many data points to

plot normally.
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3.4 Discussion

The goals of this study were to validate and use, on a large scale, a new screening method
for finding inhibitors of the protein synthesis pipeline and to verify the hits from screening
with microbiological and biochemical methods. The rationale behind this screen is the
detection of fluorescent mCherry produced by M. tuberculosis when treated with
screening hits. If the hits inhibit enzymes in the protein synthesis pipeline, then a
reduction in mCherry expression should be detectable by decreased fluorescence. The
screening method was initially validated with a proprietary screen of 38 hits provided by
Professor James Sacchettini (University of Texas A&M). These hits have been shown to
inhibit protein synthesis in a cell-free ribosome assay but had not been tested with a
phenotypic screening method against whole cells. When tested, twenty-one of the
compounds showed an ability to pass through the cell wall and inhibit the production of
mCherry fluorescent protein in addition to the blind controls. The physiology of the M.
tuberculosis cell wall means that many compounds that may be normally effective against
other bacteria are ineffective against M. tuberculosis. Phenotypic screening can not only
provide information on the target of the compound, but also the ability of the compound
to permeate into M. tuberculosis. Of the compounds provided and known to target protein
synthesis, nearly half failed to have an effect suggesting that cell permeation was low.
While assays in isolation may indicate a compound has a preferential target, phenotypic
screening can provide this information too and show that the most challenging aspect of

M. tuberculosis biology, the cell wall, can be overcome.

The large-scale screening of the GSK TB box was split into two parts. The first part, a
single-shot adaptation of the screen, was designed to maximise the number of hits that
could be tested. The second part was a dose response similar to the proprietary screen.

Splitting the process into two parts allowed the first part to use a far more relaxed
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selection criterion to account for the limited range of compound concentrations. Any false
positives picked up would then be weeded out in the secondary screen. This process
worked as intended, it reduced the original 2799 hits down to 91 and then reduced that
again to 18. To further streamline this process the single-shot screen could be adapted to
use only one compound concentration instead of two. To further increase the number of
initial hits the concentration tested at could be increased to 20 pM, instead of the
originally tested 10 uM and 1 pM. This would include a broader range of MICs in the
initial hits.

Hits 45 and 46 are two related compounds that were not discovered as part of the mCherry
screening and were merged with this study. The two hits had solid and liquid MICs
measured, which indicated that hit 45 was the more potent of the pair. Whole genome
sequencing (WGS) of drug resistant mutants revealed that both compounds target the
RpoB subunit of M. tuberculosis RNA polymerase, hence why the projects were merged.
The mutants were tested for rifampicin cross-resistance to see if they had a similar
resistance mechanism, but the resistant mutants to 45 and 46 showed no increased
resistance to rifampicin suggesting a different target site on RpoB. These compounds are
structurally similar to two other compounds, D-APP1 and D-IX336, reported by Lin et al
(2017)*%, that had a different target site to rifampicin on RpoB. Computer modelling of
the 45 and 46 SNPs, the D-APP1 and D-1X336 SNP, and common rifampicin resistance
SNPs onto the structure of M. tuberculosis RpoB indicates that these compounds target a
similar area to D-APP1 and D-IX336. Liquid and solid MICs were also established for
the hits identified by the mCherry screen. The solid MICs were carried out using an
alternate method to hits 45 and 46 to reduce the amount of compound required and

increase the number of concentrations tested. Attempts at generating drug resistant
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mutants for the compounds were partially successful and whole genome sequencing

(WGS) of the mutants isolated to hits 10 and 17 are ongoing.

Construction of an artificial M. tuberculosis rpoABCZ operon inside plasmid pMV261k
was successful. It was hoped that overexpression of the rpoABCZ operon could be used
as another screening method to specifically find inhibitors of M. tuberculosis RNA
polymerase and, in addition, that this plasmid could be used to separate out RNA
polymerase inhibitors from the mCherry screening hits. Unfortunately, overexpression of
the plasmid in M. smegmatis mc*155 led to no phenotypically detectable difference in
cell survival when treated with inhibitors including rifampicin. It is likely that expressing
4 different genes off one constitutive Asp60 promotor results in low protein production,
or an imbalance in the subunits produced. RNA polymerase needs 2 copies of RpoA for
every copy of RpoB, RpoC, and RpoZ to produce a functional RNA polymerase. The

presence of only one rpoA copy on the plasmid may have contributed to a lack of RpoA.

Purification of M. tuberculosis RNA polymerase holoenzyme was carried out using two
duet plasmid vectors, pACYC-rpoA+sigA and pCDF-rpoB+rpoC. This was a method
used by Banerjee et al. (2014)*7 to produce a highly active RNA polymerase holoenzyme
for assays>®’. Initial trial purification of E. coli expressing individual plasmids indicated
the presence of all required subunits at roughly the correct kDa and a Western blot
confirmed the presence of the 10x His-tag of RpoA. The majority of SigA was present in
the insoluble fraction, but it was hoped that complex formation with the mostly soluble
RNA polymerase subunits would pull the SigA into the soluble fraction. This proved to
be the case as a large-scale protein purification did show a large increase in SigA,
however it was still the least abundant of the 4 proteins. Assessments of the enzyme
activity using gel electrophoresis did not show any activity. This may have been due

contamination of RNase, or more likely, a lack of enzyme activity. There are a few
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potential reasons that alone or combined could have contributed to a lack of activity.
Firstly, while SigA levels were increased in the large-scale purification there may have
still been a general deficiency, which reduced RNA polymerase activity. Additional SigA
production was attempted to supplement the enzyme, but the expression trial showed no
corresponding bands and the Western blot showed no specific staining. Second, as with
the overexpression vector there may have been a lack of RpoA. The 100 mM imidazole
fraction purified had RpoA, RpoB, and RpoC at roughly equivalent levels. Due to twice
the amount of RpoA being required for complex formation, in hindsight, it would have
been better to combine the 100 mM fraction and 150 mM fraction to boost the amount of
RpoA. Finally, this purification method did not include the protein CarD. CarD is thought
to be involved in the stabilisation of the M. tuberculosis RNA polymerase initiation
complex**434_ The lack of this protein could mean that the RNA polymerase holoenzyme

able to form is not stable for long enough to transcribe DNA.

The purpose of the ribosome assay was to examine the compounds for activity relating to
ribosome inhibition. Purified M. smegmatis mc*155 ribosomes were combined with a A
ribosome Purexpress kit. In order to assess the activity of the ribosomes in isolation an
RNA template of the mCherry gene was used. This avoided the use of the Purexpress kits
RNA polymerase to convert a DNA template. To account for the effect of potential tRNA
synthesis inhibitors among the unknown compounds, F1673-0402 an aspartyl-tRNA
synthesis inhibitor*”! was included. Of the control compounds, rifampicin, isoniazid,
F1673-0402, and chloroamphenicol, only chloramphenicol showed inhibitory activity.
This shows that this assay is specific for purely the inhibition of the ribosome. The

compounds tested did not display any significant reduction in ribosome activity.

Due to the inability to produce catalytic M. tuberculosis RNA polymerase holoenzyme

the related assays were carried out using commercial E. coli RNA polymerase
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holoenzyme. The first assay seemed to indicate that only compound 15 was causing any
inhibition. Due to the WGS results for hits 45 and 46 suggesting RpoB as the target it was
decided that all the compounds displaying even slight inhibition greater than 46 would be
retested at a higher concentration. It must be noted that chloramphenicol appeared to show
inhibition in the assay, which was not expected. It was decided that the chloramphenicol
should be tested again at a higher concentration with a freshly prepared stock to rule out
any mistakes with the original. The second assay showed no inhibition from
chloramphenicol even at the higher concentration indicating that this assay is specific for
RNA polymerase inhibition. The higher concentration of test compound also showed that

hits 45, 15 and 16 are all likely to inhibit RNA polymerase.

This project has thoroughly tested twelve unknown hits, ten of which were identified
using a novel screening method. Of those hits none were found to inhibit the ribosomes
of M. tuberculosis model organism, M. smegmatis mc?155. Three of the hits, 15, 16 and
45, were found to target E. coli RNA polymerase and are likely to have the same effect
on M. tuberculosis. Resistance to hits 45 and 46 was caused by mutations in M.
tuberculosis H37Rv rpoB and it’s likely that, at higher concentrations, 46 would have
inhibited E. coli RNA polymerase in assays. In addition, 45 and 46 appear to bind in a
similar location to two other RNA polymerase inhibitors in a distinct location from
rifampicin which has positive implications for co-administration of these drugs in TB
treatment>°®. While the other eight hits found during screening do not target the ribosome
or RNA polymerase, they perhaps target another aspect of the protein synthesis pipeline,
tRNA synthesis. F1673-0402 was a compound found to inhibit aspartyl-tRNA
synthesis®! and inhibitors of other tRNA synthases are likely to be good drug targets.
Future work for this project could include the development of assays to examine the

activity of tRNA synthases. Whole genome sequencing of the drug resistant mutants to
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hits 10 and 17 should be completed and solid MICs and drug resistant mutant generation
for hits 15 and 16 should be attempted if more compound can be acquired. Additional
testing and refinement of the rpoABCZ overexpression vector could lead to a useful

plasmid to attempt other screens more specific for RNA polymerase inhibitors.
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4 The Use of Biochemical Assays and Microbiological Techniques to Assess

Potential Inhibitors of M. tuberculosis Antigen 85

4.1 Introduction
The antigen 85 family consists of four secreted proteins; antigen 85 A, B, C, and D

(MPTS51), that are located in the periplasm of mycobacterial species>®’

. The genes that
encode these proteins are named fibronectin binding proteins; fbpA, fbpB, fbpC and fbpD
after the original finding that these proteins strongly bind with the human protein,
fibronectin®"*%, It is thought that the fibronectin binding ability of Antigen 85 is used by

M. tuberculosis to promote adherence and resist clearance from the lungs*!

. Antigen
85A, B, and C display mycolyltransferase activity which is used for mycolation of the M.
tuberculosis cell wall*®>. MPT51 does not display catalytic activity and it is currently

thought that this protein may only be used for fibronectin binding and adherence**24%,

The catalytic Antigen 85 enzymes perform three major roles in the construction of the
mycobacterial cell wall; the attachment of mycolic acids to the terminal arabinose
residues on the arabinogalactan*®, the production of trehalose mono-mycolate**?, and the
production of trehalose di-mycolate**>. These processes are crucial for the correct
formation of the mycolic acid outer layer of the cell wall and essential for the survival of
M. tuberculosis*®>% The essentiality of this process is further supported by the absence
of a reported triple knockout of Antigen 85A, B and C. The acyl-donor substrate, usually

trehalose mono-mycolate?’

, s similar for each process and the acceptor molecules are
similar in both the terminal arabinogalactan motif**® and trehalose or TMM. The
similarity of the substrates and active sites means that all three catalytic Antigen 85
enzymes can perform the three roles with varying levels of efficiency*®“!!. Each enzyme

isoform does show a preference for a particular type of activity despite being versatile

enough for the different roles?®. Backus et al (2014) postulated that Antigen 85C may be
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responsible for the generation of TMM and TDM going as far to suggest that Antigen
85C may also be responsible for the synthesis of TMM inside the cell before exporting.
A knockout of fbp4 showed growth impairment in macrophage infection compared to
wild type but had no growth impairment in rich media*'?. Armitige et al (2000) claim that
fbpA knockouts display growth impairment in nutrient limited media, however this has
been later corrected by Puech et al (2002)*'%413, In the same study by Armitige et al
(2000), the fbpB knockout showed no such growth impairment in media or
macrophages*'?. Individual fbpA or fbpB knockouts show no effect on the mycolation of
arabinogalactan*'>. A fhpC knockout also displays a large reduction of up to 40 % of cell
wall mycolation by preventing the attachment of mycolic acids*'*. The elucidation of
Antigen 85 isoform roles has been hampered by a lack of double and triple knockouts.
The contrasting findings of research coupled with the high versatility and flexibility of
donor and acceptor substrate suggest that the preferences of Antigen 85 isoforms are only

minor.

A drug that could target all three isoforms would be of significant use for the treatment
of M. tuberculosis infection. The killing effect of the drug would have a similar effect to
isoniazid but achieved in a different way. Isoniazid kills mycobacteria by preventing the
synthesis of mycolic acids, which prevents the construction of the outer cell wall*?>408,
The inhibition of Antigen 85 isoforms would prevent the construction of the outer cell
wall*'*, While the use of isoniazid and this hypothetical drug together would not be
feasible, in isoniazid resistant infection this drug could achieve killing in the same manner
but with a different mode of action. M. tuberculosis would potentially require two
resistance conferring mutations in two of the fbp genes for viable resistant mutants. This

is supported by the lack of double knockouts of antigen 85 isoforms, indicating that two

functional copies are required for survival. Additionally, this excludes any potential cost
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or benefit of effects on the fibronectin binding of Antigen 85. A reduction in binding
could promote more efficient mechanical clearance of M. tuberculosis*'>*7, however
this could facilitate increased spread of the disease in the population due to a higher
number of expelled bacilli. A class of inhibitors for Antigen 85B was proposed as early
as 2001 and consisted of two trehalose molecules linked by an amphipathic chain to block
both trehalose binding sites and mimic mycolates*'°. Several inhibitors of Antigen 85C

404,418

have been discovered. These include, 6-azido-6-deoxy-a,0’-trehalose , an analogue

of trehalosamine*!’; Ebselen, a synthetic organoselenium compound currently in clinical
trials as a treatment for a number of human conditions, such as strokes**®**!| hearing
loss**, and bi-polar disorder*?*. Favrot et al (2013) has shown that ebselen inhibits

Antigen 85C**. This inhibition occurs via covalent modification of the active site

Q424

cysteine at position 209", The authors have also shown that iodoacetamide can also react

with the active site cystine via alkylation***

. Additional screening methods have found a
few other candidates, notably that covalently modify the active site cystine similar to
ebselen*?>*?%_ In addition, cyclipostins and cyclophostin analogues covalently modify the

4427

active site serine at position 124", and an in silico screen has found a further seven

potential inhibitors*?®,

In this study multiple assays were used to examine the activity of Antigen 85A and C
when treated with inhibitors. The radioactive assay was an adapation of a previously

published assay**

. This assay, as shown in Figure 53, used purified TMM and radioactive
[*C] trehalose. Antigen 85 transfers the mycolate from the TMM to ['*C] trehalose. The
radioactive ['*C] TMM and ['*C] TDM is then extracted into an organic solvent and either
scintillation counted or visualised via thin layer chromatography (TLC). The j-
glucosidase assay developed by Boucau et a/, shown in Figure 54, using 4-nitrophenyl-

429

6-octanoly-B-D-glucopyranoside®”. Antigen 85 removes the octanoyl chain and deposits

153



C. Burke Chapter 4

it onto a glucose acceptor. This leaves 4-nitrophenyl-f-D-glucopyranoside, which is then
treated with a B-glucosidase to release 4-nitrophenyl. The amount of released 4-
nitrophenyl is measured on a plate reader. The resorufin butyrate assay developed by

Favrot et al. measures the release of resorufin***

. Antigen 85 removes the butyrate from
resorufin butyrate and attaches it to a trehalose acceptor as shown in Figure 55. The
released resorufin butyrate can be measured via fluorescence in real time. The radioactive,
B-glucosidase and resorufin butyrate assays all examine the production of TMM and
TDM (or analogues thereof). The trehalose-C-12-Nitro-Benzoxadiazol (NBD) assay,
shown in Figure 56, used purified arabinogalactan as an acceptor. The C12-NBD is
removed from the trehalose donor and attached to the arabinogalactan. The remaining

trehalose-C-12-NBD is washed away from the insoluble arabinogalactan. The

fluorescence of the arabinogalactan with attached C12-NBD can then be measured.

In this study we use four different assay methods to examine six compounds thought to
target members of the Antigen 85 complex. The compounds in question were identified
via an overexpression screen of fbpA4 in M. bovis BCG, conducted by Dr Jonathan A.G.
Cox at GSK. While the B-glucosidase assay did not work acceptably the other three assays
showed that these compounds did not inhibit Antigen 85 in any detectable way. Lipid
profiling did indicate that some of the compounds were influencing the composition of
the cell wall. Due to the inability of the assays to identify Antigen 85 inhibitors among
the compounds, the more traditional method of spontaneous drug resistant mutants and

whole genome sequencing was used to identify the compound targets.
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4.2 Materials and Methods

4.2.1 Antigen 85A and C2 Purification

Pellets of E. coli BL21 containing either pMV261-fbpA or pMV261-fbpC2 produced by
Dr Katherine Abrahams (University of Birmingham) were used for protein purification.
Antigen 85A and C2 were purified using standard the His-Trap HP method outlined in
Method 6.5.1. A protein gel was run and the protein containing fractions were desalted
using a glass desalting column packed with Bio-Gel P-6DG gel (Bio-Rad). The column
was first washed with 500 mL of dH2O and then equilibrated with 500 mL of Buffer A
(50 mM tris-HCL pH 7.5, 10 % glycerol). The protein fraction was loaded onto the
column and allowed to run down to the top of the gel. Without disturbing the gel 100 mL
of Buffer was passed through the column and 1.5 mL fractions were collected. The
fractions were assessed for protein content using the Bradford assay in a microplate.
Protein containing fractions were pooled and then further purified by anion exchange
chromatography (Method 6.5.3). The protein was analysed with a protein gel and the

purest fractions were pooled and frozen in aliquots at 4 °C.

4.2.2 Production of 4-Nitrophenyl-6-Octanoyl-B-D-Glucopyranoside

The free hydroxyl groups of the glucopyranose were protected using trimethylsilyl
groups. 4-Nitrophenyl-B-D-glucopyranoside (0.5 g, Sigma) was dissolved in 20 mL of
pyridine and 20 mL of hexamethyldisilazane. Trimethylsilylchloride (10 mL) was added
at room temperature. The mixture was then stirred at 60 °C overnight. The reaction
mixture was quenched with 50 g of ice. Hexane (50 mL) was added and the reaction was
stirred until the ice melted. The organic phase was separated and the aqueous phase was

extracted with 50 mL of hexane. This was repeated twice. The collected organic phase
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was pre-dried with a saturated brine solution and the organic phase was separated again.
The organic phase was then dried further with anhydrous sodium sulphate, which was
added until it was free flowing. The organic phase was dried down fully on a rotary
evaporator (Buchi, Rotavapor R-215, Vacuum Pump V-710) to give per-trimethylsilyl
(TMS) protected 4-nitrophenyl-B-D-glucopyranoside. The TMS group on carbon 6 was
selectively removed as follows. The TMS protected 4-nitrophenyl-p-D-glucopyranoside
was dissolved in 30 mL of methanol:dichloromethane (9:1, v/v) and cooled on ice.
Potassium carbonate (2 mg) was added, and the mixture was stirred on ice for 15 minutes.
Thin layer chromatography (TLC) of the reaction was run in hexane:ethyl acetate (9:1,
v/v) to confirm selective deprotection of the carbon 6-hydroxyl group. After deprotection
the reaction was quenched with 0.5 mL of acetic acid on ice. The mixture was dried down
using rotary evaporation and purified by flash column chromatography. A column was
packed with 100 g of soaked silica and sand laid over the top. The column was
equilibrated with hexane and the selectively deprotected product was loaded onto the
column. The product was eluted off the column by gradually increasing the percentage of
ethyl acetate in hexane stepwise in 200 mL volumes to 10 %. The eluate was collected in
fractions and TLCs were run to determine the fractions containing product. The
selectively deprotected product was dried down using a rotary evaporator and 100 mg
was dissolved in dry ethyl acetate. The deprotected hydroxyl group on carbon 6 of the
glucopyranose was then esterified with 200 mg of octanoic acid in the presence of 200
mg of dicyclohexylcarbodiimide and 10 g of molecular sieves. This reaction was
conducted under argon at room temperature for 2 days after which the molecular sieves
and dicyclohexylcarbodiimide were removed by filtration. After esterification the product

was fully deprotected by stirring with acidic Dowex resin. The Dowex resin was removed
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by filtration to leave the finished product. The product was dried in glass tubes and

weighed. It was stored in the dark at 4 °C until use.

4.2.3 4-Nitrophenyl Standard Curve

Desired concentrations 4-nitrophenyl in DMSO were pipetted into a microplate (Greiner,
96 well, PS, F-clear bottom, black, sterile. Ref — 655090). The wells were made up to 100
uL with buffer (50 mM sodium phosphate pH 7.4, 3 mM D-glucose) with DMSO at a 2
% final concentration. The microplate was read on a BMG plate reader for absorbance at

420 nm.

4.2.4 B-Glucosidase Activity on 4-Nitrophenyl-6-Octanoyl-$-D-Glucopyranoside

A 100x stock of 4-nitrophenyl-6-octanoyl-f-D-glucopyranoside desired concentrations
was made up in DMSO and 1 pL was added to triplicate wells in a microplate (Greiner,
96 well, PS, F-clear bottom, black, sterile. Ref — 655090). The wells were made up to 100
pL with buffer (50 mM sodium phosphate pH 7.4, 3 mM D-glucose) with DMSO at a 1
% final concentration. To start the reaction 1.84 units of B-glucosidase (Megazyme) was
added to each well. The microplate was read on a BMG plate reader for absorbance at

420 nm every 30 seconds for 10 minutes at 37 °C.

4.2.5 pB-Glucosidase Activity on 4-Nitrophenyl-6-Octanoyl-$-D-Glucopyranoside
including Antigen 85C2

A microplate (Greiner, 96 well, PS, F-clear bottom, black, sterile. Ref — 655090) was set
up with 100 pL of 300 puM 4-nitrophenyl-6-octanoyl-B-D-glucopyranoside, 50 mM
sodium phosphate pH 7.4, 3 mM D-glucose in experiment wells. 0.184 units of B-

glucosidase (Megazyme) was added to each well. Half of the wells had 3 pL of 0.27
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mg/mL antigen 85C2 added. The microplate was read on a BMG plate reader for

absorbance at 420 nm every 30 seconds for 4 minutes at 37 °C.

4.2.6 Resorufin Standard Curve

Dilutions of resorufin in DMSO were made at 100x concentration and 1 ul. was pipetted
into the wells of a microplate (Greiner, 96 well, PS, F-bottom, black, sterile. Ref -
655086). The wells were made up to 100 pL with buffer (50 mM sodium phosphate pH
7.4, 4 mM trehalose). The plate was read at 37 °C with a BMG plate reader with an

excitation wavelength of 544 nm and emission wavelength of 590 nm.

4.2.7 The Effect of Resorufin Butyrate on the Rate of Antigen 85C2

Dilutions of resorufin butyrate in DMSO were made at 100x concentration and 1 pL. was
pipetted into the wells of a microplate (Greiner, 96 well, PS, F-bottom, black, sterile. Ref
- 655086), for the desired final concentration. The wells were made up to 100 pL with
buffer (50 mM sodium phosphate pH 7.4, 4 mM trehalose). Antigen 85C2 (500 nM) was
added to each well. The DMSO concentration was 2 %. The plate was read at 37 °C with
a BMG plate reader with an excitation wavelength of 544 nm and emission wavelength

of 590 nm every 40 seconds for 40 cycles.

4.2.8 The Effect of Trehalose on the Rate of Antigen 85 C2

Resorufin butyrate (1 pL) in DMSO was pipetted into the wells of a microplate (Greiner,
96 well, PS, F-bottom, black, sterile. Ref - 655086), for the desired final concentration of
100 uM. The wells were made up to 100 pL with buffer (50 mM sodium phosphate pH

7.4) with varying concentrations of trehalose. Antigen 85C2 (500 nM) was added to each

160



C. Burke Chapter 4

well. The DMSO concentration was 2 %. The plate was read at 37 °C with a BMG plate
reader with an excitation wavelength of 544 nm and emission wavelength of 590 nm

every 40 seconds for 40 cycles.

4.2.9 Resorufin Butyrate Assay for Inhibitors of Antigen 85A and C2

Dilutions of the test compounds and control compound ebselen (Sigma) were made at 1
mM in DMSO and 1 pL was pipetted into the wells of a microplate in triplicate (Greiner,
96 well, PS, F-bottom, black, sterile. Ref - 655086). lodoacetamide was included as an
additional control compound at 50 uM. Wells were made up to 99 uL with buffer (50 mM
sodium phosphate pH 7.4, 4 mM trehalose). Resorufin butyrate (10 mM, 1 ulL) was added
for a final concentration of 100 uM and 2 % DMSO. Antigen 85A and C2 (500 nM) were
added to test wells and the plate was incubated overnight at 4 °C. The plate was read at
37 °C with a BMG plate reader with an excitation wavelength of 544 nm and emission

wavelength of 590 nm every 40 seconds for 40 cycles.

4.2.10 Radiometric Assay for Activity Assessment of Antigen 85 A and C2

[C!¥] Trehalose (2.5 pL, 5,272,500 cpm, PerkinElmer) was dried down with 250 pg of
TMM. This was resuspended in 125 uL of reaction buffer (100 mM sodium phosphate
pH 7.4, 100 uM dithiothreitol) and sonicated to fully resuspend the TMM. To this 125 pL
of reaction buffer containing 10 pug of Antigen 85A or C2 was added and mixed. The
reaction was incubated at 37 °C for 1 hour. After reaction completion the volume was
made up to 480 pL with reaction buffer. Chloroform and methanol were added to give a
final ratio of chloroform:methanol:H>O (4:2:1, v/v/v) and the mixture centrifuged at
3,500 rpm for 3 minutes. The aqueous phase was re-extracted using

chloroform:methanol:H>O (4 mL, 10:10:3, v/v/v). The organic phases were combined and
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an additional 750 uL of dH>O and 1.75 mL of chloroform were added, vortex mixed, and
centrifuged as above. The aqueous phase was discarded. The washed organic phase was
dried down and resuspended in 100 pL of chloroform. An aliquot (20 pL) was removed
and dried down in scintillation vials, resuspended in 10 mL of scintillation fluid (Ecoscint
A, National Diagnostics) and counted on a Tri-Carb 2700TR Liquid Scintillation
Analyser. The remaining sample (80 pL) was applied to TLC plates and developed in one
direction using chloroform/methanol (2:1, v/v) and exposed to X-ray films (Kodak
BioMax Light Film) in light-proof cassettes. Films were exposed for 3 days and

developed using an Xograph film processor.

4.2.11 Radiometric Assay for Inhibitors of Antigen 85A

[C'%] Trehalose (1 pL, 2,109,000 cpm, PerkinElmer) was dried down with 100 pug of
TMM. This was resuspended in 50 pL of reaction buffer (100 mM sodium phosphate pH
7.4) and 50 pL of reaction buffer containing 500 nM of Antigen 85A was incubated
overnight with 20 pM of the test inhibitors, 20 pM of ebselen, and 100 pM iodoacetamide.
The [C!*] trehalose and TMM suspension was sonicated to fully resuspend the TMM and
then mixed with the incubated enzyme to begin the reaction. The reaction was incubated
at 37 °C for 1 hour. After reaction completion the volume was made up to 480 uL with
reaction buffer. Chloroform and methanol were added to give a final
chloroform:methanol:H>O reaction mixture with a ratio of 4:2:1 (v/v/v) and the mixture
centrifuged at 3,500 rpm for 3 minutes. The organic phase was re-extracted using
chloroform:methanol:H,O (4 mL, 10:10:3, v/v/v). The organic phases were combined and
an additional 750 pL of dH20 and 1.75 mL of chloroform added, vortex mixed, and
centrifuged as above. The aqueous phase was discarded. The washed organic phase dried

down and resuspended in 100 pL of chloroform. An aliquot (40 pL) was removed and
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dried down in a scintillation vial, resuspended in 10 mL of scintillation fluid (Ecoscint A,
National Diagnostics) and counted on a Tri-Carb 2700TR Liquid Scintillation Analyser.
The remaining sample (60 pL) was applied to TLC plates and developed in one direction
using chloroform/methanol (2:1, v/v) and exposed to X-ray films (Kodak BioMax Light
Film) in light-proof cassettes. Films were exposed for 3 days and developed using

Xograph film processor.

4.2.12 Arabinogalactan-Peptidoglycan Purification

A 50 ml culture of M. smegmatis was pelleted at 4,000 rpm for 20 minutes and the pellet
was resuspended in 100 mL of cold dH»O. The resuspended cells were refluxed in 50 mL
of 4% sodium dodecyl sulfate (SDS) for 3 hours. The mixture was repeatedly washed
with dH2O (50 mL), centrifuged at 80,000 rpm for 1 hour, the pellet collected and re-
washed twice to remove all the SDS. The pellet was then washed using 80% acetone (10
mL) and 100% acetone, successively. The recovered sample was then incubated at 37 °C
with 0.5% potassium hydroxide (10 mL) in methanol for 4 days. The sample was
centrifuged again as before and washed 3 times with methanol (10 mL) and then with

diethyl ether (10 mL) to give partially purified arabinogalactan-peptidoglycan.

4.2.13 C-12 Nitro-Benzoxadiazol Fluorometric Assay

Reaction mixtures (100 pL) were set up in 1.5 mL microcentrifuge tubes with 50 mM
sodium phosphate pH 7.4, 3 mg of M. smegmatis arabinogalactan-peptidoglycan, 500 pM
of C-12 nitro-benzoxadiazol (provided by Dr. Patrick Moynihan, University of
Birmingham), and 500 nM of Antigen 85A. Additionally 10 uM of the test compounds,
10 uM ebselen, or 50 uM iodoacetamide were included. The reactions were incubated

overnight at 37°C with shaking at 800 rpm. The samples were dried down to leave the
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pelleted arabinogalactan-peptidoglycan and unbound fluorophore. The pellet was
resuspended in methanol:dH20 (1 mL, 50:50, v/v) and sonicated to break down the
pelleted fluorophore. This was repeated 5 times to remove all unbound fluorophore
following centrifugation. The samples were finally resuspended in 150 pL and sonicated
again to homogenise the samples and 100 pL added into a microplate (Greiner, 96 well,
PS, F-bottom, black, sterile. Ref - 655086) and read with a BMG plate reader on a

excitation wavelength 485 nm and a emission wavelength of 520 nm.

4.2.14 Minimum Inhibitory Concentrations (MICs) of Antigen 85 Compounds

Several dilutions of the Antigen 85 compounds were made in compound plates (Greiner,
96 well, PP, V-bottom. Ref - 651201), at 100x concentration. In separate microplates
(Greiner, 96 well, PS, F-bottom, black, sterile. Ref - 655086) for each compound, 1 pL
of the 100x dilutions was added in triplicate to each plate as well triplicate wells of 1 pL
DMSO and 100 pM rifampicin. Each well was made up to 100 pL. with mid-log (ODsoo
0.4-0.8) M. bovis BCG that had been normalised to a cell density of 1x10° cells per mL.
This gave 1x10° cells per well. The plates were sealed with parafilm and tin foil and
incubated at 37 °C and 5 % CO- for 7 days after which a resazurin survival assay was

carried out (Method 6.6.1).

4.2.15 Overexpression of fbpA

Electrocompetent M. bovis BCG was electroporated with fbpA-pMV261k and empty
pMV261k as per Method 6.3.6. Colonies were inoculated into 7H9 and grown until mid-
log (ODsoo 0.4-0.8). A wide range of dilutions at 100x, the desired concentration, were
made up in compound plates (Greiner, 96 well, PP, V-bottom. Ref - 651201). The

compound dilutions (1 puL) were pipetted into the wells of a microplate (Greiner, 96 well,
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PS, F-bottom, black, sterile. Ref - 655086). Cells were adjusted to a density of 1x10°
cells/mL using 7H9 media and 100 pL of cell suspension pipetted into the appropriate
wells. The microplates were incubated at 37 °C and 5 % CO> for 7 days after which a

resazurin survival assay was carried out (Method 6.6.1).

4.2.16 Radioactive Cell Wall Labelling

M. bovis BCG, pMV261k, and fbpA-pMV261k were grown in 10 mL of 7H9 media to an
ODsoo 0.4 and treated with compounds at multiple concentrations for 24 hours at 37 °C.
Cultures were then radiolabelled using 5 pL of [C!*] acetic acid (10,545,000 cpm, Perkin
Elmer) and incubated at 37 °C for a further 24 hours. The cells were then harvested by

centrifugation at 4,000 rpm.

4.2.17 Polar and Non-Polar Lipid Extraction

To a tube of 10 mL of media pelleted radiolabelled culture designated tube A, 2 mL of
methanol:0.3% sodium chloride (100:10, v/v) and 2 mL of petroleum ether (60-80) was
added. Tube A was mixed on a rotator for 30 minutes and centrifuged at 3,000 rpm for 5
minutes. The upper phase of petroleum ether was transferred to a new tube designated
tube B. A further 2 mL of petroleum ether (60-80) was added to tube A and the extraction
process repeated. The upper phase again was removed and added to tube B. Tube B was
dried down and contained the non-polar lipids. A mixture of chloroform:methanol:0.3%
sodium chloride (2.3 mL, 90:100:30, v/v/v) was added to tube A. Tube A was mixed by
rotation for 30 minutes and centrifuged at 3,500 rpm for 3 minutes. The supernatant was
transferred to tube C. Chloroform:methanol:0.3% sodium chloride (750 pL, 50:100:40,
v/v/v) was added to tube A. The rotation and centrifugation were repeated, and the

supernatant transferred to tube C. Chloroform:methanol:0.3% sodium chloride (750 pL,
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50:100:40, v/v/v) was added to tube A again and the extraction repeated. Tube A contains
the non-extractable lipids. Chloroform (1.3 mL) and 1.3 mL of 0.3% aqueous sodium
chloride were added to tube C. Tube C was mixed by rotation for 30 minutes and
centrifuged at 3,500 rpm for 3 minutes. The lower organic phase transferred into tube D.
Tube C contains waste and tube D contains polar lipids. The non-polar and polar lipids
were resuspended in 200 pL of chloroform and chloroform/methanol (2:1, v/v),
respectively. An aliquot (40 pL) was removed and dried down in scintillation vials,
resuspended in 10 mL of scintillation fluid (Ecoscint A, National Diagnostics) and
counted on a Tri-Carb 2700TR Liquid Scintillation Analyser. The rest of the samples (160
uL) was dried and resuspended in 20 pL of chloroform and chloroform/methanol (2:1,
v/v), for the non-polar and polar lipids, respectively. The samples were applied to silica
gel plates and 2D silica TLC performed with the solvent systems described in Table 19
and exposed to X-ray films (Kodak BioMax Light Film) in light proof cassettes. Films

were exposed for 3 days and developed using Xograph film processor.

Table 19. Thin layer chromatography (TLC) solvent systems for polar and non-polar lipid

analysis.
Direction 1 Direction 2
System A Petroleum Ether:Ethyl Acetate x 3 Petroleum Ether:Ethyl Acetate
98:2 98:2
System B Petroleum Ether:Acetone x 3 Toluene:Acetone
92:8 95:5
System C Chloroform:Methanol Toluene:Acetone
96:4 80:20
System D Chloroform:Methanol: Water Chloroform:Methanol:Acetone: Water
100:14:0.8 50:60:2.5:3
System E Chloroform:Methanol: Water Chloroform:Acetic Acid:Methanol:Water
60:30:6 40:25:3:6
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4.2.18 Fatty Acid Methyl Ester (FAMEs) and Mycolic Acid Methyl Ester
(MAMEs) Extraction

A 10 mL radiolabelled culture was spun down and the pellet dried. Aqueous solution of
5 % tetrabutyl ammonium hydroxide (4 mL) was added and the tube was heated to 90 °C
overnight. The reaction mixture was diluted using 2 mL of dH;0, 4 mL of
dichloromethane and 300 pL iodomethane added to the tube. The tube was vortexed,
mixed by rotation for 30 minutes and centrifuged for 5 minutes at 3,500 rpm. The top
layer was discarded, and the lower organic layer was washed twice with 3 mL of dH,O
by repeating the rotation and centrifugation steps. The washed lower organic layer was
dried and further extracted using 4 mL of diethyl ether, and the tube vortexed, mixed by
rotation for 30 minutes and centrifuged for 5 minutes at 3,500 rpm. The supernatant was
transferred to a fresh tube to give fatty acid methyl esters (FAMEs) and mycolic acid
methyl esters (MAMESs). The lipids were resuspended in 200 uL. of chloroform. An
aliquot (40 puL) was removed and dried down in scintillation vials, resuspended in 10 mL
of scintillation fluid (Ecoscint A, National Diagnostics) and counted on a Tri-Carb
2700TR Liquid Scintillation Analyser. The rest of the sample (160 pL) was dried and
resuspended in 20 pL of chloroform. The samples were applied to silica gel plates and
silica TLC performed in one direction with petroleum-ether/acetone (95:5, v/v) and
exposed to X-ray films (Kodak BioMax Light Film) in light proof cassettes. Films were

exposed for 3 days and developed using Xograph film processor.
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4.2.19 Solid Minimum Inhibitory Concentration (MIC) of Antigen 85 Compound
C4

Dilutions of compound C4 were made at 100x the desired concentration in DMSO.
Compound C4 (10 uL) was pipetted into a 1.5 mL microcentrifuge tube and. 1 mL of
7H11 agar was mixed and pipetted into a 48 well microplate (Corning Costar, 48 Well
Cell Culture Cluster, 3548). The agar was allowed to set. A mid-log (ODseoo 0.4-0.8) M.
tuberculosis H37Rv culture was adjusted to 2x10* cells/uL and 5 uL were spotted into
the centre of each well. The plate was incubated at 37 °C with 5 % CO; for 3 weeks until
the control spots had grown sufficiently. The MIC was determined as the well with the

lowest concentration of C4 on which there was no growth.

4.2.20 Compound C4 Drug Resistant Mutant Generation

Large 20 mL 7HI11 agar plates for the growth of the M. tuberculosis H37Rv
AleuDApanCD strain were set up containing compound C4 at the desired concentration
with a maximum DMSO concentration of 1 %. Concentrations were 0x, 2.5x, 5x, and 10x
the minimum inhibitory concentration (MIC). Plates were sent to Newcastle University
where Dr Alistair Brown inoculated the plates. Mid-log (ODeoo 0.4-0.8) M. tuberculosis
H37Rv AleuDApanCD strain cultures were adjusted to 1x10° cells/mL and 100 pL of
cells were spread out on the agar plate for 1x108 cells on each plate. The agar plates were
incubated at 37 °C with 5 % CO> until colonies appeared (approximately 1-2 months).
Mutant colonies that appeared on the 2.5x MIC plate were retested on new agar plates

containing 5x MIC C4.
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4.3 Results

4.3.1 Antigen 85A and C2 Protein Purification

Overexpression screens of fbpA conducted by Dr Jonathan A.G. Cox at GSK revealed
several potential hits of Antigen 85. In order to assess these hits, it was necessary to purify
proteins from the Antigen 85 family for enzymatic assays. Of the three proteins in the
family it was decided to purify Antigen 85A as that was the protein originally
overexpressed and Antigen 85C2 as previous studies have shown this enzyme to be easily
assayed***. Antigen 85A and C2 were purified from E. coli pellets overexpressing fbpA
and fbpC2 produced by Dr Katherine Abrahams (University of Birmingham). Both
proteins were purified using the same method. The data in Figures 57 and 58 show the
protein gels run after HisTrap HP purification and HiTrap Q HP anion exchange for
Antigen 85A and C2, respectively. Antigen 85A has a molecular weight of 35.686 kDa
and Antigen 85C2 has a molecular weight of 36.771 kDa. All the fractions displayed in
the HiTrap Q HP anion exchange of Figure 57 were pooled to give purified Antigen 85A.
In Figure 58, from the HiTrap Q HP anion exchange, fractions 2, 3, and 4 (not including

the protein ladder) were pooled for purified Antigen 85C2.
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Figure 57. Protein gels of Antigen 85A purification. Molecular weight — 35.686 kDa.
Top HisTrap HP purification. Bottom HiTrap Q HP anion exchange. All the fractions
were used as purified Antigen 85A.
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Figure 58. Protein gels of Antigen 85C2 purification. Molecular weight — 36.771 kDa.
Top HisTrap HP purification. Bottom HiTrap Q HP anion exchange. Fractions 2, 3, and
4 (Not including the protein ladder) were pooled as purified Antigen 85 C2.

4.3.2 Radiometric Enzyme Activity Assessment

After purification, the activity of Antigen 85A and C2 were assessed using a radiometric
assay. The assay measured the amount of [C'*] trehalose incorporated into the production
of TMM and TDM. Both enzymes displayed measurable enzymatic activity. The data in
Figure 59 shows the thin layer chromatography (TLC) of the assay reaction mixture and
the scintillation counts per minute for the remaining sample. One of the preparations of

Antigen 85A was purified with additional DTT to compare activity levels, which ended
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up performing similar to purification without DTT. Antigen 85C2 displayed roughly 4
times the level of activity of Antigen 85A. Both enzymes produced more trehalose mono-

mycolate than trehalose di-mycolate with a similar proportion of each between each

enzyme.

Blank Ag85C2  Ag85A  Ag85A
67 CPM 4434 937 CPM DTT
CPM 1111 CPM

Figure 59. Thin layer chromatography (TLC) and scintillation counts of purified
antigen 85 activity. The upper band is trehalose di-mycolate (TDM) and the lower band
is trehalose mono-mycolate (TMM). Yellow line is the solvent front, green line is the
origin.

4.3.3 Optimisation of B-Glucosiadse Antigen 85 Assay

An assay using 4-nitrophenyl-6-octanoly-p-D-glucopyranoside and [B-glucosidase to

assay the activity of Antigen 85 was attempted based upon a previously published
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assay*?. The assay used two enzymes to measure the activity of Antigen 85. The first
step is the removal of the octanoyl chain from position 6 of the glucose of 4-nitrophenyl-
6-octanoly-B-D-glucopyranoside by Antigen 85. The second step is the separation of the
4-nitrophenyl from the glucose. The amount of separated 4-nitrophenyl can be determined
by measuring absorbance at 420 nm. The absorbance should be proportional to the
amount of octanoyl chain removed by Antigen 85, unless B-glucosidase can also release
4-nitrophenyl from the 4-nitrophenyl-6-octanoly-f-D-glucopyranoside. A standard curve
of 4-nitrophenyl was conducted measuring the absorbance at 420 nm of various
concentrations of 4-nitrophenyl (Figure 60). The activity of P-glucosidase on 4-
nitrophenyl-6-octanoly-f-D-glucopyranoside was tested by comparing the absorbance of
reactions with and without Antigen 85C2. The data in Figure 61 shows that the
absorbance of the reaction increases faster without Antigen 85C2 indicating that the -
glucosidase can release  4-nitrophenyl from  4-nitrophenyl-6-octanoly-f-D-
glucopyranoside. Due to the ability of B-glucosidase to turn over the 4-nitrophenyl-6-

octanoly-f-D-glucopyranoside this assay was discontinued.

S

|7

Absorbance (420 nm)
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Figure 60. Standard curve of 4-nitrophenyl. Data shown as the mean and standard
deviation of quadruple replicate.
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Figure 61. Rate of reaction comparison with and without Antigen 85C2. A
comparison of the turnover of 4-nitrophenyl-6-octanoly-p-D-glucopyranoside by [3-
glucosidase alone and when accompanied by Antigen 85C2. B-glucosidase is able to
release 4-nitrophenyl regardless of the state of lipidation of the substrate. Mean and
standard deviation of quadruple replicate.

4.3.4 Resorufin Butyrate Assay Optimisation

The experiments described below were based upon a published Antigen 85 assay*** using
resorufin butyrate as a substrate for Antigen 85, to assesses the ability of antigen 85 to
produce trehalose mono-mycolate (TMM) and trehalose di-mycolate (TDM) in real time.
The butyrate is removed from the resorufin and donated to a trehalose acceptor. This
releases free resorufin, which the accumulation of can be monitored via fluorescence over
time. A standard curve for resorufin was created and used to calculate the fluorescence
values for nanomoles of resorufin (Figure 62). The rate of reaction with varying
concentrations of resorufin butyrate substrate and trehalose acceptor were measured
(Figure 63). This was converted to Michaelis-Menten plots by plotting the mean and
standard deviation of the slope for each concentration (Figure 64). The Kn of the

substrates were worked out to determine the optimum concentration for the reaction. The
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K of resorufin butyrate was determined to be approximately 25 uM and the K, of
trehalose was approximately 1 mM. All the optimisation work for the assay was done
using Antigen 85C2, this was because this enzyme was shown to be more active in the
radioactive assessment and the quantity purified was much greater than that of Antigen

85A.

60000+
50000-
40000-
30000-
20000-

Fluorescence

10000+

05—+

e e e
0.0 0.5 1.0 1.5 2.0 25

[Resorufin] (nmol)

Figure 62. Resorufin standard curve. Data shown as the mean and standard deviation
of triple replicate.
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Figure 63. Rates of reaction with different substrate concentrations. A Resorufin
butyrate. B Trehalose. Data shown as the mean and standard deviation of triple replicate.
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Figure 64. Michaelis-Menten curves for resorufin butyrate and trehalose. A
Resorufin butyrate. B Trehalose. Vmax was determined as a value in excess of the
maximum velocity of reaction on the curves. The K, was determined as the concentration
of substrate that resulted in a reaction velocity of half Vmax. Data plotted from the slope
mean and standard deviation of the rates of reaction at the labelled substrate
concentration.

4.3.5 Resorufin Butyrate Assay for Antigen 85 Hits

The full assay testing inhibitors was conducted after incubating Antigen 85C2 and

Antigen 85 A with hits overnight. The amount of resorufin butyrate and trehalose used

was 4 times the K of each to ensure that the rate of reaction was determined by the
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activity of Antigen 85. The controls used were ebselen and iodoacetamide. Both are
known inhibitors of Antigen 85C2 and bind covalently with the active site and prevent
production of TMM and TDM. The cessation of TMM and TDM production in this assay
prevents the release of free resorufin to fluoresce. Fluorescence values were converted to
nanomoles. A blank was subtracted from each time point to account for the background
rate of reaction. Antigen 85C2 was inhibited by ebselen and iodoacetamide strongly but
there was no inhibition from the test hits. Antigen 85A was partially inhibited by
iodoacetamide but not ebselen or the test hits. The error bars for Antigen 85A were large
and the enzyme shows much lower activity than Antigen 85C2. Neither assay shows any

indication that the test compounds inhibit Antigen 85C2 or Antigen 85A.
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Figure 65. Resorufin butyrate assay with hits. A Antigen 85C2. B Antigen 85A. CPAc
was included amongst the inhibitors as a blind positive control. Data shown as the mean
and standard deviation of triple replicate.

4.3.6 Radiometric Assay for Antigen 85 A Inhibitors

A radiometric assay was conducted for Antigen 85A hits due to the variability seen when

using the resorufin butyrate assay. This assay was the same format as the activity
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assessment (Section 4.3.2) with the addition of incubating Antigen 85A with the test hits
overnight prior. The data in Figure 66 shows the thin layer chromatography (TLC) of 60
% of the reaction mixture with the remaining counts per minute shown below. None of
the test hits including ebselen and iodoacetamide showed any differences from the
enzyme control samples. Additionally, all the counts of the reaction mixtures of the test

hits showed greater counts than the enzyme only samples.
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BS E3 F2 F7 Cc4 CP43 CP65 CPAc
2863 CPM 2748 CPM 2169 CPM 2657 CPM 2172 CPM 2737 CPM 1948 CPM 1577 CPM

Ebselen 1 Ebselen2  Iodo 1 Iodo2 Enzymel Enzyme2 Enzyme3 Blank
2215 CPM 1693 CPM 1998 CPM 1937 CPM 1587 CPM 1700 CPM 1435 CPM 87 CPM

Figure 66. Thin layer chromatography (TLC) and scintillation counts of antigen 85A
activity with hits. The upper band is trehalose di-mycolate (TDM) and the lower band is
trehalose mono-mycolate (TMM). The yellow line is the solvent front, green line is the
origin. CPAc was included amongst the inhibitors as a blind positive control.

4.3.7 Trehalose-C-12-Nitro-Benzoxadiazol Assay for Antigen 85A Hits

The ability of these hits to interfere with Antigen 85A and impact the mycolation of the
cell wall was assessed. The C-12-NBD assay focuses on the ability of Antigen 85 to

donate lipids to a different acceptor from trehalose, the terminal ends of arabinogalactan.
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The C-12-NBD is removed from the trehalose donor and attached to arabinogalactan. The
unbound trehalose-C-12-NBD is then removed through washes. The C-12-NBD attached
to the arabinogalactan can be measured via fluorescence. The data from Figure 67 shows
that none of the hits reduced the activity of Antigen 85A. The compound CPAc is used
as a positive control sample. While there seems to be a decrease in some samples
compared to the primary positive controls, they do not fall lower than the CPAc positive
control and do not resemble the blank sample. The variability of this method is in part

due to the insolubility of the arabinogalactan acceptor.
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Figure 67. Trehalose-C-12-nitrobenzoxadiazol (NBD) assay results. CPAc was
included amongst the hits as a blind positive control. Data shown as the mean and
standard deviation of triple replicate.
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4.3.8 FbpA Overexpression

The overexpression of fbpA was repeated due to the inability of the prior assays to detect
any inhibition of Antigen 85A or C2. Due to limited supply, hit F7 could no longer be
tested. GSK supplied a fresh supply of compound E1 for use. Two different colonies of
M. bovis BCG overexpressing fbpA were compared to a M. bovis BCG containing an
empty plasmid control to observe an increase in the MIC of the test inhibitors. The data
from Figure 68 shows the results for all the hits tested. Compound B5 did not display a
reasonable MIC with the control remaining unaffected. The overexpressors with
compounds E3, F2, C4, and E1 all displayed an increased ability to survive against the

hits.
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Figure 68. Antigen 85A (FbpA) overexpression in M. bovis BCG. Comparison of WT
M. bovis BCG with M. bovis BCG overexpressing fbpA to observe changes in MIC. Data
shown as the mean and standard deviation of triple replicate.

4.3.9 Liquid Minimum Inhibitory Concentrations (MICs) for M. bovis BCG

The liquid MICs for ebselen, isoniazid, C4, E1, and F2 were assessed and the results are

displayed in Figure 51. The MICo9 of ebselen (Figure 69 A) was 35 pM. The MICos of

isoniazid (Figure 69 B) was 0.5 uM. The MICy9 of compound C4 (Figure 69 C) was

approximately 50 pM. The MIC of compound E1 (Figure 69 D) was found to be in excess
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of 150 uM with only 85 % cell death at 150 uM, but for practicality the MICss was taken

at 150 pM. The MICog of compound F2 (Figure 69 E) was approximately 55 uM.
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Figure 69. Minimum inhibitors concentrations (MICs) for Antigen 85 test hits. Data
shown as the mean and standard deviation of triple replicate.
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4.3.10 Polar and Non-Polar Lipid Profiling of M. bovis BCG Treated with Hits

The lipid profiles of M. bovis BCG were assessed using thin layer chromatography (TLC)
after treatment with ebselen, isoniazid, and hits C4, E1, and F2 at multiple concentrations
followed by labelling using [C!*] acetic acid. The extracted lipids were resolved by two-
dimensional-TLCs as set out in Mycobacteria Protocols 1% and 2" Edition. The data from
Figure 70 shows the system A 2D-TLCs of the non-polar lipids. Spots A, B, and C show
variant members of the phthiocerol dimycocerosate (PDIM) family and the spot labelled
TAG as triacylglycerols. Both are present in the untreated as well as all the treated cells
with no observable change. The data shown in Figure 71 shows system B 2D-TLCs of
the non-polar lipids. Spots A and B show non-polar mycolipenates of trehalose and the
spot labelled FFA is free fatty acids. For ebselen and F2 there are no observable changes
on these 2D-TLCs. Isoniazid, C4, and E1 show a gradual accumulation of free fatty acids
with the effect being more pronounced for isoniazid. Additionally, in isoniazid and E1
there is a slight increase in mycolipenates of trehalose. The data shown in Figure 72 shows
system C 2D-TLCs of the non-polar lipids. Free fatty acids are present on this 2D-TLC
as well as phenolic glycolipid (PGL). For ebselen and F2 there are no observable changes
on these 2D-TLCs. Isoniazid, C4, and E1 show an increase in free fatty acids consistent
with system B. In addition, isoniazid shows an increase in PGLs and C4 shows a slight
decrease. The data shown in Figure 73 shows system D 2D-TLCs of the non-polar lipids.
The trehalose mono-mycolate, trehalose di-mycolate and glucose mono-mycolate
(GMM) of ebselen, E1, and F2 treated cells stays consistent with wild type cells. When
treated with isoniazid and C4 both TMM, TDM and GMM show a decrease. The data
shown in Figure 74 shows system D 2D-TLCs of the polar lipids. The TMM, TDM and
GMM shows the same pattern as with the system D of the non-polar lipids for isoniazid

and C4. The data shown in Figure 75 shows system E 2D-TLCs of the polar lipids. The
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spots labelled Aci/Ac2PIM> and Aci/AcoPIMs are variants of phosphatidylinositol
mannosides (PIMs). The spot labelled PI is phosphatidylinositol. PE is
phosphatidylethanolamine and DPG is diphosphatidylglycerol. The spot labelled G are
glycolipids. All the TLCs remain consistent between hit treatments when compared to the

untreated control.
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Figure 70. Thin layer chromatography (TLC) of non-polar lipids run and system A.
Directions 1 and 2 shown with arrows. Test inhibitors included at concentrations relating
to the liquid MICs. A-C - phthiocerol dimycocerosate (PDIM) family. TAG -
triacylglycerols.

188



C. Burke Chapter 4

WT 0.5

w4

| Ebselen
1
Isoniazid

C4

E1l

F2

Figure 71. Thin layer chromatography (TLC) of non-polar lipids run and system B.
Directions 1 and 2 shown with arrows. Test inhibitors included at concentrations relating
to the liquid MICs. A, B - non-polar mycolipenates of trehalose. FFA - free fatty acids.
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Figure 72. Thin layer chromatography (TLC) of non-polar lipids run and system C.
Directions 1 and 2 shown with arrows. Test hits included at concentrations relating to the
liquid MICs. FFA - free fatty acids. PGL - phenolic glycolipids.
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. Ebselen ...
Isoniazid ...

Figure 73. Thin layer chromatography (TLC) of non-polar lipids run and system D.
Directions 1 and 2 shown with arrows. Test hits included at concentrations relating to the
liquid MICs. TMM - trehalose mono-mycolate, TDM - trehalose di-mycolate and GMM
- glucose mono-mycolate.
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Figure 74. Thin layer chromatography (TLC) of polar lipids run and system D.
Directions 1 and 2 shown with arrows. Test inhibitors included at concentrations relating
to the liquid MICs. TMM - trehalose mono-mycolate, TDM - trehalose di-mycolate,
GMM - glucose mono-mycolate.

iy
N

192



C. Burke Chapter 4

WT 0.5

w4
s
[a—y
w4
[ %)

Ebselen

[l

Isoniazid

=
=

@)
=

-
[3%]

Figure 75. Thin layer chromatography (TLC) of polar lipids run and system E.
Directions 1 and 2 shown with arrows. Test inhibitors included at concentrations relating
to the liquid MICs. AciPIM2, Ac:PIMa, and Acl/Ac2PIMs - phosphatidylinositol
mannosides. PI - phosphatidylinositol. G - glycolipid. DPG - diphosphatidylglycerol.
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4.3.11 Fatty Acid Methyl Esters (MAMEs) and Mycolic Acid Methyl Esters
(MAMEs) Profiling of M. bovis BCG Treated with Hits

The fatty acid methyl ester (FAMEs) and mycolic acid mythyl ester (MAMEs) profiles
of M. bovis BCG were assessed using thin layer chromatography (TLC) after treatment
with ebselen, isoniazid, and hits C4, E1, and F2 at multiple concentrations. The data
shown in Figure 76 shows the FAMEs and MAME:s extraction of radioactively labelled
M. bovis BCG run on a one direction TLC using petroleum ether:acetone (95:5, v/v).
Ebselen, E1, and F2 show now observable difference between the x0 MIC control and the
treated cells. Isoniazid and C4 both show a gradual decrease in a-MAMEs and keto-

MAME:s and a gradual increase in FAMEs.
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Figure 76. Thin layer chromatography (TLC) of FAMEs and MAMEs. Test hits
included at concentrations relating to the liquid MICs. FAMEs —fatty acid methyl esters.
a-MAMES (o-mycolic acid methyl esters), keto-MAMES (keto-mycolic acid methyl
esters).
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4.3.12 Polar and Non-Polar Lipid Profiling of M. bovis BCG Containing fbpA
Overexpression Plasmid

The lipid profiles of M. bovis BCG containing empty pMV261k and fbpA-pMV261k were
assessed and compared with wild type M. bovis BCG using 2D-TLC following labelling
using [C'*] acetic acid. The 2D-TLCs were analysed as set out in Mycobacteria Protocols
15t and 2™ Edition. The data shown in Figure 77 shows 2D-TLCs of non-polar lipids run
with systems A, B, C, and D, as well as polar lipids run in systems D and E. Comparing
between the empty pMV261k and fbpA-pMV261k there seems to be no major difference

in lipid profile including those of TMM, TDM and GMM.
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Figure 77. Thin layer chromatography (TLC) of polar and non-polar lipid analysis
with systems A to E. Directions 1 and 2 shown with arrows. A-C - phthiocerol
dimycocerosate (PDIM) family. TAG - triacylglycerols. D, E - non-polar mycolipenates
of trehalose. FFA - free fatty acids. PGL - phenolic glycolipids. TMM - trehalose mono-
mycolate. TDM - trehalose di-mycolate. GMM - glucose monomycolate. AciPIM,,
Ac2PIM2, and Aci/Ac2PIM;s - phosphatidylinositol mannosides. PI - phosphatidylinositol.
DPG - diphosphatidylglycerol.
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4.3.13 Fatty Acid Methyl Esters (FAMEs) and Mycolic Acid Methyl Esters
(MAMEs) Profiling of M. bovis BCG Containing fbpA Overexpression
Plasmid

The FAMEs and MAME:s lipid profiles of M. bovis BCG containing empty pMV261k
and fbpA-pMV 261k were assessed and compared with wild type M. bovis BCG using thin
layer chromatography (TLC). The data shown in Figure 78 shows the FAMEs and
MAMEs extracted from radioactively labelled M. bovis BCG. Comparing between the

wild type, empty pMV261k and fbpA-pMV261k there seems to be no major difference in

FAMEs and MAME:s.
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Figure 78. Thin layer chromatography (TLC) of FAMEs and MAMEs. FAMEs —
fatty acid methyl esters. a-MAMES (a-mycolic acid methyl esters), keto-MAMES (keto-
mycolic acid methyl esters).

4.3.14 Solid Minimum Inhibitory Concentration (MIC) of Compound C4 and Drug
Resistant Mutant Generation

The solid MIC of compound C4 was determined to be 30 uM in M. tuberculosis H37Rv

(Figure 79). Drug resistant mutants were raised on agar plates with 2.5x, 5x, and 10x the

197



C. Burke Chapter 4

solid MIC in M. tuberculosis H37Rv AleuDApanCD by Dr Alistair Brown (University of
Newcastle). Six colonies appeared on the 2.5x MIC agar plate and were retested at 5x
solid MIC. All six colony isolates grew on the 5x MIC agar plate with an abnormal raised

colony morphology (Figure 80).

OouM  1pM  5pM  10pM  15uM 20 uM

25uM  30uM  35uM  40pM  45uM 50 uM

Figure 79. Solid minimum inhibitory concentration (MIC) of compound C4 in M.
tuberculosis H37Rv AleuDApanCD.

Figure 80. M. tuberculosis H3TRv AleuDApanCD drug resistant mutants to
compound C4.
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4.4 Discussion

This study focused on assaying the activity of six hits identified during an overexpression
screen of fbpA, Antigen 85A, at GSK by Dr Jonathan A.G. Cox. Antigen 85A and Antigen
85C2 were purified and the activity was assessed via radioactive assays. Antigen 85C2
had roughly 4 times the activity of Antigen 85A (Figure 59). Originally this reduction in
activity was thought to be related to damage to the active site cystine due to redox.
Additional protein purification using dithiothreitol as a redox protectant showed that this
was not the case. The freshly purified Antigen 85A showed virtually no improvement
over the original purification (Figure 59). Despite the differences in overall enzymatic

activity both enzymes showed a preference for the synthesis of TMM.

The B-glucosidase assay was the first attempted at assaying Antigen 85 activity based
upon the same assay conducted by Boucau et al. (2009)**. The assay measures the ability
of Antigen 85 to produce TMM and TDM. This assay used 4-nitrophenyl-6-octanoyl-f-
D-glucopyranoside as a TMM substitute and D-glucose as the trehalose acceptor. The
assay functioned with Antigen 85 removing the octanoyl from 4-nitrophenyl-6-octanoyl-
B-D-glucopyranoside and attaching it to D-glucose. This then allows B-glucosidase to
hydrolyse the bond in the 4-nitrophenyl-B-D-glucopyranoside releasing 4-nitrophenyl.
The 4-nitrophenyl could then be detected and measured by a plate reader measuring
absorbance at 420 nm. For this assay to work correctly the B-glucosidase should not have
been able to release the 4-nitrophenyl until the octanoyl was removed. As Figure 61
shows, the absorbance of the reaction increased even without the presence of Antigen
85C2. Indeed, when compared with the full reaction with Antigen 85C2 the absorbance
increased faster. This could be due to Antigen 85C2 binding some of the 4-nitrophenyl-
6-octanoyl-B-D-glucopyranoside as planned reducing availability for the B-glucosidase to

hydrolyse. Unfortunately, due to this the assay did not past the initial optimisation stage.
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The resorufin butyrate assay measures the same aspect of Antigen 85 activity as the [3-
glucosidase assay but does not require an additional enzyme to do so and uses a more
natural substrate in the form of a trehalose acceptor. The assay uses resorufin butyrate,
the butyrate is removed and transferred to trehalose by Antigen 85. This results in the
release of free resorufin, a highly fluorescent molecule that can be detected using a plate
reader. The assay was optimised using Antigen 85C2 and used to assess the activity of
both Antigen 85C2 and Antigen 85A. Like the f-glucosidase assay, the resorufin butyrate
assay examines the ability of Antigen 85 to produce TMM and TDM. Antigen 85C2
displayed good activity in this assay, both ebselen and iodoacetamide showing inhibition
of Antigen 85C2. Unfortunately, none of the hits examined showed any inhibition of
Antigen 85C2. The assay did not work as well for Antigen 85A. The results were variable
with large error bars. In addition, esbelen did not show any inhibition of Antigen 85A and
iodoacetamide may have shown some inhibition of Antigen 85A, but the spread of the
error bars makes this assay largely inconclusive. The variability of this assay could be
due to substrate preferences as Antigen 85A preferentially mycolates arabinogalactan®®’,
To examine the production of TDM the trehalose acceptor could be switched with a TMM
analogue to better mimic the preferred substrates of Antigen 85A. In addition, dedicated
assay optimisation for Antigen 85A may have made a difference in the consistency of the
assay. While this assay worked well for Antigen 85C2 it was not without issues, there
was a high background rate of reaction to account for that needed to be subtracted from

the results.

The radioactive assaying of Antigen 85A showed similar results to the resorufin butyrate
assay. Once again, this assay examines TMM and TDM production the difference being
that this assay uses purified TMM as the donor substrate and attaches the donated

mycolate to a radioactive [C!*] trehalose. It was thought that the more natural mycolate
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donation substrate would improve the consistency of the results. As the scintillation
counts in Figure 66 show there was still variability between samples, however the enzyme
controls were consistent and lower than the experimental conditions. This assay once
again demonstrated that ebselen and iodoacetamide do not inhibit Antigen 85A and that

the test hits do not either.

The trehalose-C-12-NBD assay was devised to examine the other function of Antigen 85
activity, mycolation of arabinogalactan, to see if the hits affect a specific mode of Antigen
85 activity. The C-12 lipid with the attached NBD fluorophore is removed from trehalose
by Antigen 85 and attached to the terminal of the arabinogalactan. Unfortunately, none
of the hits including ebselen and iodoacetamide seemed to reduce Antigen 85A activity.
This assay also suffers from high variability, although this is probably as a result of the
substrates being highly insoluble. The arabinogalactan was never truly soluble in the
reaction mix and could only be suspended. In addition, the trehalose-C-12-NBD had a
tendency to form inclusion bodies. Repeated sonication and washes needed to be used to
remove any unbound fluorophore from the reactions before plate reading. The result was
a labour-intensive assay that displayed variable results. Despite this there was enough
separation between both positive controls, the true positive control and the CPAc treated
control, and the blank to use the data. The substitution of the arabinogalactan for the

)280

terminal arabinan motif similar to experiments conducted by Backus et al. (2014)“°” could

solve some of the solubility issues to produce more reliable results.

The assays clearly show that the test hits are not having an inhibitory effect on Antigen
85. The resorufin butyrate assay shows Antigen 85C2 is unaffected by the test hits but
that the activity is knocked down by the known inhibitors ebselen and iodoacetamide.
Antigen 85A was harder to assay consistently, however all the assays conducted show

that the inhibitors do not affect any aspect of Antigen 85A activity. The assays for Antigen
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85A would have benefited heavily from a known inhibitor of antigen 85A, ebselen and
iodoacetamide did not work as controls which meant that blanks had to be relied upon for
activity comparison. While these assays did not find any inhibitors of Antigen 85, they
could be used to examine the activity preferences of the different Antigen 85 enzymes.
For example, the K of resorufin butyrate for Antigen 85C2 was very low, only 25 puM,
given that this is a short lipid attached to resorufin rather than trehalose. In contrast the
Km of trehalose was 20 times higher at 1000 uM. This doesn’t necessarily fit the current
narrative of Antigen 85C2 preferentially producing TMM and TDM?%*, as the K of
trehlose would be expected to be lower indicating a higher binding affinity. Additionally,
trehalose-C-12-NDB assays could look at the levels of activity between Antigen 85A and
C2 to compare given Antigen 85A preference for cell wall mycolation and Antigen 85C2
for TMM production. Purification of Antigen 85B could also be performed and

comparisons between all three antigen 85 isoforms made experimentally.

Due to the lack of findings from the Antigen 85 assay, the overexpression of fbpA was
repeated to confirm the legitimacy of the original screen. When fbpA was overexpressed
M. bovis BCG showed increased levels of resistance to compounds E3, F2, C4, and E1
when compared to the empty plasmid. Compound B5 did not cause a detectable reduction
in survival of either the fbp4 overexpressor or the empty plasmid even when used at
concentrations up to 100 pM. For this reason, compound B5 was discontinued.
Unfortunately, compound E3 stocks were also depleted and could not be replenished.
Liquid MICs for the remaining compounds, ebselen and isoniazid were established in M.

bovis BCG.

The full lipid profiling of M. bovis BCG treated with the ebselen, isoniazid, C4, E1, and
F2 was used to determine how the test compounds affected the production and distribution

of the many lipids making up the outer cell wall. When treated with ebselen the lipid
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content of the cell wall did not change in any discernible way. Despite the fact that ebselen
inhibits Antigen 85C2, there was no change in the amount of TMM, TDM and GMM.
This is probably because from the assay experiments, we have shown that ebselen does
not inhibit Antigen 85A, and in addition, potentially has no effect on Antigen 85B. This
means that Antigen 85A and B can compensate for the inhibition of Antigen 85C2. This
is supported by evidence from single knockouts of fbp genes*!!, cells with only 2
functional fbp genes able to maintain a functional cell wall architecture. Hit F2 also
showed no modification of the lipid profile when cells were treated. However, just
because ebselen shows no difference does not mean that F2 is also inhibiting an Antigen
85 isoform. There is no evidence, aside from the overexpression of fbpA that F2 has
anything to do with antigen 85 or the outer cell wall in general. Hit E1 shows some small
changes in the lipid profile that may be indicative of influence in the structure of the cell
wall. In systems B and C of the non-polar lipid there is a slight increase in free fatty acids
as well as an increase in the non-polar mycolipenates of trehalose. While these changes
are interesting, they do not seem to have much relation to the activity of Antigen 85.
Isoniazid was included in this experiment as a control because of the wide range of
changes it induces in cell wall structure due to the inhibition of mycolate biosynthesis. In
systems B, C and the there is an increase in free fatty acids. System B also shows an
increase in non-polar mycolipenates of trehalose and system C shows an increase in
phenolic glycolipid (PGL). The increase in these membrane components could be due to
increased availability of FAS I pathway products. Many of these products would be used
to produce mycolic acids. Since the FAS II pathway is rendered non-functional by
isoniazid the FAS I products can be used to synthesis other lipids, such as non-polar
mycolipenates of trehalose and phenolic glycolipids. The decrease in TMM, TDM and

GMM seen in system D for polar and non-polar lipids, is consistent with the mode of
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action of isoniazid. The most interesting lipid profile, C4, shows a plethora of changes in
some ways similar to that of isoniazid. Like isoniazid, C4 displays an increase in free
fatty acids in systems B and C. In addition, the decrease in TMM, TDM and GMM
remains the same between system D polar and non-polar lipids. In contrast to isoniazid,
C4 shows a reduction in phenolic glycolipid (PGL) in system C and a decrease in
phosphatidylinositol mannosides (PIMs). While these changes do not indicate an effect
on Antigen 85, they do suggest that C4 is influencing the cell wall composition in a

different way to isoniazid.

The evidence collected in this study does not clearly point to any of the inhibitors found
in the fbpA overexpression screen directly targeting two of the three Antigen 85 isoforms,
A and C2. The overexpression of fbpA may have led to more efficient mycolation of the
cell wall, which decreased the permeability of the cells. This combined with the poor
physiochemical properties of some of the compounds may explain why there has been an
apparent MIC shift and increase in resistance with the fbp4 overexpressor. To test this
hypothesis cell permeability experiments with dyes could be used to examine if

overexpression of fbpA can influence permeability.

Some aspects of this study could be improved. Many of the radioactive experiments are
only single replicates due to limitations with the amount of hit compound provided. Given
the chance, these experiments would be repeated fully with triple replicates. Additionally,
of the six hits found during screening only five were initially available for use meaning
one of the compounds was not assayed at all. Only one compound, C4 has been
progressed to the point of drug resistant mutant generation. Six mutants were generated
and retested at a higher compound concentration. The genomes of these six isolates are
to be purified and the whole genomes sequenced. Future work could include the

generation of resistant mutants for all the experimental hits and the purification and

204



C. Burke Chapter 4

assaying of Antigen 85B. Cell wall permeability experiments would be interesting to
determine the value of overexpressing fbpA/B/C?2 or other genes that potentially influence

the cell wall structure for screening to avoid false positive results.
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S Conclusion

Increasing numbers of drug resistant infections has resulted in rising interest in
identifying novel inhibitors for the treatment of M. tuberculosis. Improving standard TB
drug therapy to make the treatment regime more tolerable and faster could greatly cut
down on the non-compliance of patients. This in turn would decrease the amount of
recurrent and relapsed infections that are more likely to display drug resistance. New
drugs will also be useful in the treatment of drug resistant infections. The drug discovery
process is a long and arduous process taking many years from initial discovery, through
target validation, and clinical trials. Promising candidates can spend years in development
only to be mothballed during the process due to unfavourable characteristics. This process
is also incredibly expensive and unlikely to be funded unless the candidate in question
can be funded by a pharmaceutical company. Focusing on known effective drug targets
instead of novel drug targets can alleviate some of these issues. This thesis has focused
on using methods that streamline the resource intensive drug discovery process to identify

inhibitors of known drug targets.

The amino acid biosynthetic pathways of M. tuberculosis are well developed and essential
for survival and proliferation inside the host. The essentiality of amino acids to protein
synthesis makes amino acid biosynthesis a network of potential drug targets. In the first
project we used a method of media supplementation to selectively identify inhibitors of
amino acid biosynthesis. Supplementing the media with amino acids allowed us to treat
the ‘symptoms’ of amino acid biosynthesis inhibition and rescue cells from death in a
detectable manner. The drop-out screening used this method in an attempt to determine
the particular biosynthetic pathway targeted by the hit compounds. While both these
strategies worked well for the validation compounds, inhibitors of BCAA biosynthesis,

in testing the GSK TB box set they were not as successful. In addition, the drop out can

206



C. Burke Conclusion

identify a specific pathway, but there may be several genes in that pathway which cannot
be distinguished by this method. Future work for this project could expand to involve
construction of an overexpression vector library containing the genes of all amino acid
biosynthetic pathways. These could be used after hit compounds have been identified to
determine the drug target without the use of drug resistant mutants and whole genome
sequencing. These screening methods could then be rolled out to larger compound

libraries to identify new inhibitors.

RNA polymerase and the ribosome are both drug targets of high importance. A great
number of TB treatments target these complexes. While RNA polymerase and the
ribosome perform different functions, they both fall into the protein synthesis pipeline.
Protein synthesis is a function essential to all cellular life and as such drugs that target the
enzymes within the protein synthesis pipeline are highly effective. The second aspect of
this thesis used phenotypic screening to identify inhibitors of the protein synthesis
pipeline from compound libraries. The hits from these screens could include a wide range
of inhibitors including RNA polymerase, the ribosome, and tRNA synthetases. From
screening 2799 compounds, multiple hit compounds were found. Upon additional testing
of these compounds it was found that two of them inhibit £. coli RNA polymerase in
vitro. Coupled with results from a merged project a total of four inhibitors of RNA
polymerase were discovered, two of which compounds 45 and 46 had related structures.
Compounds 45 and 46 are likely to have a similar binding site to previously described
inhibitors**® on RNA polymerase based upon the location of resistance mutations. While
the assays of this project were successful, it would have been better if the RNA
polymerase assays could have used M. tuberculosis RNA polymerase. Future work could
prioritise the purification of M. tuberculosis RNA polymerase including transcription

initiation factor CarD. One aspect of this project that was not explored was that of tRNA

207



C. Burke Conclusion

synthesis. Due to the amount of tRNA synthetases it was out of the scope of this project
to include assays for them, however future work could include the construction of a tRNA

synthetase overexpression vector library for further screening of hit compounds.

The Antigen 85 complex is widely regarded as an excellent drug target due to the
essentiality of the mycobacterial outer membrane. While the effectiveness of Antigen 85
specific inhibitors have not been validated as effective treatment in humans, treatment
with an Antigen 85 inhibitor is likely to have a similar effect on M. tuberculosis as
isoniazid or ethambutol. The third aspect of this thesis focused on confirming the Antigen
85 complex as a target for inhibitors identified in an overexpression screen of fbpA. A
range of biochemical assays, were used examining different aspects of Antigen 85 activity
to test the influence of the hit compounds on the enzymes. The inhibitors tested did not
target Antigen 85A or C2, however Antigen 85B was not purified and tested. Future work
could include testing Antigen 85B with the inhibitors and testing Antigen 85C2 with the
C12-NBD assay. Additionally, optimisation of the resorufin butyrate assay specifically
for Antigen 85A could improve results. One factor that should be tested is the influence
of overexpressing fbpA on the permeability of the cell wall. While lipid profiling showed
no discernible differences, the permeability could be measured with a dye, such as congo
red. A decrease in permeability would explain why the overexpressor was better protected
from the hit compounds. Once these questions have been resolved then the screening can

be repeated with other compound libraries.
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6 General Materials and Methods

6.1 Chemicals and Reagents
All chemicals, reagents and solvents were purchased from Sigma-Aldrich (UK) or
Thermo Fischer Scientific (USA) and enzymes were purchased from New-England Bio

Labs (USA) unless noted otherwise.

6.2 Culture Media

6.2.1 Luria-Bertani broth

7.5 g of Luria-Bertani (LB) pellets were dissolved in 300 mL of dH»>O and sterilised by

autoclaving at 121 °C for 25 minutes.

6.2.2 Luria-Bertani Agar

11.1 g of LB agar pellets were dissolved in 300 mL of dH>O and sterilised by autoclaving

at 121 °C for 25 minutes.

6.2.3 Middlebrook 7H9 Media

2.35 g of Middlebrook 7H9 broth base powder was dissolved in 450 mL of dH>O. 2 mL
of 50 % glycerol (0.2 % final) and 1.25 mL of 20 % Tween 80 (0.05 % Final) was added.
50 mL (10 % final) of either OADC (Oleic acid, Albumin, Dextrose, Catalase) or ADC
(Albumin, Dextrose, Catalase) was added depending on the cultured organism. The final

mixture was filter sterilised. 2x 7H9 was made as above but with 200 mL of dH»O instead

of 450 mL.
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6.2.4 Middlebrook 7H11 Agar

7 g of Middlebrook 7H11 Agar Base was dissolved in 270 mL of dH2O. 3 mL of 50 %
glycerol (0.5 % final) was added. The mixture was autoclaved at 121 °C for 25 minutes.

After autoclaving 30 mL of OADC was added.

6.2.5 2xYT Media

4.8 g of tryptone powder, 3 g of yeast extract and 1.5 g of sodium chloride were added to

300 mL of dH20. The mixture was autoclaved at 121 °C for 25 minutes.

6.2.6 Terrific Broth

14.3 g of terrific broth powder was added to 300 mL of dH20. 4.8 mL of 50 % glycerol

was added, and the mixture was autoclaved at 121 °C for 25 minutes.

6.2.7 Brain Heart Infusion Broth

11.1 g of Brain Heart Infusion (BHI) broth powder was added to 300 mL of dH>O.
Optionally for certain C. glutamicum gene deletions 27.3 g of sorbitol was added. The

mixture was then autoclaved at 121 °C for 25 minutes.

6.2.8 ZYM-5052 Autoinduction Media

ZYM-5052 autoinduction media was prepared by mixing 50 mL of 0.5 pH 7.2 M
Na;HPO4, 50 mL of 0.5 M pH 7.2 K2HPO4, 50 mL of 1 M NH4Cl, 5 mL of 1 M NaxSO4
and 2 mL of 1 M MgSO4. 10 g of tryptone, 5 g of yeast extract, 10 mL of 50 % glycerol,

0.5 g of glucose, 2 g of lactose, 1 mL of 1000x trace metal solution was added to the
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mixture and made up to 1 L with dH>O. The mixture was then autoclaved at 121 °C for

25 minutes.

6.2.9 1000x Trace Metal Solution

Table 20 shows the composition of the 1000x trace metal solution. After the components

were combined the mixture was sterilized via filtration with a 0.2 pm filter unit.

Table 20. 1000x trace metal solution mixture.

Stock Solution Amount for 100 mL
Sterile dH>O 36 mL
0.1 M FeCl3 50 mL
1 M CaCl 2 mL
1 M MnCl, 1 mL
1 M ZnSO4 1 mL
0.2 M CoCl, 1 mL
0.1 M CuCl, 2 mL
0.2 M NiCl, 1 mL
0.1 M NaxMoOg4 2 mL
0.1 M NaxSeOs 2 mL
0.1 M H3BOs3 2 mL

6.2.10 Tryptic Soy Broth

30 g of Tryptic Soy Broth (TSB) powder was dissolved in 1 L of dH2O. The mixture was

then autoclaved at 121 °C for 25 minutes.
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6.3 Bacterial Culture and Transformation

6.3.1 Culture of Bacterial Strains

E. coli strains used for DNA extraction (Topl10) and protein production (BL21, T7
Shuffle) were grown in culture tubes or conical flasks in LB media at 37 °C with shaking
at 180 rpm. BL21 and T7 shuffle were also grown on a large scale in 2xY T media, terrific
broth and ZYM-5052 autoinduction media depending on the protein desired. M.
smegmatis mc?155 was grown on a small scale in 7H9 media without OADC/ADC at 37
°C with shaking at 180 rpm. Large scale cultures were grown in LB or TSB under the
same conditions. M. bovis BCG was grown in 7H9 with OADC in culture flasks at 37 °C
and 5 % COz. M. tuberculosis H37Rv was grown in 7H9 with OADC in culture flasks at
37 °C and 5 % COa. M. tuberculosis H37Rv AleuDApanCD deletion mutants required
additional supplementation of 24 pg/mL calcium pantothenate, 0.02% w/v casamino
acids, 10 pg/mL cycloheximide, and 10 pg/mL carbenicillin disodium salt. C. glutamicum
ATCC 13032 was grown in BHI broth at 30 °C. The C. glutamicumAUbiA deletion

mutant requires additional supplementation of 0.5 M sorbitol and 25 pg/mL kanamycin.

6.3.2 Cell Number Estimation

Some protocols required an estimated number of cells to be added which was calculated
from ODgoo. An ODsoo of 1.0 equals approximately 2.5x10% cells/mL. The volume of
initial cell culture from a starting culture to be added to a volume of media for a set

cells/mL was calculated using the equations below -
Culture cells per mL = ODgyo X 2.5 x 108

Cells per mL desired X Volume of media (mL)

Culture required (mlL) = Culture cells per mL
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6.3.3 Chemically Competent E. coli

A 5 mL overnight culture of E. coli (Topl10, BL21, T7 Shuffle) in LB was used to
inoculate 100 mL of LB in a conical flask. The culture was incubated at 37 °C with 180
rpm shaking until it reached a mid-log (ODseoo of 0.6-0.8). The culture was aliquoted into
50 mL falcon tubes and centrifuged at 4,000 rpm and 4 °C for 20 minutes. The supernatant
was discarded, and the pelleted cells were resuspended in 10 mL of ice cold sterile 100
mM CaCl; and incubated on ice for 10 minutes. The cells were centrifuged again, and the
supernatant removed as before. The pelleted cells were then resuspended in 2.5 mL of ice
cold sterile 100 mM CaCl; with 15 % glycerol. The cells were separated into 100 puL

aliquots and flash frozen in liquid nitrogen. Cells were stored at -80 °C until use.

6.3.4 Electrocompetent Mycobacteria

A 50 ml culture of mycobacteria (M. smegmatis mc?*155, M. bovis BCG, M. tuberculosis
H37Rv) was grown until it reached a mid-log (ODsoo of 0.4-0.8). The cells were put into
a 50 mL falcon tube and harvested with centrifugation at 4,000 rpm and 4 °C for 20
minutes. The supernatant was discarded, and the cells were resuspended in 10 mL of ice-
cold 10 % glycerol in dH>O. The centrifugation was repeated, and the cells were then
resuspended in 2 mL of ice-cold 10 % glycerol in dH>0. Cells were split into 400 pL

aliquots and flash frozen with liquid nitrogen. Cells were stored at -80 °C until use.

6.3.5 Transformation of Competent E. coli

Plasmid DNA (1 puL) was added to 50 pL of E. coli competent cells and chilled on ice for
5 minutes. The mixture was heat shocked at 42 °C for 30 seconds. The mixture was then

cooled on ice again for 2 minutes before 250 puL of LB broth was added. The cells were
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rescued at 37 °C with shaking for 1 hour. Cells (100 pL) were plated out onto LB agar
plates with selective antibiotic relevant to the plasmid being transformed. The plates were

then incubated at 37 °C overnight.

6.3.6 Electroporation of Electrocompetent Mycobacteria

Plasmid DNA (1 pg) was mixed with 400 pL of electrocompetent mycobacterial cells in
an electroporation cuvette at room temperature. The electroporation cuvette was inserted
into an Eppendorf 2510 Electroporator and pulsed at 1800 V. Media 7H9 (1 mL) for M.
bovis BCG and M. tuberculosis H37Rv, LB for M. smegmatis) was added to the cells and
incubated (24 hours for M. bovis BCG and M. tuberculosis H37Rv, 4 hours for M.
smegmatis) under standard conditions for the organism. The cells were pelleted at 4,000
rpm for 20 minutes and the supernatant was discarded. The cells were resuspended in 100
pL of media and spread onto agar plates (7H11 agar for M. bovis BCG and M. tuberculosis
H37Rv, LB agar for M. smegmatis) with selective antibiotic relevant to the plasmid being
transformed. The plates were then incubated under standard conditions for the organism

until colonies appeared.

6.4 Molecular Biology Methods

6.4.1 Mycobacterial Genomic Extraction

Mid-log cultures at an ODgoo 0.6-0.8 (25 mL) of mycobacterial culture was harvested by
centrifugation at 4,000 rpm for 30 minutes. The supernatant was discarded, and the pellet
was resuspended in 450 pL of GTE-RNase buffer (25 mM Tris-HCI pH 8, 10 mM EDTA,
50 mM glucose, 0.1 mg/mL RNase A). Lysozyme (50 puL of 10 mg/mL) was added and
the extraction was incubated overnight at 37 °C. An additional 10 puL of 10 mg/mL RNase

A was added and the extraction was incubated for 30 minutes at 37 °C. SDS (10%, 100
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pL) and 20 pL of 15 mg/mL Proteinase K was added and incubated at 55 °C for 3 hours.
200 pL of 5 M sodium chloride (200 pL) was added and the proteins were removed by 1
mL of chloroform:isoamylalcohol extraction (24:1, v/v) and centrifuged at 13,000 rpm
for 10 minutes. The aqueous top layer was removed, and the extraction was repeated on
the aqueous layer in a fresh tube. After extraction the aqueous layer was removed, and
700 puL of isopropanol was added and gently mixed. This was then centrifuged at 4 °C at
13,000 rpm for 30 minutes to form a DNA pellet. The supernatant was removed, and the
pellet was washed with 700 uL of 70 % ethanol. The centrifugation was repeated, the
supernatant was removed, and the pellet allowed to dry. The DNA pellet was then

resuspended in 20 pL of EB Buffer (10 mM Tris-HCI pH 8.5).

6.4.2 Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) was carried out using Q5 High-Fidelity DNA
Polymerase (NEB, MO0491S). Primers were supplied by Eurofins Genomics at a
concentration of 100 uM. For a 100 pL PCR, 20 pL of 5x Q5 Reaction Buffer, 20 puL of
5x Q5 High GC Enhancer, 2 pL of 10 mM dNTPs (NEB, N0447S), 2 uL of template
genomic DNA (1 ng-1 pg), 1 uL of each undiluted primer, 1 pL of Q5 DNA Polymerase
and 53 puL of dH>O were mixed and kept ice cold. The reaction is conducted in a
thermocycler under the conditions listed in Table 21. This method was also used for

colony PCR by substituting the template genomic DNA with a E. coli colony scraping.
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Table 21. Thermocycling Conditions for Routine PCR.

Step Temperature Time Cycles
Initial Denaturation 98 °C 120 Seconds 1
Denaturation 98 °C 30 Seconds 35
Annealing 50-72 °C 30 Seconds 35
Elongation 72 °C 30 Seconds/kb 35
Final Extension 72 °C 300 Seconds 1

6.4.3 Agarose Gel Electrophoresis

A 1 % w/v agarose gel is produced by adding 1 g of agarose powder to 100 mL of 1 x
TAE Buffer (40 mM Tris-acetate, 2 mM Na;EDTA). The agarose was dissolved by
heating in a microwave. The heated agarose is poured into a mould and 2.5 pL/100 mL
of Midori Green Advance (Nippon Genetics) is mixed in. A gel comb is inserted into the
mould and the gel is allowed to set. Once set the gel is removed from the mould and put
into a gel tank filled with 1 x TAE Buffer. The comb is removed from the gel. DNA
samples are mixed with 6x Gel Loading Dye Purple (NEB, B7024S). The samples are
loaded into the gel wells along with a well of Quick-Load Purple 1 kb DNA Ladder (NEB,
NO0552S). The gel is run at 140 V, 400 mA for 40 minutes. The gel can be visualised using
a Bio-Rad Gel Dock XR+ UV imager or a blue light box. Bands can be cut out from the

gel using a scalpel for DNA extraction.

6.4.4 DNA Extraction from Agarose Gel

DNA extraction from agarose gel used a Qiagen QIAquick Gel Extraction Kit. DNA
bands excised from a gel were weighed in a tube. 3 volumes of QG Buffer (5.5 M

guanidine thiocyanate, 20 mM Tris-HCI pH 6.6) was added to 1 volume (100 mg gel =

216



C. Burke General Materials and Methods

100 uL QG Buffer) of gel. The tube was agitated until the gel dissolved and 10 pL of 3
M sodium acetate pH 5 was added. 1 volume of isopropanol was added, and the mixture
was applied to a QIAguick column or a Monarch DNA Clean Up column (NEB, T1034L).
The column was centrifuged in a microcentrifuge at 13,000 rpm for 1 minute. The flow-
through was discarded and 500 pL of QG Buffer was applied to the column and
centrifuged again. The flow-through was discarded again and 750 puL of PE Buffer (10
mM Tris-HCI pH 7.5, 80 % Ethanol) was applied to the column and centrifuged again.
The flow-through was discarded again and the residual buffer was removed by
centrifuging again. The column is placed into a 1.5 mL microcentrifuge tube and 30 pL
of EB Buffer (10 mM Tris-HCI pH 8.5). The column is allowed to stand for 1 minute and

then centrifuged again to elute the DNA.

6.4.5 PCR Clean Up

DNA produced by PCR was cleaned by using a Qiagen QIAquick PCR Purification Kit.
5 volumes of PB Buffer (5 M guanidinium chloride, 30 % isopropanol) was added to 1
volume of PCR mix. Sodium acetate pH5 (10 pL) was added and the mixture was applied
to a QIAguick column or a Monarch DNA Clean Up column (NEB, T1034L). The column
was centrifuged in a microcentrifuge at 13,000 rpm for 1 minute. PE Buffer 10 mM Tris-
HCI pH 7.5 containing 80 % ethanol (750 pL.) was applied to the column and centrifuged
again. The flow-through was discarded again and the residual buffer was removed by
centrifuging again. The column is placed into a 1.5 mL microcentrifuge tube and 30 puL
of EB Buffer (10 mM Tris-HCI pH 8.5). The column is allowed to stand for 1 minute and

then centrifuged again to elute the DNA.
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6.4.6 Restriction Digest of PCR Products and Plasmids

PCR product or plasmid DNA (1 pg) were made up to a volume of 20.5 pL with dH>O.

CutSmart Buffer (2.5 pL, NEB, B7204S) was added and mixed. A list of commonly used

restriction enzymes and the cut sites is displayed in Table 22. The reaction is mixed and

incubated at 37 °C for at least 1 hour and up to overnight.

Table 22. Cut sites of NEB restriction enzymes.

Restriction Enzyme

Cut Site

BamHI-HF (NEB, R3136S)

Sacl-HF (NEB, R3156S)

EcoRI-HF (NEB, R3101S)

Ndel-HF (NEB, RO111S)

Mscl (NEB, R0534S)

Dpnl (NEB, R0176S)

NotI (NEB, R0189S)

Ncol-HF (NEB, R3193S)

HindIII-HF (NEB, R3104S)

EcoRV-HF (NEB, R3195S)

Pacl (NEB, R0547S)

G|GATCC
CCTAGIG
GAGCTI|C
C|TCGAG
G|AATTC
CTTAA|G
CA|TATG
GTAT|AC
TGG|CCA
ACC|GGT
GA|TC

CT|AG

GC|GGCCGC
CGCCGGICG

C|CATGG
GGTAC|C
AJAGCTT
TTCGAJA
GATIATC
CTA|TAG

TTAAT|TAA
AAT|TAATT
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6.4.7 DNA Ligation Reaction

Restriction digested PCR product and plasmid were ligated using T4 DNA Ligase (NEB,
MO0202S) in a 20 pL reaction. T4 DNA Ligase Reaction Buffer (10x, 2 pL), 50 ng of
plasmid DNA, and PCR product (see equation below) were made up to 19 uL. with dH»O.
T4 DNA Ligase (1 pL) was added and the reaction was mixed. The reaction tube was

placed in an ice bath and allowed to warm up gradually overnight.

Plasmid DNA (50 ng) X Size of Insert (kb)
Plasmid Size (kb)

X 3 = PCR Product Required (ng)

6.4.8 Extraction of Plasmid DNA from E. coli

Plasmid was extracted from E. coli using a Qiagen QIAprep Spin Miniprep Kit. A 5 mL
overnight culture of E. coli was pelleted by centrifugation at 4,000 rpm for 20 minutes.
The supernatant was discarded, and the pellet was resuspended in 250 pL of P1 Buffer
(50 mM Tris-HCI pH 8, 10 mM EDTA, 100 ug/mL RNase A) and transferred to a
microcentrifuge tube. P2 Buffer (250 puL; 200 mM NaOH, 1 % SDS) was added and the
tube was mixed by inversion. N3 Buffer (350 uL; 4.2 M guanidinium chloride, 0.9 M
potassium acetate, pH 4.8) was added and the tube was mixed by inversion again. The
tube was centrifuged in a microcentrifuge for 10 minutes at 13,000 rpm and the
supernatant was removed into a QIAprep 2.0 column or Monarch Plasmid Miniprep
column (NEB, T1017L). The column was centrifuged in a microcentrifuge for 1 minute
at 13,000 rpm and the flow-through was removed. PE Buffer (750 puL; 10 mM Tris-HCI
pH 7.5, 80 % ethanol) and centrifuged again for 1 minute and the flow-through was

discarded. The residual buffer was removed by centrifuging again. The column is placed
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into a 1.5 mL microcentrifuge tube and 30 uL. of EB Buffer (10 mM Tris-HCI pH 8.5).

The column is allowed to stand for 1 minute and then centrifuged again to elute the DNA.

6.5 Protein Biochemistry

6.5.1 Protein Expression and Purification

Transformed E. coli BL21 or T7 Shuffle were grown to mid-log (ODsoo 0.4-0.8) at 37 °C
and 180 rpm shaking in 50 mL of LB, terrific or 2xYT media containing the appropriate
selection antibiotics. Large 1 L cultures of the respective media or ZYM-5052
autoinduction media containing selection antibiotics were inoculated with 10 mL of
starter culture and were incubated as before until mid-log (ODeoo 0.4). At this point the
cultures were cooled in an ice bath and isopropyl B-D-1-thiogalactopyranoside (IPTG)
was added to cultures in LB, terrific or 2xYT media to a final concentration of 1 mM.
The cultures were incubated at 16 °C for 12 hours at which point they were harvested by
centrifugation at 4,000 rpm and frozen until use. Cell pellets were resuspended in binding
buffer (50 mM sodium phosphate pH 7.5, 500 mM sodium chloride, 25 mM imidazole)
and an EDTA free protease inhibitor cocktail tablet (Roche) was added. The resuspended
cells were probe sonicated (MSE Soniprep 150) for 12 cycles of 30 seconds sonication,
30 seconds rest while being kept on ice. The cell lysate was centrifuged at 18,000 rpm at
4 °C for 45 minutes to produce clarified lysate. The clarified lysate was run over a 1 mL
HisTrap HP column (GE Healthcare) equilibrated with binding buffer at a rate of 1
mL/minute using a peristaltic pump. The protein was eluted off the column using a step
wise gradient of binding buffer with increasing imidazole (25 mM, 50 mM, 100 mM, 150
mM, 200 mM, 300 mM, 1000 mM). Fractions (10 mL) were collected separately and
analysed for protein purity using sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE).

220



C. Burke General Materials and Methods

6.5.2 Buffer Exchange/Salt Removal using Dialysis

The protein of interest was loaded into dialysis tubing (Medicell Membranes Ltd MWCO-
12-14,000 daltons) and tied off and clamped both ends. The tubing was placed into 2 L
of chilled desired buffer and left in the fridge for 4 hours with gentle mixing. The buffer
was then replaced with 2 L of fresh chilled buffer and left overnight. The protein was then

removed from the dialysis tubing and poured into a falcon tube.

6.5.3 Hi-Trap Q HP Anion Exchange

A Hi-Trap Q HP anion exchange chromatography column (GE Healthcare) was
equilibrated with Buffer A (50 mM tris-HCI pH 7.5, 10 % glycerol) on a BioLogic LP
system (Bio-Rad). The desalted protein was run over the column and a gradient of Buffer
A to Buffer B (50 mM Tris-HCI pH 7.5, 10 % glycerol, 1 m sodium chloride) was started
progressively increasing the concentration of sodium chloride. Eluate was monitored for
ultra-violet absorbance at 280 nm and collected in 1 mL fractions. Fractions with high

absorbance were examined with SDS-PAGE.

6.5.4 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

Protein sample (15 pL) was mixed with 5 pL. of protein loading dye (10 % SDS, 500 mM
dithiothreitol, 50 % glycerol, 250 mM Tris-HCI pH 6.8, 0.5 % bromophenol blue). The
sample was boiled for 10 minutes. A Mini-Protean TGX Any kD precast gel (Bio-Rad)
was loaded into a Bio-Rad protein gel tank. The tank was filled with 1x Tris/Glycine/SDS
Buffer (25 mM Tris-HCl, 192 mM glycine, 0.1 % SDS) and the sample was loaded into
the gel. Blue Prestained Protein Standard Broad Range (5 pL, NEB, P7718S) was also

loaded. The gel was run at 200 V and 50 mA for 35 minutes. After running the gel was
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removed from the plastic outer case and stained overnight in Instant Blue (Expedeon) and

then excess stain was removed by soaking in water.

6.5.5 Western Blot

Western blots were run using unstained SDS-PAGE gels. A blotting cassette was set up
using a protein gel and Amersham Protean Premium Nitrocellulose Blotting Membrane
(GE Healthcare) and run in Transfer Buffer (25 mM Tris-HCI, 192 mM glycine, 10 %
methanol) at 20 V and 300 mA for 1 hour. After running, the nitrocellulose was removed
and washed in 5 % (w/v) skimmed milk powder in Tris-buffered saline (20 mM Tris-HCI
pH 7.5, 150 mM sodium chloride) with 0.05 % Tween 20 (TBST) overnight. The
nitrocellulose was then treated with 5 pL of Penta-His Mouse IgG primary antibody
(Qiagen) in 50 mL of 0.1 % (w/v) skimmed milk powder TBST for 30 minutes. The
nitrocellulose was then washed 3 times with TBST for 5 minutes each. Anti-Mouse 1gG-
Alkaline Phosphatase secondary antibody (2 puL, Sigma) in 50 mL of TBST was applied
for 30 minutes and then the nitrocellulose was washed 2 more times with TBST. The
nitrocellulose was then washed in Tris buffered saline (20 mM Tris-HCI pH 7.5, 150 mM
sodium chloride) to remove residual Tween 20. BCIP solution was made by dissolving a
SIGMAFAST BCIP/NBT tablets (Sigma) in 10 mL of dH>O. The nitrocellulose was then

incubated with the BCIP solution and monitored for the appearance of bands.

6.6 Microplate Techniques

6.6.1 Resazurin Survival Assays

Resazurin sodium salt (30 mL, 0.2 mg/mL, Sigma) solution was mixed with 12.25 mL of
20 % Tween 80 (Sigma) and filter sterilised. 42.25 pL of the resulting mixture was

pipetted into the wells of microplate for every 100 pL of culture in the wells. The plates
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were then incubated further under standard conditions for 24 hours for M. tuberculosis
and M. bovis BCG or 4 hours for M. smegmatis. The plates were read with a BMG plate

reader with an excitation wavelength of 544 nm and emission wavelength of 590 nm.

6.6.2 7’ Calculation

Some microplate-based assays and screens had Z’ calculated. Z’ is a measure of the
separation of positive and negative controls on the plate. Z’ used the following equation:

3(O'p + an)

7Z'=1
(p = tn)

The standard deviation of the positive and negative controls was represented by o, and
on, and the mean of the positive and negative controls was represented by i, and pn. Any
result value of less than 0.5 was a poor assay. Any result above 0.5 was a good assay and

above 0.75 was an excellent assay.

6.6.3 Percentage Normalisation

Percentage normalisation was applied to quantitative data with clearly defined positive
(100 %) and negative (0 %) controls. The test values were then displayed as a percentage
score of the positive control. This was applied to cell survival data (resazurin survival
assay) and protein expression data (mCherry expression) in the context of a phenotypic

measurement. Percentage normalization used the following equation:

x—1n
Percentage Normalization = <I3 ﬁ) x 100

The experimental value was represented by x, and the mean of the positive and negative

controls was represented by p and 7 respectively.
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6.7 Other Methods

6.7.1 Thin Layer Chromatography (TLC)

TLC was performed using silica gel bonded to aluminium sheets (Merck, TLC Silica Gel
60 F2s4). Sheets were cut to size and samples were spotted onto the TLC plates 1 cm above
the base. The plates are inserted into a TLC solvent tank (solvent systems specified in
methods) and run until the solvent front reaches the top. The TLC is allowed to dry and
visualised. Visualization can be with sugar stain or phosphate stain. Radioactive TLCs

are exposed to X-ray film.
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7 Appendix

Table 23. Letter designation and structures of hit compounds from Section 3.3.1.

Letter Structure
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Table 24. Number designation and structures of hit compounds from Section 3.3.3.

Number Structure
1 s

2
Linezolid Blind Control
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16 (45)
16 was discovered to be the
same structure as 45 during
writing. While they are the
same, they were treated
separately throughout all
the experiments.
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