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ABSTRACT

Tuberculosis (TB) is an infectious bacterial disease mainly infecting the pulmonary system of
the human body. It affects around 1.5 million people every year, most of whom live in
developing countries. The incidence of TB has increased in line with the rise in incidences of
Human Immunodeficiency Virus (HIV) infections and Acquired immune deficiency syndrome
(AIDS). Due to the pressing concerns of TB, the World Health Organisation (WHQO) came up
with the Direct Observed Treatment (DOTS) programme. Unfortunately, the development of
several resistant strains against first-line drugs and consequently second and third-line drugs
have developed. As the current TB drug regimen is inadequate, a good screening strategy,
discovery of newer drugs and identification of the mode of action would help in developing
better treatment routines and determining bacterial pathways more clearly. Drug discovery
follows two major routes, one leading from the drug to the target and the other from target to
the drug. Both methods have been applied in this work in order to identify new drugs effective
against mycobacteria. Screens performed against a drug library approved by the Food and Drug
Administration (FDA) have resulted in some promising hits. Functional characterisation of a
putative enoyl CoA hydratase EchA12, which was targeted by florfenicol, revealed a novel lipid
chaperone functionality associated with cell wall lipid biosynthesis. Furthermore, a target based
phenotypic drug screen of the GSK 177 box set against Mtb-PrsA provided further evidence that

this enzyme as a viable drug target (Ballell ez. al., 2013).
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Chapter 1 Introduction

1.Introduction

1.1 The etiology of Tuberculosis

Tuberculosis (TB) is a severe bacterial infection that predominantly affects the lungs leading to
its most prevalent form of infection that is pulmonary tuberculosis. It has been known to affect
around 1.5 million people every year most of whom are affected in developing countries
(Fleischman and Greenberg, 1998). The incidences of tuberculosis have increased in line with
the rise of HIV infections and AIDS, which compromise the hosts immunity, making it easier
for the disease to develop. Statistically TB affects around 19-43% of populations infected with

HIV (Fleischman and Greenberg, 1998; Flynn and Chan, 2001)

Tuberculosis has afflicted humans for several thousand years, the oldest case was reported in
Hungary 7000 years ago (Knechel, 2009). The causal organism of this disease is
Mycobacterium tuberculosis (Mtb) which was reported by Robert Koch on March 24, 1882. In
1881, based on the lesions Koch observed in the lungs of infected animals, he named the
bacteria the tubercle bacillus (Koch, 1982; Rook and Bloom, 1994). The lesions had been also
described as “pthisis” which were initially thought to be hereditary and not infectious (Pease,
1940). After developing a new staining method and the ability to culture these bacilli, Koch
named the bacillus M. tuberculosis in 1882 (Cambau and Drancourt, 2014). It has been posited
that mycobacteria have existed for approximately 150 million years (Hayman, 1984) and Mtb
has been isolated from mummies during the Egyptian pre-dynastic era (Cave and Demonstrator,
1939; Morse et. al., 1964). The oldest isolates of Mtbh were found in the 9000 kiloannus (ka)
old skeletal remains of a woman and child from a settlement in Israel and from the remains of
an extinct bison (17,000 ka) found in the Natural Trap Caves in Wyoming. The M¢b from these

isolates were confirmed by analysing the samples and identifying lipid biomarkers unique to
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this species (Lee et. al., 2015).

Once Mtb invades the lungs and establishes an infection it causes symptoms such as persistent
coughing, tiredness, exhaustion, night sweats and clubbing of fingers (possibly due to low
oxygenation of the extremities). Prolonged infection can result in secondary symptoms such as
sputum production (sometimes with blood) when coughing, pain in the chest and joints,
shortness of breath and leucocytosis (immune cell migration towards the site of infection)

(Cambau and Drancourt, 2014).

TB is spread through aerosolised bacilli through droplet nuclei approximately 1-5um in
diameter. These droplets are spread through coughing, sneezing, spitting and singing by an
actively infected host. These aerosolised bacilli tend to be airborne for a longer period of time,
although that does not necessarily entail infection in people coming in contact with the aerosol.
There are 4 main factors which govern potential infection in a healthy individual: 1) The
number of organisms expelled in the aerosol, 2) The concentration of the bacilli within the
column of air and ventilation in that area, 3) Length of exposure to the aerosol, 4) Immune
status of the exposed individual (Glickman and Jacobs, 2001). Once a person inhales the droplet
nuclei, the bacilli enter the bronchioles and alveolus through the pharynx and bronchial tree.
The infection may or may not be established depending on the immune response generated in
the individual’s body against the bacilli. Mtb does not have any known endo- or exo-toxins
therefore it does not elicit an immediate immune response in the host when the bacterial load is
low. The bacteria reside within the alveolus and multiply over a period of time, which is
approximately a few weeks, to get to a count of 10°-10%; this amount of bacterial load then
triggers an immune response (Glickman and Jacobs, 2001; Gupta et. al., 2012). The primary
immune response against the bacteria is via the recruitment of alveolar macrophages, although

the bacillus has a special mechanism of avoiding destruction by the macrophages by obtaining
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entry into the macrophage with the help of cell surface receptors; it then proceeds to modify the
maturation of the phagosome to increase its survival possibility (Glickman and Jacobs, 2001).
Once the bacilli have been phagocytosed into the macrophage, an inflammatory response is
generated by recruitment of mononuclear cells leading to the formation of a granuloma. A
granuloma is the main centre of infection, where foamy giant cells and other lymphocytes
surround the infected macrophages in order to contain the infection. Within the macrophage,
the bacilli create an environment to help its survival by not allowing the fusion of the
phagosome with the lysosome, acidifying the phagosome and resisting the oxygenated

metabolites (Basu, 2004).

The continued clash between the immune cells and the bacteria causes the formation of a
caseating tubercle which leads to the leaking of the bacilli into the extracellular milieu of
cellular debris. This further leads to a caseating necrosis, whereby the T-cells and activated
macrophages surround the tubercle. In immunocompromised patients, due to the weakened
immune system, new macrophages are low in supply and this leads to non-specific destruction
of lung tissue, as opposed to patients with a good immune system where activated macrophages
and cytotoxic T-cells continue fighting the infection. Once the infection causes necrosis, the
bacilli might disperse through the lung tissue causing an active infection which can be
transmitted to other people. In some cases, if the bacilli leak into the blood vessels they can
travel to various parts of the body causing extrapulmonary tuberculosis (Clark-Curtiss and
Haydel, 2003). Approximately 913,000 people developed extrapulmonary tuberculosis in 2015
according to the World Health Organisation (WHO, 2016).

Statistically, 10% of the infections are likely to become symptomatic while 90% of infected
individuals develop a latent infection. A latent infection involves a delayed hypersensitivity to

the purified protein derivative (PPD) that delivers a positive tuberculin test without presenting
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any symptoms of the disease. 5-10% of the latent infections are said to develop into active
infections when hosts are immunocompromised due to chemotherapeutic influence or age

(Clark-Curtiss and Haydel, 2003; Tufariello ez. al., 2003).

1.2 Taxonomy of M. tuberculosis

Mycobacterium tuberculosis, the causative agent of tuberculosis in humans, belongs to the
phylum and class Actinobacteria (which is found mostly in the soil) and order Actinomycetales
based on the high guanine and cytosine residue content in its DNA and the complex cell wall
of the bacteria. The bacteria belong to the suborder Corynebacterium and is a member of the
Mycobacteriaceae family. It is genetically similar to other mycobacterial species and some
species of the Corynebacterium sub order such as Corynebacterium glutamicum. Mtb belongs
to a group of closely related mycobacterial species which belong to what is known as the
mycobacterial complex. The complex includes other mycobacterial species such as M.
africanum, M. microti, M. canetti and M. bovis.

M. africanum is phenotypically very similar to Mtb and M. bovis. Mycobacterium microtii was
isolated for voles in the UK in the 1930s and was causing tuberculosis in rodents (Lapage, 1947;

Cavanagh et. al., 2002).

Mycobacterium bovis is a strain of mycobacteria that predominantly causes tuberculosis in
animals. Earlier it was assumed that the Mtb developed only from M. bovis, a species of
Mycobacterium which has been known to infect animals and humans. The latest genomic
experiments have proved this theory to be false, instead it was proved that the Mtb species
developed from a variety of species in the Mycobacterium complex such as M. microti, M.

canetti and M. bovis (Smith, 2003).
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The vaccine strain M. bovis BCG (Bacillus Calmett-Guérin) against tuberculosis was developed
from M. bovis. M. bovis BCG is an attenuated strain of M. bovis with three of the major virulent
regions known as the region of difference (RD) deleted from the genome. There are primarily
three regions of difference RD1, RD2 and RD3 which are found both in Mth and M. bovis.
Overall, there are 16 regions of differences throughout the mycobacterium complex involving
genes which have regulatory roles and secret proteins involved in virulence and survival of the
bacterium. M. africanum has RD3 and RD9 missing compared to Mth, while the closely
associated strain M. bovis has RD4 to RD10 and RD12 to RD13 missing in its genome

(Magdalena et. al., 1998).

M. cannetti is a strain from the complex that causes tuberculosis, although is different from Mtb
in its colony morphology given that it produces smooth colonies as opposed to the rough
crenulated colonies of Mtb. In addition, Mtb also has a longer generation time (around 24 h)
than M. cannetti (James et. al., 2000; Koeck et. al., 2011; Van Soolingen et. al., 1997). There
are other mycobacterial species which are considered to be in the complex such as M. caprae
(can cause TB), M. pinnipedii (causes TB in seals) (Cousins, 2003), M. suricattae and M. mungi
(Huard et. al., 2006).

Due to their infectious nature, Mtbh and M. bovis are classified as biosafety level 3 organisms
and while in use within laboratories they have to be handled as per such guidelines. The
vaccinated strain of M. bovis BCG along with the saprophytic mycobacterial strain M.
smegmatis have been designated to a biosafety level 2, as they possess a lower threat to humans

in terms of infectivity (Mahairas et. al., 1996)
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1.3 Epidemiology

In 2015, 10.4 million new cases of TB were reported globally. Of these, 5.9 million cases (56%)
were men, 3.5 million cases (34%) were women and 1 million (10%) were children.
Approximately 1.2 million cases were amongst patients with the human immunodeficiency
virus HIV, constituting 11% of the global cases reported. The largest number of cases reported
were from Asia (61%) and Africa (26%), these continents accounting for 87% of all cases.
India, Indonesia, China, Nigeria, Pakistan and South Africa were the countries with the highest
burden, combining to represent 60% of the global incidences reported in 2015. The cases
reported from the Eastern Mediterranean region (7%), European region (3%) and the Americas

(3%) form a smaller percentage of the cases reported (figure 1.1) (WHO, 2016).
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Figure 1.1: The global map depicting the new cases of TB in 2015. The map illustrates that
most cases were reported in south east Asia and Africa and the least number of incidences were
reported in the Mediterranean region, Europe and America.
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Although the TB mortality rate has shown a decrease of 34% from 2000 to 2015, there were an
estimated 1.4 million deaths among HIV negative people. 85% of deaths were in African
regions and Southeast Asia (figure 1.2). India and Nigeria comprised 48% of the total deaths
caused amongst HIV negative patients infected with TB. Despite this statistic, the TB treatment
programme averted the deaths of 39 million patients (HIV negative) and with the additional use
of anti-retroviral treatment, 9.6 million HIV positive patients (WHO, 2016).

Estimated TB mortality rates in HIV-negative people, 2015
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Figure 1.2: The global map of morbidity caused by TB infections in HIV negative patients
in 2015. The map highlights that most deaths occurred in Africa and Southeast Asia.

With the launch of the drug resistance surveillance in 1994, the WHO took the necessary steps
to monitor the development of drug resistance globally. In 2015, 3.9% new and 21% of
previously treated cases reported multidrug resistant tuberculosis (MDR-TB) and rifampicin
resistant tuberculosis (RR-TB). Out of the 580,000 resistant cases reported, MDR-TB

comprised 83% of the total. China, India and the Russian Federation form the majority of the
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resistance cases reported globally (figure 1.3). There were 250,000 deaths reported for patients

infected with resistant tuberculosis (WHO, 2016).

Percentage of new TB cases with MDR/RR-TB?

Pt T o ple >

0.&

Percentage of cases

o £

° v

o ﬁ o2 s

° [ 3-59 \

[ 6-no
B 279
B s A
l:l No data o %

:l Not applicable

2 Figures are based on the most recent year for which data have been reported, which varies among countries. Data reported before the year 2001
are not shown.

Figure 1.3: The global map of multidrug resistant TB incidences reported in 2015.

The map depicts that most cases were reported from the Russian Federation, followed by China
and India.

117 of the WHO member states reported the occurrence of extensively drug resistant
tuberculosis (XDR-TB) although the average proportion of the XDR-TB cases within the
MDR-TB cases remains similar to the previous years at approximately 9.5% in 2015.

There is an expected proportional increase in the MDR-TB cases, with the increasing global
burden of TB highlighting the importance of the need for new drugs and a better understanding

about the resistance mechanism of M1b.
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1.4 The cell wall

The cell wall of mycobacteria is a special feature of the bacillus which acts as a barrier for
penetration of drugs and creates a protective layer against host immune cells. The cell wall
essentially is comprised of two major components which are the mycolyl arabinogalactan
peptidoglycan (mAGP) complex and lipoarabinomannan (LAM) (Tam and Lowary, 2009). The
mycobacterial cell wall is known for its low permeability and an unusually high amount of
unique lipid molecules in the cell wall which constitute approximately 60% of the wall and are
responsible for its waxy nature of the cell wall (Kolattukudy et. al., 1997). The core of the cell
wall is essentially made up of the mAGP complex, with lipids and carbohydrates covalently
attached to the core (figure 1.4) (Brennan, 2003). The free lipids, lipoglycans and phosphatidyl-
myo-isnositols (PIMs) are components that make up the outer leaflet of the cell wall. These
molecules, along with other important molecules such as lipoarabinomanan (LAM) and
lipomanan (LM), have a key role in host immune evasion (Wolfe et. al., 2010). The suborder
Corynebacterianeae which includes organisms such as Mtb, M. smegmatis and C. glutamicum
have various liposaccharides in their cell wall. The LAM and other related glycoconjugates
vary minutely within these organisms (Tam and Lowary, 2009). The lipids in the cell wall
involved in virulence are trehalosemonomycolate (TMM), trehalosedimycolate (TDM),
sulpholipids (SL) and phthiocerol dimycocerosate (PDIM). The cell wall associated proteins
such as LpgH (19kDa), PstS1 (38kDa) and Toll-like receptor-2 (TLR-2) agonists play a more
regulatory role. They are mainly involved in regulating the activity of macrophages and
dendritic cells. On the other hand, the secreted proteins act as antigens and genes involved in
the production of these proteins are considered important drug targets and the proteins

themselves act as biomarkers (Wolfe et. al., 2010).
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Figure 1.4: The mycobacterial cell wall. The cell wall structure of Mycobacterium
tuberculosis depicting the major components such as peptidoglycan, arabinogalactan,
phthiocerol dimycocerosate (PDIM), phosphatidyl-myo-inositol mannosides (PIMs),
lipomannan (LM), lipoarabinomannan (LAM), mannosylated lipoarabinomannan (ManLAM)
and mycolic acids. Other molecules that are interspersed into the mycolate layer such as
trehalose monomycolate (TMM), trehalose dimycolate (TDM), diacyltrehalose (DAT),
polyacyltrehalose (PAT) and sulfoglycolipid (SGL) (Abrahams and Besra, 2016).

The biosynthesis of the cell wall involves a series of interconnected cycles and enzymes
(Acharya and Goldman, 1970). The synthesis of the mAGP complex mainly involves the
synthesis of its key component, arabinogalactan (AG), which is sandwiched between the
peptidoglycan (PG) layer and mycolic acid (MA) layer (figure 1.4).

The biosynthesis of peptidoglycan begins with the formation of Uridine diphosphate N- acetyl
glucosamine (UDP-GIcNAc) which is synthesised by the addition of N- acetyl glucosamine
(GlcNAc) to enoylpyruvate derived from phosphoenoylpyruvate (PEP) (Young et. al., 1999).
The UDP-GIcNAc is then converted to Uridine Diphosphate N- acetyl muramic acid (UDP-
MurNACc) in two consecutive reactions catalysed by two enzymes, MurA (Rv1315) and MurB

(Rv0482) (figure 1.5). MurA catalyses the addition of the enoylpyruvate residues onto the
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GlcNAc which is then reduced by MurB to form UDP-MurNAc (Mahapatra et. al., 2000;

Raymond et. al., 2005).
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Figure 1.5: The biosynthesis of peptidoglycan. The figure depicts the stepwise conversion of
initial peptidoglycan substrates into the peptidoglycan polymer (Jankute et. al., 2015).

The synthesis cycle then continues with a sequential addition of molecules, beginning with the
attachment of the L-alanine (L-ala) moiety to the UDP-MurNAc by the MurC (Rv2152c¢)
enzyme to form UDP-Muramyl-L-ala (Mahapatra et. al., 2000; Raymond et. al., 2005). The
UDP-Muramyl-L-ala is then transformed into UDP-Muramyl-L-ala-D-glutamic acid by the
addition of D-glutamate by MurD (Rv2155c). MurE (Rv2158c) then adds the m-
diaminopimelic acid (DAP) onto the UDP-Muramyl-L-ala-D-glutamic acid to form UDP-
Muramyl-L-ala-D-glutamate-m-DAP (Morayya et. al., 2015; Munshi et. al., 2013). The final
step in the formation of “Park’s nucleotide”, UDP-Muramyl-L-ala-D-glutamate-m-DAP-D-ala-

D-ala is the addition of the D-alanyl-D-alanine (D-ala-D-ala) residue by MurF (Rv2157c) to
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form the UDP-MurNAc pentapeptide (Feng and Barletta, 2003; Kurosu et. al., 2007). This
pentapeptide molecule is transferred over to the cell membrane beginning with the initial
attachment of the molecule with an undecaprenyl phosphate (Und-P) and a membrane bound
enzyme called MurX/MraY (Rv2156c) to form Lipid I. GlcNAc is then added to this Lipid I
molecule by MurG (Rv2153c¢) to form Lipid I, a § 1-4 linked GlcNAc-Muramyl-pentapeptide
(Kurosu et. al., 2007). Lipid II is the monomer of the peptidoglycan polymer and is flipped over
by a transmembrane protein Mur] or FtsW (Rv2154¢) which has been proven to have flippase
activity in vitro (Meeske et. al., 2015). The monomer is added to other monomers to form a
polymer by sequential transglycosylation and transpeptidation reactions catalysed by enzymes
PonA1/PBP1 (Rv0050) and PonA2/PBP2 (Rv3682). PonAl/PonA2 (PBP1/PBP2) is a
bifunctional enzyme which attaches the muramyl molecule to the PG chain and then crosslinks
the m-DAP to the neighbouring D-ala moiety through a 3—4 linkage by cleaving the terminal

D-ala (Hett et. al., 2010; Chang et. al., 1990; Ghuysen, 1991) (figure 1.5).

The peptidoglycan is then covalently attached to the arabinogalactan via a linker unit. This
unique structure of the linker unit found in mycobacteria and Actinomycetes has a
diglycosylphosphoryl bridge, a-L-Rhap-(1—3)-a-D-GlcNAc-(1—P) (Daffe et. al., 1990). The
linker unit links the galactan chain at the C-6 position of the N-glycocylmuramic acid
(MurNGly) (McNeil et. al., 1987; 1990). This linker unit is synthesised by the addition of a
UDP-GlcNAc residue onto a lipid carrier by a GlcNAc transferase WecA (Rv1302) which is
homologous to gram negative bacteria such as E. coli (Jin et. al., 2010). This UDP-GlcNAc
moiety attached to the lipid carrier is then converted to the linker unit by the addition of a
Rhamnosyl residue (Rha) by a rhamnosyltransferase WbbL (Rv3265¢) (MikuSova et. al., 1996).
The WbbL enzyme is essential in mycobacteria for the formation of the linker unit (C50-P-P-

GlcNAc-Rha) (Mills et. al., 2004). The linker unit acts as an acceptor for the formation of the
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galactan chain which has 30 units of galactofuranose (Galf) with alternating  (1—5) and
B(1—6) residues (McNeil et. al., 1987; 1990; Kremer et. al., 2001). This addition of the residues
is performed by two bifunctional enzymes GalfT1 and GalfT2. The GalfT1 recognises the linker
unit and adds the initial 2 Galf residues at the C-4 position of the Rha in the linker unit while
GalfT2 adds the rest of the residues to the chain (Belanova et. al., 2008; Kremer et. al., 2001).

This linear galactan chain is then connected to a highly-branched structure containing three
arabinan chains at position 8, 10 and 12 (Alderwick et. al., 2006). The a-D-arabinofuranosyl
(Araf) residues are added onto the linker unit containing the 30 Galf residues (C50-P-P-
GlcNAc-Rha-Galf30). These residues are supplied by the only known contributor in
mycobacteria, decapreylmonophosphoryl-D-arabinose (DPA) (Wolucka, 2008). The Araf
residues are generally added in a linear chain with o-5 linkages with branching at C-3
introducing an a-3,5 DPA, which is synthesised through a multienzyme cycle. This begins with
the conversion of 5-phosphoribosyl-1-pyrophosphate (pRpp) into decaprenylphosphoryl-5-
phosphoribose (DPPR) by an enzyme UbiA (Rv3806¢c) (Alderwick et. al., 2005; 2011) which
has also been predicted to be a target for an antimycobacterial drug ethambutol (Safi et. al.,
2013). Prpp is synthesised by an essential enzyme PrsA (phosphoribosyl synthetase, Rv1017¢)
utilising ribose-5-phosphate (R-5-P) acquired from the pentose phosphate pathway. Prpp can
also be redirected to be used for the biosynthesis of amino acid, purines and pyrimidines in the
cell cytoplasm (Alderwick et. al., 2011). The gene responsible for the conversion of pRpp to
DPPR (ubid) when disrupted in C. glutamicum leads to the loss of cell wall arabinan and a
mutant that has a truncated or variant version of LAM indicating a different pathway for LAM
synthesis (Tatituri et. al., 2007). The DPPR is then flipped over to the extracellular space and
dephosphorylated to form decaprenol-1-monophosphoribose (DPR) by a phospholipid

phosphatase (Rv3807c) (Jiang et. al., 2011). The DPR is then oxidised to form decaprenol-1-
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phosphoryl-2-keto-f-D-erythropentofuranose (DPX) which is then consequently reduced to
form decaprenol-1-monophosphoarabinose (DPA).

There are two key enzymes involved in these two steps, decaprenylphosphoryl-pf-D-ribose
oxidase, DprE1  (Rv3790) and decaprenylphosphoryl-B-D-ribose-2-epimerase, DprE2
(Rv3791) which are present as heterodimers. Deletion studies in C. glutamicum and conditional
knock-out studies in mycobacteria revealed that out of the two enzymes, DprE1 is essential and
has recently proven to be targeted by a class of new drugs called benzothiazinones (Meniche
et. al., 2008; Batt et. al., 2012; Crellin et. al., 2011).

The arabinose residue is then transferred from the DPA molecule by an
arabinofuranosyltransferase (ArafT) forming decaprenol-1-monophosphate onto the galactan
chain at positions 8, 10 and 12 by the enzyme AftA (Rv3792) (Alderwick et. al., 2006). This
ultimately primes the galactan chain for the addition of further arabinose molecules and the
extension of the polymeric chain. The AftA enzyme is essential for the cell viability and has
also been recognised as a target for ethambutol (Safi et. al., 2013; Shi et. al., 2008). The
extension of the arabinan chain by polymerisation and the formation of the terminal hexa-
arabinofuranosyl unit is then taken over by a heterodimeric set of enzymes EmbA (Rv3794)
and EmbB (Rv3795) from the emb locus having transferase activity. The M. smegmatis and C.
glutamicum homolog of these enzymes produce viable mutants with truncated or decreased
amounts of arabinan (Escuyer et. al., 2001; Shi et. al., 2008). The other ArafT enzymes such as
AftC (Rv2673) are involved in the internal domain of the arabinan to form o.-1,3 branches along
with the AftD (Rv0236c) (which is the largest mycobacterial glysoyl transferase) and together
they most likely act as a large scaffold for the arabinosylation of the cell wall. The final addition
of the Araf residues at the 3 (1—3) position is performed by AftB (Rv3805c), bringing the

synthesis of arabinogalactan to completion (Birch et. al., 2010; 2008).
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The attachment of the arabinogalactan layer to the peptidoglycan layer is achieved by the
mycobacterial enzyme Lcpl (Rv3267) belonging to the LytR-CysA-Psr (LCP) family, which
ligates the AG to the PG layer through the a-L-rhamnopyranose—(1—3)-a-D-GlcNAc-(1—P)
linker unit. The finished arabinogalactan polymer is transferred over to the Lcpl enzyme which
attaches the polymer to the 6’-OH of the muramyl residue of the peptidoglycan via a
phosphodiester bond, consequently releasing a decaprenol-1-monophosphate (Harrison et. al.,
2016). Two essential enzymes belonging to the LCP family, CpsA1(Rv3267) and CpsA2
(Rv3484), have also been discovered to have the same activity and are known to be involved
in the ligation of the AG to the PG (Grzegorzewicz et. al., 2016).

The non-reducing part of the arabinogalactan structure is attached to the mycolic acid (MA) via
the branched arabinan to form the mAG complex (Kaur et. al., 2009). The mycolic acid is
attached to the hexa-arabinofuranosyl structure at the 5™ position of both the terminal B-D Araf
and 2-a-D Araf. The mycolyl units are attached to the hexa-arabinofuranosyl structure in groups
of four, of which only 2 of the hexa-arabinofuranosyl residues are mycolated in physiological
conditions. There are other molecules that are interspersed and attached covalently to the
arabinogalactan unit in slow growing mycobacterial species (McNeil ez. al., 1990; 1991).
There are non-acylated galactosamines (D-GalN) which attach to the arabinogalactan at the C-
2 position of the inner 3,5-a-D-Araf units. It was found that succinyl esters were attached to the
arabinogalactan and non mycolated chains. In non-mycolated chains, succinyl esters were
considered to control mycolation through negative regulation. Together, the galactosamine and
succinyl esters enhance the rigidity and tightness of the arabinogalactan component of the cell

wall (Draper et. al., 1997; Bhamidi et. al., 2008).

There are a number of non-covalently bound glycophospholipids present in the outer leaflet of

the cell wall such a PIMs, LM and LAM. PIMs are the precursors to the synthesis of LM and
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LAM, which are important molecules for recognition by macrophages (Wolfe et. al., 2010).
PIMs are glycolipids which are synthesised from the starting molecule phosphatidyl-myo-
inositol (PI) which is mannosylated twice sequentially by PimA (Rv2610c) and PimB
(Rv2188c) to form phosphatidyl-myo-inositol mannoside (PIM;) and then phosphatidyl-myo-
inositol dimannoside (PIM>) respectively (Ballou et. al., 1963). The PIM; is then acylated to
form monoacyl-phosphatidyl-myo-inositol dimannoside (AciPIMz) which acts as a base for
other PIMs molecules and can be further acylated to form diacyl-phosphatidyl-myo-inositol
dimannoside (Ac:PIM>) (Kordulakova et. al., 2002; 2003). PimC then further adds another o.-
mannopyranosyl (Manp) residue to Aci/Ac2PIM; to form Aci/Ac2PIM3. PimE then adds two
mannose residues consecutively to form Aci/Ac:PIMs and Aci/Ac:PIMg (figure 1.6). The
Aci1/Ac2PIMy are also redirected towards synthesis of lipomannan (LM) and lipoarabinomanan
(LAM) by glycosyltransferases belonging to the GT-C superfamily (Lea-Smith et. al., 2008;

Mishra et. al., 2008).
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Figure 1.6: Biosynthesis of Phosphatidyl-myo-inositol mannoside. The figure is a pictorial
depiction of the sequential biosynthesis of PIMs involving the various enzymes (PimA, PimB,
PimC, PimD and PimE) (Jankute et. al., 2014).
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Mycolic acids are long chain a-alkyl B-hydroxy fatty acids and are a characteristic of Mtb
contributing to their high hydrophobicity (Takayama et. al., 2005). Bioinformatic study and the
knowledge of the M. leprae genome unravelled the genes which play a vital role in the survival
and virulence of mycobacteria. This is due to the fact that M. leprae has undergone reductive
evolution and therefore potentially only retained essential genes required for survival (Bhatt ez.
al., 2005). Most genes involved in the mycolic acid biosynthesis are essential for the survival
and virulence of the bacteria. Understanding the importance of the genes in the mycolic acid
biosynthesis pathway came through conditional mutants in M. smegmatis which gave the
functional importance of essential genes and the ability of C. glutamicum to survive in the
absence of mycolic acids when these essential genes are knocked out of the organism (Gande
et. al., 2004).

Mycobacterial mycolic acids are made of merochains which are of three different types: o.-
mycolates, methoxy-meromycolates and keto-mycolates. The a-mycolates also known as the
cis-dicyclopropyl fatty acids are the most abundant type in the bacterial cell wall (~70%) and
is a cis only mycolate (Takayama et. al., 2005). It has two variations in its structure based on
the length of the alkyl groups at the terminal ends and the number of methylene groups between
the cyclopropane rings and the carboxyl group. The methoxy- and keto-mycolates on the other
hand form only a minor proportion of the mycolates and consist of both cis- and trans-
cyclopropane rings (Glickman et. al., 2000; 2001; Dubnau et. al., 2002).

In 1970, Bloch discovered that mycobacteria have two fatty acid synthase cycles (FAS). The
Fatty Acid Synthase-I (FAS-I) is similar to the synthase cycle in eukaryotes and evolved
prokaryotes and Fatty Acid Synthase-II (FAS-II) is found in plants and bacteria (Bloch, 2006).
The bimodal FAS-I utilizes an acetyl CoA molecule to produce an acyl CoA after addition of

2 carbon units per cycle, forming an elongated chain of Ci6-Cis carbon units and then feeding
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it into the FAS-II system. The FAS-II system utilizes a malonyl CoA which is synthesised from
the acetyl CoA by an acetyl CoA carboxylase (AccD6, Rv2247) and is further converted into a
malonyl-ACP (acyl carrier protein) by FabD, a ketoacyl synthase (Rv2243) (Bhatt et. al.,
2007b). From this point forward there are a few key enzymes involved in FAS-II which are the
B-ketoacyl ACP synthase, B-ketoacyl ACP reductase, B-hydroxyacyl-ACP hydratase and enoyl

ACP reductase (Bhatt ez. al., 2007b).

o
/\)k AL
R3 s
< o /

|‘FAS-|| InhA KasA o o
FabD E1-FAS-II m
HadA i s
HadB ks MabA
" HadB
InhA KasB InhA KasB O
) ) T-FAS-| S/“"” E2-FAS-I| H4
Oxomycolic acid < Pks§13 rage  FabD FabD
= MabA S MabA
Cell membrane V2009 L Has
Lipids . .

Mycolic Acid

Figure 1.7: Synthesis of Mycolic acids. A pictorial deplctlon of the biosynthesis of mycolic
acids through the two major fatty acid synthase cycles (FAS-I and FAS-II) highlighting the
presence of more than one FAS-II cycle (Nataraj et. al., 2015).

The malonyl-ACP chain is extended by the addition of the acyl CoA from FAS-I into (-
ketoacyl-ACP by the B-ketoacyl ACP synthases, KasA (Rv2245) and KasB (Rv2246). Out of
the two synthases it was demonstrated that KasA is essential while KasB is not, although the

kasB mutant produced shorter mycolic acid chains (Bhatt et. al., 2005; 2007a). The ketoacyl-

ACP then follows a chain of reduction by the B-ketoacyl ACP reductase (MabA, Rv1483)
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followed by dehydration by the B-hydroxyacyl-ACP dehydratase forming a trans-2-enoyl-ACP
(Labesse et. al., 2002).

There are three functional dehydratase enzymes involved in the FAS-II cycle: HadA (Rv0635),
HadB (Rv0636) and HadC (Rv0637) which form heterodimers in different combinations with
each other based on the type of mycolic acid being synthesised (Cantaloube et. al., 2011) (figure
1.7). The trans-2-enoyl-ACP is then reduced by the enoyl ACP reductase (InhA, Rv1484),
which is the site of action for isoniazid, forming the acyl-ACP with Ci6-C32. The acyl-ACP
formed is then condensed with the acyl CoA from the FAS-I by Pks13 (Rv3800c) to form an
oxomycolic acid intermediate and then reduced by a mycolyl reductase (Rv2509) into the

mature mycolic acid (Portevin et. al., 2004; Gande et. al., 2004; Bhatt et. al., 2008).

It has been recently suggested that there might be more than one FAS-II cycle. The new model
posites a chain of individual FAS-II cycles that feed the product sequentially to each other and
culminate in the condensation of the merochains and formation of a mature mycolate at the end.
In this model, there are five arrays of an assembly chain which lead to the final condensation
by Pksl3 involving a variable combination of FAS-II, FAS-ITA, FAS-IIB and enzymes
involved in mycolic acid modifications to synthesise a-mycolic acids, cis-methoxy mycolates,

trans-methoxy mycolates, cis-keto mycolates and trans-keto mycolates (Nataraj et. al., 2015).

The first array is the FAS-II complex, which links the FAS-I to FAS-II and contains the core
(MabA, InhA, FabD) and FabH. The FAS-II then interacts with two elongation complexes E1-
FAS-II and E2-FAS-II. The E1-FAS-II is the initial elongation complex consisting of the core,
KasA and a HadA-HadB heterodimer while the E2-FAS-II is responsible for further elongating
mycolic acid chains from the E1 complex utilizing the core, KasB and HadB-HadC heterodimer
(Bhatt et. al., 2007b; Cantaloube et. al., 2011) (figure 1.7). The meromycolate chain is then

passed onto the termination FAS-II (T-FAS-II) which involves Pksl3 condensing the
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meromycolate chain with the Cys fatty acid molecule from FAS-I to an oxomycolic acid. This
is then reduced by a mycolyl reductase (Rv2509) to form concluding mature mycolate. This
“mycolic acid biosynthesis interactome” was deciphered using protein-protein interaction
studies with two- and three-hybrid systems. The modifying enzymes involved in these cycles,
which introduce modifications such as methylations, isomerisation etc., show a specific
preference towards a certain type of Had heterodimer which therefore govern the kind of

modification the meromycolate chain undergoes (Nataraj et. al., 2015).

Once the mycolates have been synthesised they are utilised for the synthesise of mycolate
containing cell wall components such as TMMs and TDMs. The antigen 85 complex has three
proteins which possess mycolyl transferase activity. The proteins FbpA (Rv3804c), FbpB
(Rv2886¢c) and FbpC (Rv0129c) are involved in the transfer of mycolates onto the trehalose
components which form TMMs which are then further converted to TDMs (Belisle et. al.,
1997).

Cell wall mycolic acids are main components for the growth and survival for the bacilli both in
vivo and in vitro. As depicted in Figure 1.4, the mycolic acids are bound to the mAG complex
and are involved in the inflammatory response involving activation of macrophages and
dendritic cells through the TLR-2 and TLR-4 receptors. Free mycolates in the outer periphery
of the cell wall are responsible for maintaining the structure of granulomas (Verschoor et. al.,
2012). In the host system, it has been observed that mycolic acids stimulate production of
antibodies which could be important for diagnostic and therapeutic purposes (Tam and Lowary,
2009).

Many of the genes involved in the biosynthetic cycles of cell wall components and related
enzymes involved in these pathways have been deemed essential for the survival of the

mycobacterial cell. Due to the essentiality of the genes, understanding these cycles and the roles
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the enzymes play within them is important in order to develop new inhibitors and unearth new

drug targets (Mishra et. al., 2011).

1.5 Tuberculosis treatment

Due to the pressing concerns of the increasing instances of tuberculosis the WHO came up with
the Direct Observed Treatment Short-course (DOTS) programme. The DOTS programme was
developed with five major elements: 1) Political commitments to TB affected areas in various
countries, 2) Detection of the infection by analysing the sputum of patients, 3) Short course
chemotherapy (SCC) administered to the people with a positive infection as per the sputum
analysis, 4) Proper case management by DOTS, 5) Regular recording and reporting of every
case. With the application of this programme, there was an increased control of tuberculosis
with proper drug administration for a period of time (Gupta et. al., 2001). Unfortunately,
resistance to first line drugs started to develop after a few years which led to a new strain of TB
called Multidrug resistant tuberculosis (MDR-TB). The strain of Mtb causing this infection was
resistant to isoniazid and rifampicin, the key first line drugs (FLDs) administered in the DOTS
programme (Blanchard, 2003). Resistance is thought to have been caused through lack of
knowledge, improper prescription of the drugs, a non-standardised regimen and poor patient
adherence to the antibiotics prescribed. In order to deal with the MDR-TB problems, a Green
Light Committee was formed to monitor the proper use of second line drugs (SLDs) to combat
this resistant strain (Shah et. al., 2007). Under this programme, 4 or more SLDs were
administered in different combinations to those people diagnosed with MDR-TB.
Unfortunately, cases of resistance against the SLDs developed shortly after, forming yet another

strain of TB called extensively drug resistant (XDR-TB). XDR-TB is defined as the strain of
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TB resistant to isoniazid, rifampicin, any of the flouroquinolones and at least one injectable
SLD (Shah et. al., 2007; Munro et. al., 2007). A more recent strain of resistant tuberculosis
known as extremely drug resistant tuberculosis (XXDR-TB) or totally drug resistant
tuberculosis (TDR-TB) resistant to both first and second line drugs has taken us back into the
era without any antibiotic resources to treat it (Farnia et. al., 2010). The recent resistant strain
has been seen to show morphological changes affecting 15-20% of the cell population of the
bacillus by changing its shape into an oval or round shape while 5-7% of the cell population
show extremely thick walls (21-26nm) similar to non-replicating bacilli (NRP) or anaerobic

dormant bacilli (Farnia et. al., 2010).

It has still not been conclusively defined how the bacteria acquire resistance to the antibiotics.
It is thought to be because of chromosomal alterations (Cole, 1994) due to sequential mutations
(mutations that would develop for one drug at a time) (Fenner et. al., 2012; Motiwala et. al.,
2010). The bacilli seem to use efflux pumps to resist dying in the presence of the antibiotics
and this attribute could play an important role in developing long term resistance. It is thought
that horizontal gene transfer of genetic elements such as plasmids, integrons and transposons
could also be responsible for the development of resistance, but this has not been clearly proven

(Srivastava et. al., 2010).

The standard drug regimen for DOTS involves these first line antimycobacterial antibiotics:

1.5.1 Isoniazid

Isoniazid or isonicotinylhydrazide is an antibiotic containing a pyridine ring with a hydrazide
group, both of which are essential to its activity (figure 1.8). Its complex mode of action is via
interference with the mycolic acid synthesis process (Middlebrook and Cohn, 1953). It does

so by inhibiting the NADH dependant enoyl ACP reductase that is encoded by the gene inhA
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(Rawat et. al., 2003) which is involved in the final step in the FAS-II cycle of the mycolic

acid biosynthesis process (Marrakchi et. al., 2000; Kremer et. al., 2003).

o

NH

| N
H

Figure 1.8: Structure of Isoniazid.

Isoniazid enters the cells through passive diffusion and needs to be activated by a catalase
enzyme KatG in the presence of manganese dichloride (MnCly) (Zabinski and Blanchard, 1997)
to form an anion which then covalently attaches to NADH to form the adduct that inhibits the
InhA protein (Marrakchi et. al, 2000). Strains of Mtb which developed resistance against
isoniazid showed mutations in two genes inhA and katG (Silva et. al., 2003; Ramaswamy et.
al.,2003). In 40% of the strains resistant to isoniazid a mutation in the katG gene was identified,
which causes the amino acid substitution of a serine to a threonine at the 315 position
(Somoskovi et. al., 2001). The study of three genes ihhA, katG and kasA revealed that the drug
targeted only KatG and subsequently InhA without any activity against KasA, a ketoacyl ACP
(Kremer et. al., 2003). The most prominent mutation observed in the inh4 gene was a point
mutation causing a substitution of Ser94Ala which causes a decrease in the affinity of the
Isoniazid-NAD adduct to the active site of the InhA protein. The loss of serine in the mutated
InhA protein causes the disruption of hydrogen bonding due to movement in an ordered water
molecule which in turn reduces the binding capability of the drug NAD complex (Vilchéze et.
al., 2000). katG mutations are seen to be more in case of MDR strains as opposed to

monoresistant strains (Hazbon et. al., 2006).
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1.5.2 Rifampicin

Figure 1.9: Structure of Rifampicin.

Rifampicin is a lipophyllic ansamycin drug with a heterocyclic structure and a napthoquinone
core depicting an antimicrobial action (Rattan et. al, 1998) (figure 1.9). Its mode of action
involves the molecule binding to the B-subunit of the RNA polymerase enzyme, by inhibiting
the binding of the first triphosphate to the polymerase and consequently inhibiting the
elongation process of mRNA (McClure and Cech, 1978; Blanchard, 2003). The drug is active
against both replicating and non-replicating bacteria. The resistance to rifampicin is seen due
to mutations in the 7po gene in the region of 507-533 codons now known as the rifampicin
resistance-determining region (RRDR) (Ramaswamy and Musser, 1998). Analysis of 29
rifampicin resistant strains from Hungary revealed an 81-bp region and a N-terminal region in
the rpo gene where most mutations occurred. The most common substitutions observed were
Asp516Val, Ser531Leu, His526Tyr and His526Asp (Bartfai et. al., 2001). Of these common
mutations, the Ser531Leu and His526Asp depicted the highest amount of resistance to the drug
by disrupting the hydrogen bonds, increasing repulsion and therefore decreasing the affinity of
the drug to the polymerase protein (Pang et. al., 2013; Bartfai et. al., 2001). These substitutions
increased the minimum inhibitory concentration (MIC) values against the drug to more than

32ug/mL (Somoskovi et. al., 2001). Resistance to rifampicin has shown co-resistance to other
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drugs, primarily isoniazid (Traore et. al., 2000).

1.5.3 Ethambutol
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Figure 1.10: Structure of Ethambutol.

Ethambutol is a linear alcoholic molecule ((25)-2-[2-[[(2S)-1-hydroxybutan-2-
yl]amino]ethylamino]butan-1-ol) (figure 1.10) which was first used as a first line drug in
combination with isoniazid, rifampicin and pyrazinamide (Sreevatsan et. al., 1997). The mode
of inhibition of this drug is by the interference with the biosynthesis of cell wall arabinogalactan
(Takayama et. al., 1979). Ethambutol blocks the polymerisation step in the arabinan synthesis
causing the accumulation of the precursor -D-arabinofuranosyl-P-decaprenol (Cso-P-D-Ara).
The drug partially blocks the synthesis of LAM leading to the production of truncated LAM
which has a knock-on effect on the mycolic acids. Due to the absence of LAM moieties the
mycolic acids cannot be attached to them which therefore causes redirection of these molecules
towards non-arabinan pathways and accumulation of trehalose dimycolates (Mikusova et. al.,
1995a). The gene producing arabinosyl transferase is embC, embA and embB (Sreevatsan et.
al., 1997). EmbA and EmbB form heterodimers to synthesise the hexa-arabinoside structures
and disruptions of genes encoding these enzymes produce a growth defective mutant. Although
embA and embB are co-transcribed, it was proven that the embA is essential for the survival of

the cell (Amin et. al., 2008). Mutation in the 306" codon of the embB gene was seen in 50% of

32



Chapter 1 Introduction

the resistant strains. Amino acid substitution in embB was observed in 69% of the resistant
isolates (Telenti et. al., 1997). The Met306Leu and Met306Val mutations cause an increase in
the MIC from 5ug/mL to ~40pg/mL while the Met3061le caused the MIC to increase to only
20pg/mL. The mutation in the embC gene causing the substitution Val981Leu increased the
MIC to 15pg/mL(Sreevatsan et. al., 1997; Rinder et. al., 2001). It has been mentioned that
although the majority of mutations occur in the embB gene, this does not present resistance to
the drug but only makes the bacteria susceptible to acquiring more mutations (Srivastava et. al.,
2009).

The aftA gene, essential for the bacteria and encoding the enzyme which catalyses the addition
of the first arabinofuranosyl residue to galactan, has been indicated to confer resistance to
ethambutol, increasing the MIC value to 8ug/mL (Alderwick et. al., 2006). A mutation in
another gene called ubi4 (Rv3806c¢) not only leads to increased resistance with an MIC value

of 16-32ug/mL, but also mutations in embB and increase in DPA synthesis (Safi et. al., 2013).

1.5.4 Pyrazinamide
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Figure 1.11: Structure of Pyrazinamide.

Pyrazinamide is a pyrazinoic acid amide analogous to nicotinamide (figure 1.11). It is a
prodrug, which needs activation through an enzyme pyrazinamidase (Pzase), which converts it
into pyrazonoic acid (Konno and Feldmann, 1967). The enzyme is encoded by the gene pncA

(Scorpio and Zhang, 1996). The active drug component destroys the bacterial membrane
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energetics and inhibits membrane transport. The antibiotic is known for its activity against
semi-dormant bacilli surviving within an acidic environment and it kills the bacteria by
changing the membrane potential of the cell (Zhang et. al., 2003; Mitchison, 1985). Another
mechanism of action is thought to be via inhibition of the fatty acid synthase type-I in the
replicating bacteria (Zimhony et. al., 2007). Resistance develops when mutations are observed
in the promoter region of the pncA gene (Scorpio et. al., 1997; Jureen et. al., 2008). Mutation
in the pncA gene causes an amino acid substitution of Cys169Gly, which does not allow the

drug to be activated and produces a 3-fold resistance to the drug (Shi ez. al., 2011).

1.6 New antitubercular drugs in the pipeline

An estimated 0.6 million cases were diagnosed with MDR-TB in 2015 (WHO, 2016) and with
almost 11 million people co-infected with HIV, the TB drug regimen is failing against
upcoming challenges (Sala and Hartkoorn, 2011). To make matters worse, the recent
developments of lifestyle diseases like diabetes mellitus is affecting treatment of TB (Sala and
Hartkoorn, 2011) and necessitates the development and discovery of new drugs. The current
TB pipeline has not produced many new drugs since the mid-1980s (figure 1.12), although
recent developments have led to newer drugs undergoing trials to be used as combinatorial
therapy for tuberculosis including non-resistant, latent and resistant strains (Lalloo and

Ambaram, 2010).
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Figure 1.12: The TB drug discovery timeline. The figure represents the drugs discovered
over the years from the identification of the bacteria to the recent development of resistant
strains of M. tuberculosis (Lalloo and Ambaram, 2010)

Several new drugs as illustrated in figure 1.13 detailed as follows:

1.6.1 Diarylquinolones TMC-207

Bedaquiline (also known and TMC-207 or R207910) was discovered after screening 70,000
compounds against M. smegmatis (Lounis et. al., 2006; Huitric et. al., 2007). The drug is
effective against mono and multi-resistant strains of tuberculosis. The drug target was identified
as the c subunit of the ATP synthase enzyme by mutations caused in the a#pE gene in resistant
mutants of Mycobacterium (figure 1.14). The drug also binds to the epsilon subunit (Koul ez.
al., 2006; Ji et. al.,2006).

The drug seems to have other targets or mechanism of resistance, which is drug efflux.
Although the FDA recently approved the use of bedaquiline as a combinatorial therapy for

resistant tuberculosis it does have serious side effects such as induction of arrhythmia, tissue
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accumulation, elevated transaminase levels and high mortality rates (Lounis et. al.,2006; Arjona

et. al., 2008).

1.6.2 Nitroimidazoles

A specific characteristic of nitroimidazoles is that they are active against both replicating and
non-replicating Mycobacterium. Currently two major drugs under this class are under clinical

trials (Sala and Hartkoorn, 2011).

The first drug PA-824, is a potent drug showing cidal activity against MDR-TB. It is a prodrug,
which is activated by the enzyme deazaflavin dependant nitroreductase (Ddn) by forming three
different metabolites (Singh et. al., 2008; Dogra et. al.,2010). The target of the drug, although
unclear, is thought to affect cell wall biosynthesis and cause respiratory poisoning (figure 1.13)
(Manjunathan et. al., 2009; Jawed Ahsan et. al., 2015). The response to the drug was seen by
activation of various genes involved in cell wall synthesis such as FAS-I and FAS-II operon
genes. Several genes involved in respiration were also activated such as nyd (Manjunathan et.

al.,2009).

The other drug, OPC-67683, is also a prodrug requiring activation potentially by Ddn. The drug
inhibits the mycolic acid synthesis. It shows activity against drug sensitive TB and MDR TB
(Matsumoto et. al., 2006; Dogra et. al.,2010). It is unaffected by liver microsomal enzymes
which gives it an advantage to be used in combination with antiretroviral therapies. Both the

drugs have now entered the second phase of clinical trials (Matsumoto et. al., 2006).
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Figure 1.13: Potential new antimycobacterial drugs in clinical trials. The figure illustrates
the current TB pipeline with various drugs in every phase of clinical trials (Koul et. al., 2011).

1.6.3 Diamines

Drugs based on the structure of 1,2- ethylenediamine in ethambutol have led to a potential new
drug, SQ109 (Boshoff et. al., 2004) (figure 1.13). SQ109 is an ethambutol analogue identified
by screening 60,000 compounds from a library (Reddy ez. al., 2010). The target of the drug is
a trehalose meromycolate (TMM) transporter, Mmpl3. The drug therefore affects mycolic acid
synthesis principally the cord factor (figure 1.14) ( Boshoff ez. al., 2004). Used with bedaquiline
it seems to have a synergistic effect and therefore is a more effective combinatorial therapy.

The drug is under phase II clinical trials (Cole and Riccardi, 2011).
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1.6.4 Oxazolidinones

Oxazolidinones are one of the novel classes of antibacterial drugs which target the protein
synthesis. They bind to 23S rRNA of the 50S ribosomal subunit of the bacteria (Arias et.
al.,2008) (figure 1.14). There are three drugs in this category which have been approved by the
FDA: linezolid, Sutezolid (PNU-100480) and AZD5847. Linezolid was approved by the FDA
in 2000 and although it is very effective against MDR-TB and XDR-TB, it has a lot of side
effects and toxicity (Sbardella et. al.,2004; Lee et. al., 2012).

A safer drug, Sutezolid (PNU-100480), shows higher efficacy when used in combination either
with SQ-109 or in combination with moxifloxacin and pyrazinamide is very effective against
the MDR strain (Williams et. al., 2009; Reddy et. al., 2012) (figure 1.13). AZD5847 also has a
strong bactericidal activity and also targets the 50S ribosomal RNA. Both these drugs are under

phase II trial (Shaw and Barbachyn et. al., 2011).

1.6.5 Benzothiazinones

Benzothiazinones are a new class of drugs, highly potent against MDR and XDR-TB. The drug
affects an essential enzyme decaprenyl phosphoryl-B-D-ribose 2’ epimerase encoded of dprEl
gene. The enzyme is a major player in the synthesis of arabinogalactan. Inhibition of this

essential enzyme causes cell lysis and cell wall damage ( Makarov et. al., 2009; Lechartier et.

al., 2012).
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Figure 1.14: Modes of action of the potential new antitubercular drugs. The figure
elucidates the various modes of actions of drugs currently in phase 2 and 3 of clinical trials
(Jawed Ahsan et. al., 2015)

1.6.6 Flouroquinolones

A new class of flouroquinolones are currently in phase III clinical trials (Ma et. al., 2010).
Gatifloxacin and moxifloxacin are being studied to be used as a combinatorial therapy with first
line drugs in the TB regimen (Ahmad et. al., 2011; Engohang-Ndong, 2012) (figure 1.13). Their
basic mode of action is through inhibition of the protein synthesis machinery chiefly by
interacting with DNA gyrase (Jawed Ahsan et. al., 2015) (figure 1.14). Although these drugs
reached phase III clinical trials neither seem to be particularly potent in converting sputum,
reducing bacterial load or preventing morbidity when compared to exisiting mycobacterial

drugs (Ruan et. al., 2016; Anthony T Podany, 2016).
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1.7 High throughput screening (HTS) strategies for tuberculosis

drug discovery

The development of MDR and subsequent rapid succession to both XDR and XXDR/TDR
strains of Mtb has rendered the current drug regimen ineffectual. A good screening strategy,
discovery of newer drugs and identification of the mode of action would help in developing

better treatment regimens and determining bacterial pathways more clearly.

From drug to target

Potential anti-TB | Anti-TB activity MIC

compound | invitro determination =l
Target identification/ ‘
validation
Whole-cell Lead identification/ =T

Compound libraries —| | - MIC determination

Further development:
lead optimization,
medicinal chemistry,
in vivo studies

From target to dru: Validation against \
Enzyme-based HTS —— | Mycobacterium tuberculosis
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Identification/ Expression and
validation of —| purification/assay
potential drug target | development

In silico drug design
and fragment-based
screening

3D structure
determination

Figure 1.15: A flowchart representing drug discovery strategies describing the drug
development from drug to target and from target to drug. The two strategies overlap at a
level for in vivo studies. HTS — High throughput screening (Sala and Hartkoorn, 2011).

There are predominantly two strategies undertaken for performing drug screens in the drug
discovery process: one type of assay is target specific while the other is a whole cell screening
assay. Both are implemented against compound or inhibitor libraries and performing mode of
action studies with the latter leads to the discovery of the target (Sala and Hartkoorn, 2011)
(figure 1.15). Phenotyping screening strategies have improved and branched out to utilise

indicators to scale up screens to make them high throughput. Although they provided kinetic
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data in a high biocontainment level, BACTEC based radiometric assays proved to be more
expensive and less adaptable to high throughput strategies than alamar blue susceptibility tests
(MABA) (Collins and Franzblau, 1997). Luminescence based assays have been proactively
used and have now been adapted to screen antimicrobials against non-replicating (NRP)
bacteria either under the influence of a selectable promoter such as acetamidase (Cho et. al.,
2007) or a constitutive promoter such as for heat shock proteins (Cooksey et. al., 1993).
Phenotypic screens are also improvised to mimic physiological challenges that bacteria
experience such as nutrient starvation, hypoxia and non-replicating states which cause the
bacteria to be tolerant to the antimicrobials and prolong treatment duration accordingly. Assays
adopted for hypoxia involve the application of the Wayne model of hypoxia and dormancy
(Wayne and Hayes, 1996) and can be combined with indicators of cell physiology such as ATP
depletion (Mak et. al., 2012) or luciferase activity under the influence of an anhydrotetracycline
inducible promoter (Grant et. al., 2013) to screen antimicrobials or chemical compounds against
the bacteria. Models for starvation were designed to mimic the in vivo conditions the bacteria
encounter during infection and involve reducing the available nutrients in growth media,
typically containing a minimal salt media without additional supplements like Middlebrook
OADC/ADC. The Middlebrook 7H9 medium is used with a detergent to reduce clumping of
the bacteria, one such approach used tylaxopol in combination with the media to screen
compounds and read the assays using luciferase or the expression of green fluorescent protein
(Pethe et. al., 2010; Grant et. al., 2013). Cell based kinetic assays have been designed to be
combined with high content screening to understand infection in vivo and effectiveness of
antimicrobials on infected mammalian cells. A real time electronic sensing (RT-CES) was
designed with E-plates that contained gold microelectrodes at the bottom of the wells in assay

plates which generated an electric field in the presence of media. This electric field is disrupted
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with the growth of cells and the kinetic curves vary depending on cell type, morphology and
adherence characteristics to give a time dependent cell response profile (TDCRPs) (Abassi et.
al.,2009). Another assay was designed using macrophage cell lines (RAW264.7) infected with
green fluorescence protein expressing Mtb and automated high content microscopy to screen

compounds that are active against intracellular bacteria (Christophe et. al., 2009).

Target based screening assays generally involve screening drugs against validated drug targets
which are mainly essential enzymes involved in cell wall biosynthesis, shikimate pathway,
folate pathways and other physiologically important processes. The issue with target-based
discovery is the validation of targets and the understanding of the role of the target in vivo
versus in vitro. Assays designed to screen validated targets involve biochemical assays often
using enzyme couples, for example some assays used an enzyme couple to screen
dihyrdrofolate reductase (DHFR) inhibitors comprised of NADH, which in the presence of an
active enzyme and substrate (dihydrofolate) produced trihydrofolate (THF) and a NADP*
molecule (Kumar et. al., 2012). The presence of an active DHFR enzyme can be measured by
the NADP* accumulation at absorbance at 340nm and when the enzyme is inhibited in the
presence of antimicrobials the addition of resazurin leads to the formation of resorfin (emission
at 590nm) due to the excess NADPH in the assay mix (Kumar et. al., 2012). New target based
assays have been designed utilizing chromatographic principles to understand ligand-enzyme
interactions. Ultrafitration-liquid chromatography/mass spectrometry (UF-LC/MS) has been
used to allow interaction of the ligand and enzyme through LC and then the complex is analysed
by MS while the UF element helps with the separation of the complex and unused ligand. This
process has been tested to screen inhibitors against shikimate kinase an enzyme involve in the
shikimate biosynthesis process (Mulabagal and Calderdn, 2010). For targets that are difficult

to approach, fragment based approaches have been undertaken to identify inhibitors based on
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target substrates. The targets are screened spectroscopically for activity against analogues of
substrates and then the most potent substrate molecules are modified with pharmacophores to

get a custom designed inhibitor (Matthew B Soellner et. al., 2007).

Due to the success of phenotypic screening for tuberculosis drug discovery over target based
screening, the recent advances have combined these two approaches. Target based whole cell
screening approaches have been implemented to screen targets in a whole cell by generating
mutant strains for these targets involving either underexpressing or overexpressing the target in
a whole cell in the presence of an inducible promoter. The strains underexpressing the targets
are hypersensitive to the inhibitors which inhibit the target gene while overexpressing strains
are resistant to the inhibitors (Abrahams et. al., 2012). Along with these two major approaches,
virtual screening of inhibitors directed towards specific targets is another way of looking for
potential drugs. In silico screening for drugs against targets involve software which can perform
structural matching, docking of the inhibitor molecule on target structures and deciphering
affinity of the binding between the inhibitor and the target molecule (Segura-Cabrera and
Rodriguez-Pérez, 2008; Jadaun et. al., 2015).

Although drug screening and discovery efforts are being made for tuberculosis treatment and
overcoming the treatment failure issues due to resistance, it is important to be aware of the
failures of drug discovery and the reasons for it. It is imperative that there is an awareness
among researchers involved in drug discovery regarding the false positive inhibitors which are
misleadingly highlighted as potential drugs due to their ability to interfere with assay signalling,
formation of aggregates and reactivity towards protein molecules (Baell and Holloway, 2010).
Identifying Pan Assay Interference compounds (PAINs), which comprise 5-12% of a
compound library in academia and are found repeatedly in different assay settings, is vital.

These compounds form artefacts which may mislead researchers towards considering the
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inhibitors as positives due to their molecular properties such as the fluorescent nature of the
compound, its ability to coat proteins and sequester the metal ions in an assay. A lot of these
compounds also act as chemical moieties releasing hydrogen peroxide which kill the cells and
can seem to be a potent inhibitor (Baell and Walters, 2014). It is therefore useful to have a
counteractive methodology by understanding the common structures depicted by the PAINs
molecules. Approximately 400 structural classes form these molecules and using tools and
filters to understand the structural basis of the inhibitors and diversity metric of the molecules
can help to identify the inhibitors that seem like prospective drugs (Ekins et. al., 2014; Baell
and Walters, 2014). Another key aspect to bear in mind when screening for drug like
compounds is using Lipinski’s rule of five which defines the criteria to consider which
compounds or chemical molecules lead to a high possibility of good inhibitors. These mainly
involve the physiochemical properties of the compound wherein the molecules with a molecular
weight of less than 500, log P (partition coefficient to measure solubility) value of less than 5,
less than 5 donor hydrogen bonds and less than 10 acceptor hydrogen bonds have a high
possibility of making a good drug. However, this list of physiochemical characteristics does not
guarantee a strong drug like compound it increases the likelihood of a successful positive
outcome (Lipinski, 2004). Awareness of the pitfalls of the current drug discovery strategies and
a keen eye for false positive results can reduce the high iteration rate in the tuberculosis drug
discovery process which is has been leading to the failure of potential compounds reaching the

market.
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Aims and Objectives

There is an imminent requirement to develop and discover new drugs to treat tuberculosis due
to the development of resistance against the current antitubercular drugs.
This thesis can be divided into three major objectives:

1. Using a high throughput screening platform, the screening of the Prestwick FDA library
will be implemented against both slow and fast-growing strains of mycobacteria, M.
bovis BCG and M. smegmatis respectively. Compounds will be evaluated for potency
by minimum inhibitory concentration (MIC) determination. Preliminary mode of action
studies will be undertaken by the generation of spontaneous resistant mutants with
subsequent whole genome sequencing.

2. A comprehensive mode of action decovolution study of florfenicol (a hit emerging from
aim 1) will be undertaken. This will involve both genetic and biochemical investigation
of the function of the target within the mycobacteria and its essentiality will be tested.

3. To perform a target based phenotypic screening of the GSK177 box set (Ballell et. al.,
2013) against Mtb-PrsA, a well validated target. The inhibitors will be screened using a

whole cell overexpression assay and validated through a biochemical screen.
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2. Screening the FDA approved library against

mycobacteria

2.1 Introduction

All the front line drugs used to treat tuberculosis were discovered through a drug to target based
approach using phenotypic screening of drugs against mycobacteria, where the study of the
inhibitory activity of the drug was followed by target deconvolution (Konno et. al., 1967;
Mitchison, 1979; Crofton and Mitchison, 1948; Bernstein ef. al, 1952; Ramaswamy and
Musser, 1998, Maiga et. al., 2012). Phenotypic assays are more beneficial over target based
assays as they are helpful in identifying compounds which show activity against whole cells
bypassing permeability issues and generating lead compounds for further optimisation
simultaneously giving us tools for finding newer drug targets (Ballell ez. al., 2013; Brown,
2007). This method has proved more useful in terms of generating lead compounds, which are
currently under clinical trials or have been approved for use by the FDA such as bedaquiline,
benzothiazinone (BTZ), nitroimidazole such as PA-824 and OPC-67683 (also known as
Delaminid), diamine SQ-109 (Stover et. al., 2000; Protopopova et. al., 2005; Matsumoto et. al.,
2006; Makarov et. al., 2009). Delaminid and nitroimidazole PA-824 also known as Pretomanid
are prodrugs that inhibit mycobacterial F-420 dependant nitroreductase mediated activation
releasing nitric oxide which causes a pleiotropic effect, killing the bacterium (Evangelopoulos
et. al., 2015; Manjunatha et. al., 2009).

Bedaquiline or TMC 207 was another important drug discovered through a screen against M.
smegmatis using a corporate collection screen at Tibotec. The compound then underwent

further medicinal chemistry iterations (Andries et. al., 2005). It has been recently approved by
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the FDA after 16 years of going through the drug pipeline to be used for MDR-TB treatment
only due to the toxicity issues with the drug (Mikusova and Ekins, 2017; Cooper, 2013; Mdluli
et. al., 2014; Lechartier et. al., 2014). BTZ was detected from a phenotypic screen through the
NM4TB programme while 2- aminothiazole-4-carboxylases also known as ATC were
identified from the TBD-UK consortium (Al-Balas et. al., 2009). BTZs are a class of sulphur
containing heterocyclic drugs which inhibit mycobacteria by targeting the DprE1 protein which
is involved in the cell wall synthesis (Mikusova and Ekins, 2017). The disadvantages of whole
cell screening is mainly issues with target identification of ‘active’ compounds which creates a

bottleneck with taking the compound forward as a ‘lead’ for clinical trials (Mdluli ez. al., 2014).

2.1.2 Drug repurposing

In recent years, even though we have antibiotics available to treat most infections, there are
diseases which are causing substantial levels of morbidity and mortality due to factors including
resistance, socio-economic factors etc. Although we need to develop new antibiotics against a
plethora of organisms, the cost estimated to bring a new drug to market is approximately 800
million euros. This includes approximately 10 years of research and development and clinical
trials. There have been very few drugs which have come into the market since the mid-1980s
especially ones with a unique mechanism of action (Vicente et. al., 2006). For example,
Bedaquiline is the first drug in 40 years to have been approved after the approval of Rifampicin
in 1967 (Mikusova and Ekins, 2017). Most drugs from the 1980s were screened from natural
products and have been improvised on structurally ever since (Vicente et. al., 2006). There is
now a need for alternate strategies for discovering and developing new drugs (Vicente et. al.,
2006). There are several new ways in which new antimicrobials for bacteria can be discovered

and developed, these include finding new targets and processes, blocking multidrug efflux
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channels and using alternative methods such as bacteriophages. Repurposing existing drugs is
an expedient option because in theory these drugs do not require toxicity profiling, hit to lead
optimisations and in vivo metabolic studies. In addition to that, it has been known that drugs
used to treat one specific condition or disease interact with other targets which can be an
assortment of enzymes, transport channels or myriad cellular components causing secondary
biological consequences (Maitra et. al., 2015). Sildenafil by Pfizer is one of the best examples
of repurposing, as the drug was initially designed for hypertension but had a secondary effect
of inhibiting the phosphodiesterases in humans. The result being that the drug is now used for
patients with erectile dysfunction (Moreland et. al., 1998). Based on the results from the mouse
model studies it has recently been advocated to be used as an adjuvant host directed therapy in
order to shorten treatment time in patients with TB. Another example of repurposing is
Thalidomide, which is prescribed for leprosy and meningitis albeit judiciously due to its
teratogenic effects on unborn babies. The drug is currently being progressed to treat meningitis
symptoms in children caused due to tuberculosis (Maiga et. al., 2012).

It has been suggested that certain classes of drugs already approved by the FDA have
antimicrobial properties. Certain classes of anti-cancer drugs and gallium containing
compounds have been proven to have anti-microbial properties, possibly due to the similarities
between certain cancer cells and bacterial cells (Rangel-Vega et. al, 2015). Gallium
compounds are known to have anti-mycobacterial properties as well as being toxic to certain
other classes of bacteria. 5-fluorouracil is another drug, which has antibacterial, anti-biofilm
properties and acts as a virulence inhibitor to many gram-negative bacilli. It inhibits ribosome
and protein synthesis in the bacteria which are mainly deprived of magnesium ions (Rangel-
Vega et. al., 2015). The above examples prove that repurposing drugs could be an alternative

to screening against compound libraries using a reliable screening assay.
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2.1.2 Phenotypic drug screening strategy

Earlier screening of antibiotics was carried out using whole cell-based assays, which were
performed manually and therefore had to be optimised individually (Singh ez. al., 2011). The
process of drug screening has become more efficient and less time consuming due to the
development of assay/ micro well plates with 96, 348 and 1536 wells in terms of the number of
antibiotics/ compounds screened at a time. The advent of automated liquid handling systems
helped by improving the speed and accuracy of screening assays by reducing any discrepancies
caused by manual handling (Singh et. al., 2011). Assays designed to screen out compounds
were mainly based on cell density using optical density (O.D) of cell cultures as a parameter to
decide the effectiveness of a compound/ antibiotic. But O.D based assays had their own
drawbacks primarily variability in cell number and growth rate of cells. In order to get a more
reliable assay the use of redox dyes such as alamar blue or tetrazolium were employed which
used molecular conversion in ATP, FAD and NADH to determine cell activity level (Singh et.
al., 2011, Collins et. al., 1998). Unfortunately, use of redox dyes (even though much reliable
than optical density based assays) could cause possible physiological changes in the cell when
mixed in and incubated (Singh et. al., 2011) and is not very useful to perform kinetic assays or
real time monitoring (Collins et. al., 1998). Colony forming unit (cfu) based assays are
challenging for mycobacterial screening due to slow cell growth (Singh ez. al.,2013) and it is
difficult to handle Mtb for screening as it requires a BSL-3 facility. But in order to overcome
that, most primary screens use model organisms from the mycobacterial species such as
Mycobacterium bovis, Mycobacterium smegmatis and the weakened vaccine strain
Mycobacterium bovis BCG. Nowadays, fluorescence assays utilising either green fluorescence
protein (GFP) (Christophe et. al.2009) or resazurin dyes (Kumar et. al., 2012) are frequently

used to do kinetic and end point assays respectively. Around 20,000 molecules were screened

50



Chapter 2 Screening the FDA approved library against mycobacteria

in the Broad institute against inhibitors targeting DprEl (enzyme involved in cell wall
synthesis) and Mmpl3 (a mycobacterial cell membrane protein large 3) using GFP fluorescence
as a reporter in the assay (Stanley et. al., 2012). Therefore, an optimised and validated assay
utilizing fluorescent proteins produced by the bacillus could give real time results of
antitubercular activity as well as decreasing the risk of interaction with other dyes and reagents

at the same time, which would not influence the physiology of the bacillus.

»/

B ‘Selection of hits after liquid and solid MIC testing

&- 3‘ /

Drug to target screening strategy

. Hits selected for mode of action studies

Generation of spontaneous
resistant mutants for target
deconvolution

Figure 2.1: A flowchart depicting the whole cell screening strategy employed in this
chapter. The top funnel represents the preliminary screen of the Prestwick library, the subsequent
funnels represent the filtering of the hits through a shortlisting procedure and then MIC studies moving
towards target deconvolution through generation of spontaneous resistant mutants.

In this study, we have performed a drug screen using a library of FDA approved drugs against

GFP expressing strains of fast and slow growing mycobacteria based on the drug to target

approach of drug discovery. The strategy involved preliminary screening of the drugs against
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both the mycobacterial strains and then filtering down the hits based on various criteria in order

to deconvolute the mode of actions of the drugs (figure 2.1).

2.2 Results

2.2.1 Primary screening of the Prestwick library against M.

smegmatis pSMT3 eGFP and M. bovis BCG_pSMT3 _eGFP

The 1200 FDA approved drugs in the Prestwick library were screened against the GFP
expressing strain of M. smegmatis and M. bovis BCG (Section 6.11.1). The data generated from
these screens were then normalised against the positive and negative controls to produce a
scatter graph of the survival percentages for every drug on each plate for both the mycobacterial

species (figure 2.2).
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Figure 2.2: The cumulative percentage survival values observed during the whole cell
screening of the Prestwick library. The graph represents the scatter graph of average
percentage survivals from a duplicate data set for M. smegmatis pSMT3 eGFP (A) and M.
bovis BCG_pSMT3_ eGFP (B) when screened against the Prestwick library.

The initial screen against M. smegmatis generated 133 hits which inhibited the survival of this

fast-growing species of mycobacterium below 50% (appendix 3). As observed in the scatter
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graphs (figure 2.2) representing the cumulative survival percentages of each strain for all the
drugs in the library, there were some drugs specially the ones screened against M. smegmatis
that depict very high survival percentages. (appendix 1). This was potentially caused due to the
growth rate of this fast-growing mycobacterial strain and some artefacts observed in the
controls during plate incubation and cross contamination due to condensation of some of the
wells. The drugs showing such high survival percentages were discounted as the cut off window
was set to 50% survival.

The screen against the GFP producing slow growing mycobacterial strain M. bovis BCG
revealed 138 hits (appendix 3) which inhibited the growth of the bacteria below 50% (figure

2.2).

2.2.2 Analysis of correlation

The preliminary screens performed for both the fast and slow growing mycobacterial strains
were performed in duplicates (Section 2.2.1). screen a correlation analysis was performed in
order to determine the coefficient of correlation for individual plates for both strains.

It was observed that the coefficient of correlation values ranged from 0.53 to 0.86 (appendix 4)
representing a positive correlation between both sets of the screen against M. smegmatis. When
the data was plotted as a cumulative the overall correlation observed was 0.64 as an average
which relates to 60% positive correlation of the data from the preliminary screen against M.

smegmatis (figure 2.3).
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Figure 2.3: A correlation analysis of the whole cell screen against the Prestwick library.
Scatter graphs representing correlation analysis of the cumulative data of the average
percentage survivals between plate A and B (duplicates) during the preliminary screen of the
Prestwick library against M. smegmatis pSMT3 _eGFP (A) and M. bovis BCG_pSMT3 eGFP
(B).

In order to understand the variability in the data and significance of the hits retrieved from the
The coefficient of correlation values ranged from 0.54 to 0.98 (appendix 5) for the screen
performed against M. bovis BCG leading to a very high positive correlation between the
screens. The cumulative correlation for M. bovis BCG was 0.89 leading to 89% positive
correlation of the replicate data sets (figure 2.3).

A significant correlation between each replicate was therefore observed for both screens

performed, which verified the validity and reproducibility of the screens against both strains.

2.2.3 Comparative analysis of the hit frequency based on the preliminary hits

between M. smegmatis and M. bovis BCG
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In order to understand the variation between the two strains of mycobacteria and the frequency
of hits between them a comparative analysis was performed (figure 2.4). It was seen that the
majority of the drugs had a survival percentage of 100%, which is valid as there were a high
number of drugs that did not inhibit the growth of mycobacteria during the preliminary screen.
It was also noted that there were some drugs with frequency ranging from 1 to 25 that had
survival percentages higher than 100%. This was observed during the initial analysis of the

preliminary screening data as mentioned in section 2.2.1. The frequency data verifies that the
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Figure 2.4: Hit frequency distribution of the whole cell screening against the Prestwick
library. The bar graph represents the frequency distribution of the hits observed during the
preliminary screen of M. smegmatis pSMT3 _eGFP (A) and M. bovis BCG_pSMT3 eGFP (B)
against the Prestwick library.

outliers were in low numbers and were caused due to experimental conditions but not to the
extent to discount the overall results obtained from the screens.

The cut off survival percentage for a drug to be considered as a “hit” was set to a percentage
survival of 50%. It was observed that in case of the fast-growing strain of mycobacteria, M.
smegmatis had a higher frequency of hits that had survival percentages ranging from 0-20%

while in case of the slow growing strain M. bovis BCG the hits were mainly clustered in the

survival percentage range of 10-30% (figure 2.4).
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Figure 2.5: A comparative frequency distribution of the hit frequency distribution
observed from the whole cell screen against the Prestwick library. The bar graph represents
the comparative frequency distribution of the hits observed during the preliminary screen of M.
smegmatis pSMT3 eGFP (A) and M. bovis BCG_pSMT3 eGFP (B) against the Prestwick
library.

It was also observed that in the survival percentage ranges of 10-14% and 30-34% the frequency
of hits for both these strains was identical (figure 2.5).

The comparative analysis of the hits gave a general idea as to what category of drugs inhibits
each strain and to what extent. A detailed analysis based on chemical properties of the drugs

and literature based evidence for antimycobacterial activity was then performed for all the hits

in order to shortlist a set of potentially useful drugs perform mode of action studies.

2.2.4 7 analysis of the whole cell screen against the Prestwick library

As mentioned in Section 6.11.4, Z* factor analysis of the screen has been described and it

indicates the quality of the screen. The Z" factor values for the primary screen against M.
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smegmatis vary between different plates to a greater extent within the drug set (figure 2.6). The
plates qualify for a robust screen as most of them have a value greater than 0.5. Those with the
lower Z factor values were caused due to artefacts created in the plates during incubation and
cross contamination due to condensation. This probably explains some of the variation
observed. In case of the primary screen for M. bovis BCG, the Z" factor values are consistent
and very robust, all of them being above 0.5 with some close to the ideal value of 1. The Z°

factor was improved due to change in incubation strategy and plate handling during that period

(figure 2.6).
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Figure 2.6: Z analysis of the whole cell screen against the Prestwick library. A scatter graph
representing the Z'-factor values for each plate in the Prestwick library screened against both
M. smegmatis pSMT3 _eGFP and M. bovis BCG_pSMT3 eGFP.

Overall, based on the previous correlation analysis (section 2.2.2) and the Z factor values

observed for each the plate, the screens have produced reliable outcomes which were further

investigated and will be discussed further in this chapter.
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2.2.5 Distribution of the preliminary hits

While classifying the hits observed during the preliminary drug screen against both the fast and
slow growing strains of mycobacteria, a clear majority of hits were antimicrobials. These were
then further sub divided into various classes to give a deeper understanding of the types of
antimicrobials inhibiting the two strains.

Amongst the 28 hits observed within the 10-14% survival percentage range for both strains in
section 2.2.3, there were eight drugs which were common between the strains, while in the 30-
34% range they only have one drug in common. The common drugs were chlortetracycline,
clarithromycin, rifapentine, rifamixin, vancomycin, pentamidine, tylosin, moxifloxacin and
carbadox. All of these drugs are antibiotics of which some have known antitubercular activity.
Chlortetracycline is a tetracycline derivative used as broad spectrum antibiotic in veterinary
medicine (Lewis, 2013). Although it hasn’t been reported to be effective against a
mycobacterial infection as it shares its chemical structure with tetracycline, which is an
antimycobacterial drug, it would therefore be expected to have some inhibitory activity against
mycobacteria. Rifapentine is a known antimycobacterial drug used to treat pulmonary
tuberculosis (Munsiff ez. al., 2006). It has also been used in conjunction with isoniazid to treat
latent tuberculosis and HIV positive patients having tuberculosis (Sterling et. al., 2011; 2016).
Rifamixin is an antibiotic based on rifamycin and is known to inhibit both gram negative and
gram positive bacteria. It also kills mycobacteria in vitro but due to the low absorption
properties of the drug, it is ineffective in vivo (Soro et. al., 1997). Another antibiotic which
inhibits both the strains is clarithromycin, it is an antibiotic commonly used to treat pneumonia
and throat infections. It was initially reported to have a synergistic effect on rifampicin during
inhibition of Mtb (Luna-Herrera et. al., 1995) but was later discovered to have a bacteriostatic

effect and not provide any additional inhibitory effects to rifampicin (Almeida et. al., 2011).
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Moxifloxacin on the other hand, which is a fluoroquinolone antibiotic, has been proven to clear
mycobacterial infections and help in culture conversion (Gillespie, 2016) and has been enrolled
to be considered for a TB Alliance phase III clinical trial after successfully treating human
patients with pulmonary tuberculosis (Maitra et. al., 2015). Vancomycin is a well-known
antibiotic used for treating symptoms caused by methicillin resistant Staphylococcus aureus
infections (Griffith, 1981) but has not been reported to have any antimycobacterial activity.
Two other drugs mentioned earlier have no known antimycobacterial activity. These are, tylosin
which is a veterinary antibiotic used as a bacteriostat in animal feed (Books, LLCGeneral Books
LLC, 2010) and carbadox, which is used to treat swine dysentery (Carbadox, 2014) and has
been known to cause phage mediated gene transfer in Salmonella, Shiga toxin production in
Shiga toxin-producing Escherichia coli and antibiotic resistant gene transfer in Brachyspira
hyodysenteriae (Bearson et. al., 2014). Among the aforementioned drugs the one that was of
interest based on the literature search was Pentamidine, an antimicrobial used in the treatment
of parasitic infections (Dorlo and Kager, 2008) Its mechanism of action is not completely
understood but it involves the inhibition of topoisomerase II causing damage to the organism
(Singh and Dey, 2007).

There was an indication of some of the classes affecting one type of strain more than the other.
It was noticed that the aminoglycosides and antifungal drugs were prominently inhibiting M.
smegmatis than M. bovis BCG (figure 2.7 A and B). Antifungal drugs mostly comprising of
azoles are known to inhibit mycobacteria by interacting with the cytochrome P450; this has
been specifically proven in M. smegmatis (Jackson et. al., 2000a; Warrilow et. al., 2009) while
the susceptibility of M. smegmatis to aminoglycosides has been dependant on the presence of
the aminoglycoside transferase gene. This gene has been shown to be present in all

mycobacterial species and is responsible for resistance against aminoglycosides although the
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sequence identity is variable among different species (Ainsa et. al., 1997) which might be the
cause of the variation in inhibition observed between the two species. A higher number of
aminoglycosides seem to inhibit the M. smegmatis strain, this might be due to the higher efflux
pump activity in M. bovis BCG (Li et. al., 2004) in addition to the sequence variation in the
aminoglycoside transferase gene mentioned earlier.

It was also observed that a higher number of drugs from the beta-lactam category inhibited M.
bovis BCG as opposed to M. smegmatis (figure 2.7B). Mtb is known to be intrinsically resistant
to beta-lactam due to its ability to produce the beta-lactamase enzyme BlaC (Chambers et. al.,
1995; Flores, 2005). Although, imipenem a beta-lactam antibiotic has been used to treat patients
with MDR-TB successfully and meropenem, another antibiotic belonging to this class, has been
known to have synergistic antitubercular effects (Chambers et. al., 2005; Diacon et. al., 2016).
Meropenem-clavulanic acid has been proven to reduce the bacterial load in vivo. Amoxicillin-
clavulanic acid has been listed as a third line treatment without known efficiency by the WHO
(Diacon et. al., 2016). The drugs mentioned here have shown activity against M. bovis BCG
and some against M. smegmatis. This proves that the drugs within this class have activity
against mycobacteria, not all of which have been explored in detail.

Cephalosporins is another class of drugs which inhibit M. bovis BCG more than M. smegmatis
(figure 22B). In a recent screen against 600 commercially available drugs from the Sweet
library, it was shown that cephalospoins had a high synergy with rifampicin although that was
not particularly the case when tested with rifapentine and rifabutin. Cephalosporins also show
synergies with the recently approved anti-TB drugs bedaquiline and delaminid (Ramoén-Garcia
et. al., 2016). These orally bioavailable drugs have activity against non-replicating Mtb without
causing any lethal effects to the mammalian cells or macrophages (Gold et. al., 2016; Ramon-

Garcia et. al., 2016). Carbapenems, which are members of the beta lactam family, and
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cephalosporins work by deactivating the L,D-transpeptidase responsible for the 3,3 crosslinking

in the peptidoglycan and therefore affects the cell wall of the bacterium (Dubée et. al., 2012).
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Figure 2.7: A distribution and classification of the hits from the whole cell screen against
the Prestwick library. A. Represents the different classes of drugs that inhibited the growth of
M. smegmatis.B. Represents the different classes of drugs that inhibited the growth of M. bovis
BCG
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There were other interesting classes of drugs which inhibited the growth of mycobacteria in
this in vitro screen such as antihistamines, calcium channel blockers, oestrogen modulators,
anti-cancer drugs. The drugs from the preliminary screen were carefully evaluated and

compared to compile a list of hits for further studies.

2.2.6 Rationale for selection of hits

The primary hits were shortlisted based on several factors such as physiochemical properties of
the drug and the evidence of anti-mycobacterial activity of the drugs. Drugs which were
formulated for use as topical creams or eye drops were not taken to the next stage of secondary
studies in order to avoid bioavailability and solubility issues. Drugs which are currently being
used for anti-TB treatment such as isoniazid, rifampicin, ethambutol, chloramphenicol,
tetracycline, streptomycin and modified structural analogues of these drugs were not considered
for further study.

Drugs belonging to the antiseptic and disinfectant category, which are known to affect the
bacterial membranes in various ways such oxidation of thiol groups by generation of free
radicals, protein damage on the membranes, membrane leakage and disturbance of the cell
homeostasis (McDonnell and Russell, 1999), were disregarded to avoid the study of dirty drugs
which might not have a selective mode of action and may just be causing general damage to the
cells leading to cell death.

An extensive literature search was performed in order to find out if some of the hits already had
known activity against mycobacteria and were then omitted from the shortlist. Antifungal drugs
have been known to have inhibitory effects against mycobacteria as mentioned earlier and

therefore were carefully researched and selected based on absence of any mode of action
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evidence and known functionality. Some compounds containing heavy metals such as mercury
(Thimerosol) were not studied due to possible implication of presence of heavy metal use in
drugs. Other drugs that were taken off from further investigation were those with known activity

in pulmonary or respiratory infections and steroidal hormones which had side effects.

2.2.7 Determination of the minimum inhibitory concentration (MIC) in a liquid

broth

The liquid MIC concentrations were determined against M. smegmatis pSMT3 eGFP and M.
bovis BCG_pSMT3 eGFP as mentioned in section 6.11.2. In order to determine the MIC values
a dose response curve was plotted on graph representing percentage survival against the long
concentrations of the respective drug being tested (appendix 6).

Among the drugs tested for M. smegmatis pSMT3 eGFP the most potent drug was
meclocycline sulfosalicylate with a liquid MIC of 0.1uM (table 2.1) and is a known broad
spectrum antibacterial (Fritzler and Zhu, 2012). Other drugs tested for MIC determination were
alexidine and chlorhexidine which both had low MIC values, 6.15uM and 1.98uM and are used
as antimicrobials in dentistry (McDonnell and Russell, 1999). Estrogen receptor modulating
drugs clomiphene citrate, raloxifen, toremifene, and tamoxifen citrate (Boostanfar et. al., 2001;
Khovidhunkit and Shoback, 1999) had MIC values ranging from 9.03uM to 26.64uM (table
2.1). GBR12909, a dopamine transport inhibitor (Andersen, 1989) has a liquid MIC of26.48uM
(table 1). Other drugs which were tested had very high liquid MIC values ranging from 77uM
to greater than 8x10°uM (table 2.1). Two of the drugs which were tested against M.
smegmatis pSMT3 eGFP; auranofin and ebselen had MIC values of 0.27uM and 18.5uM

respectively. Both of these drugs were partially pursued further and will be discussed in detail.
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Dose response studies against M. bovis BCG revealed thonzonium bromide as the drug with the
lowest MIC value of 0.16uM (table 2.1). Thonzonium bromide is a quaternary ammonium
compound which is used as a surface active agent (Chafetz ez. al., 1986) and has been known
to disrupt ATP dependant proton transport in vacuolar membranes along with alexidine
dihydrochloride, which are responsible for pH regulation in yeast and Candida albicans causing
growth defects (Chan et. al., 2012). It is also used to treat osteolytic diseases as it deters the
formation of osteoclasts and has a protective effect in mice models (Zhu et. al., 2016).
Florfenicol, a fluorinated analog of thiamphenicol with known broad spectrum activity against
gram negative bacteria and strains which were resistant to chloramphenicol and thiamphenicol
(Syriopoulou et. al., 1981), exhibited a MIC values of 0.67uM against M. bovis BCG (table
2.1). The drug influences the microbiota of the intestine reducing the amount of uncultured
bacterial species similar to Corynebacterium and Mycobacterium (He et. al., 2010). It shows in
vitro potency against Actinobacillus pleuropneumoniae and Pasteurella multocida from pig
isolates with higher potency in sample media containing animal serum (Dorey et. al., 2016).
Another antibiotic called josamycin, which is a 16-membered macrolide with inhibitory activity
against gram negative and positive bacteria (Arsic et. al., 2017), had a dose dependant activity
against M. bovis BCG with a MIC of 0.1uM (appendix 2).

Antihistamines were another class of drugs that had inhibitory activity against Mycobacterium
bovis BCG during the preliminary screen, of which a few were selected to study further. Three
antihistamines, namely astemizole, tripelennamine and olopatadine which, are HI receptor
antagonists used for allergies, asthma and rhinitis; and allergic conjunctivitis and rhinitis
respectively (Tardioli et. al., 2012; Mah et. al., 2008; Pipkorn et. al., 2008), were examined for

MIC values. Astemizole had the lowest MIC value of 17.8uM within the group followed by
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tripelennamine with 41.9uM and olopatadine with the highest MIC value of 202.3uM in the

group (appendix 2).

Table 2.1: Liquid minimum inhibitory concentration of hits from the whole cell screen
against the Prestwick library. The table lists the drugs selected for further study which were
seen to have activity against M. smegmatis and M. bovis BCG based on the preliminary screen
and their minimum inhibitory concentrations (MIC) in liquid media

Shortlisted Drugs (M. smegmatis) | Liquid MIC | Shortlisted Drugs | Liquid MIC
M) (M. bovis BCG) M)
Meclocyline sulfosalicylate 0.1013 Thonzonium 0.1586
Auranofin 0.2681 Florfenciol 0.6746
Chlorhexidine 1.948 Pentamidine 3.223
Alexidine 6.147 Astemizole 17.78
Clomiphene citrate 9.03 Pinaverium 28.29
Ebselen 18.51 Josamycin 0.1011
Raloxifene 221 Tripelennamine 41.87
Toremifene 23.76 Rosiglitazone 43.15
Tamoxifen citrate 26.48 Glipizide ~191.1
GBR 12909 26.64 Olopatadine ~202.3
Fendiline hydrochloride 77.57 Granisteron ~210.6
Sulocitidil 87.22 Phenteramine ~ 37530
Apomorphine 241.7
Nisoldipine 396.2
Sertraline 526.7
Fluspirilene 8275000

Antidiabetic drugs was another class of drugs that was analysed against M. bovis BCG. Among
the class, glipizide and rosiglitazone were two drugs that showed an MIC value of 191.1uM
and 43.15uM (table 2.1). Glipizide is a second-generation sulfonylurea drug that is prescribed
for hypoglycaemia in type II diabetes. It is known to act by stimulating insulin production and
correcting cellular lesions which occur during diabetes mellitus (McCaleb et. al., 1984;
Pontiroli et. al., 1984; Riddle, 1999). Rosiglitazone, on the other hand, functions by activating

peroxisome proliferator activated receptors in adipocytes and sensitising them to insulin
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(Hwang et. al., 2011). Pinaverium, that inhibits L-type calcium channels stopping influx of the
ions (Christen, 1990), had an MIC of 28.3uM.

Two other drugs which depicted high MIC values were granisetron and phentermine.
Granisetron an antiemetic drug which is an agonist to the 5-hydroxytryptamine-3 receptor
which stimulates the vagus nerve responsible for reflex motility response (Navari et. al., 1994;
Grundy et. al., 1994), had an MIC value of 210.6uM. Phentermine, which has been prescribed
as an appetite suppressant to control obesity and acts as an agonist to the human TAARI (trace
amine associate receptor 1), displayed a MIC of 37.5mM and was not tested further due to the
high inhibitory concentrations.

These drugs were then further tested for inhibitory concentrations on solid media to determine

accurate concentrations for mode of action studies.

2.2.8 Determination of the solid minimum inhibitory concentration (MIC)

Inhibitory concentrations of selected drugs were tested in solid media as mentioned in section
6.11.3. Drugs tested against M. smegmatis pSMT3 eGFP presented a MIC ranging from

0.2uM to 625uM (table 2.2).

Some drugs were not tested in solid media, these were alexidine dihydrochloride, ebselen and
fluspirilene. Fluspirelene had a high liquid MIC as mentioned in section 2.2.7 therefore it was
not considered feasible to study it further. Alexidine dihydrochloride was discounted for further
study due to its structural and functional similarity to chlorhexidine. Among the two drugs,
alexidine had a higher liquid MIC and therefore was deemed to be less potent than

chlorhexidine which had a solid MIC of 15.6uM (table 2.2).
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Ebselen studies were ceased due to the mode of action deconvolution that was discovered by
Favrot et. al., 2013. Ebselen is an organoselenium compound approved by the FDA with a
well-known pharmacological profile and is being currently tested for use in case of bipolar
disorders and strokes. It was shown that the drug has antimycobacterial properties and is also
effective against multidrug resistant Staphylococcus aureus (MRSA) (Thangamani et. al.,
2015). In Mtb, the drug acts on the bacillus by covalently binding to a cysteine residue near the
active site of antigen 85. Antigen 85 is a complex of secreted proteins which play an important
role in the synthesis of trehalose dimycolates (TDM) and mycolylarabinogalactan (mAG)
(Favrot et. al., 2013).

Inhibitory concentrations in solid media were very high for apomorphine and sulocitidil at
0.625mM, while for sertraline and nisoldipine it was 0.09mM and 0.1mM with the drugs
precipitating out into the media at higher concentrations. Apomorphine also seemed to produce
a colorimetric reaction while in the solid media (table 2.2); it was unclear if that impeded the
drug’s capability to inhibit the strain. Meclocycline sulfosalicyalte had a low solid MIC value
of 0.2uM which was very close to its liquid MIC value (0.1uM) and can be visibly seen in
appendix 8. Auranofin also depicted a fairly low solid MIC of 6.25uM although not very close
to its liquid MIC values (0.27uM).

The estrogen modulating drugs tamoxifen citrate, toremifene and clomiphene had MIC values
in a close range from 31uM to 62.5uM, to which raloxifen was an exception with a MIC value
of 312.5uM (table 2.2). All MIC values were tested with a positive and negative control to be
sure that there was no contamination of the media and that the inoculum contained actively
growing cells (appendix 8 and 9). After performing the solid MIC testing for M. bovis BCG as
mentioned in section 6.11.3, it was observed that the general MIC trend was that the drugs

inhibited the strain in solid media at 5 to 100-fold higher concentrations. For some of the drugs
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this was attributed to low solubility in the solid media and precipitation during the cooling
process of the agar medium.

Table 2.2: Solid minimum inhibitory concentration of the shortlisted hits from the whole
cell screen against the Prestwick library. The table lists the MIC values in solid media for
drugs active against M. smegmatis (column 1&2) and M. bovis BCG (column 3&4). N/T, not
tested.

Shortlisted Drugs Solid MIC (pM) Shortlisted Drugs Solid MIC (pM)
(M. smegmatis) (M. bovis BCG)

Meclocyline sulfosalicylg 0.1953125 Thonzonium >5.5556
Auranofin 6.25 Florfenciol 5.56
Chlorhexidine 15.625 Pentamidine ~ 50
Alexidine N/T Astemizole ~ 50
Clomiphene citrate 37.5 Pinaverium ~ 50
Ebselen N/T Josamycin ~ 100
Raloxifene 312.5 Tripelennamine ~ 500
Toremifene 62.5 Rosiglitazone ~ 1500
Tamoxifen citrate 31.25 Glipizide >500
GBR 12909 62.5 Olopatadine >500
Fendiline hydrochloride | 15.625 Granisteron >500
Sulocitidil 625 Phenteramine N/T
Apomorphine 625

Nisoldipine 100

Sertraline 90

Fluspirilene N/T

As mentioned in section 2.2.7, phentermine was not tested for solid MIC studies. Glipizide,
olopatadine and granisetron had solid MIC values greater than 0.5mM, the drugs precipitated
out at concentrations that were higher than that and did not seem to inhibit M. bovis BCG
(appendix 9). Rosiglitazone had the highest MIC value at approximately 1.5mM without any
inhibition. Thonzonium and florfenicol had a 5-fold increase in their solid MIC values but were

still around SuM and effectively inhibited the growth of the M. bovis BCG.
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Pentamidine, astemizole and pinaverium had solid MIC values of around 0.05mM while there

was a 10-fold increase in the MIC value for tripelennamine with an MIC of 0.5mM (table 2.2).

2.2.9 Generation of spontaneous resistant mutants to determine mode of action of

selected drugs

Mutants were generated for meclocyline sulfosalicylate, tamoxifen citrate and GBR12909 in
M. smegmatis and for florfenicol, pentamidine and tripelennamine in M. bovis BCG as
mentioned in section 6.12.

The whole genome sequencing revealed mutations in genes for each drug indicating towards
the mode of actions (table 2.3). Meclocyline sulfosalicylate mutants revealed mutations in the
gene Rv1856¢, a probable oxidoreductase deemed non-essential by the Himar-I based
transposon mutagenesis (Sassetti ez. al., 2003). A point mutation was observed in the gene g/yA
which is a serine hydroxymethyltransferase (table 2.3) responsible for interconversion of
glycine and serine in the presence of a single carbon carrier. It plays an important role in
providing single carbon groups required in purine, thymidylate and methionine biosynthesis. It
has also been identified as one of the proteins which undergoes PUPylation (Ubquitinylation
by prokaryotic ubiquitin protein) (Watrous et. al., 2010).

The tamoxifen citrate mutant exhibited a frame shift mutation in the gene espR (Rv3849) (table
2.3) which produces a protein involved in transcriptional regulation of the three genes Rv3136¢-
Rv3614c required for the ESX-1 system. The protein binds to the DNA and regulates ESX-1
therefore controlling the virulence of mycobacteria (Raghavan et. al., 2008). The crystal
structure of the protein shows that it is a dimer in its physiological form with each monomer

having the N-terminal helix-turn-helix which is the DNA binding domain and the C-terminal
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domain which is where the protein dimerises (Gangwar et. al., 2014). Spontaneous resistant
mutants raised against GBR12909 in M. smegmatis produced consistent multiple mutations in
Rv2538c (table 2.3) an essential gene for Mtb (Sassetti et. al., 2003) which encodes for 3-
dehyoquinote synthase which is one of the enzymes participating in the shikimate pathway
(Garbe et. al., 1991). This homomeric enzyme encoded by the gene aroB is the second enzyme
in the pathway and is present in various bacterial strains such as Corynebacterium glutamicum,
Escherichia coli, Bacillus subtilis and other fungi, plant and apicomplexan parasites (de
Mendonga et. al., 2007; Zhang et. al., 2015; Lee et. al., 2017). It makes for an important target
due to its essentiality in Mtb and absence of the pathway in mammals (de Mendonga et. al.,
2007).

Table 2.3: Mode of action determination through spontaneous resistant mutants for drugs
inhibiting M. smegmatis. The table represents the single nucleotide polymorphisms obtained

through whole genome sequencing of the spontaneous resistant mutants raised against selected
drugs in drug sensitive M. smegmatis.

Drug Name Mutated Genes | Rv Positions Amino acid | Probable function
(M. smegmatis Number substitutions
hits)
Meclocycline | MSMEG 3619 | Rv1856¢ A/G Short chain dehydrogenase/
oxidoreductase
Meclocycline | MSMEI 5111 Ccg/Tcg P1228 Serine
hydroxymethyltransferase
Tamoxifen MSMEG 6431 | Rv3849 tte/ F24 Conserved hypothetical
(Frame protein
shift)
GBR12909 aroB Rv2538c Ggg/Agg G282R Involved at the second step
in the biosynthesis of
GBR12909 aroB Rv2538¢c gGe/gAc G284D chorismate ~ within  the
GBRI2909 | aroB Rv2538¢c | Tge.GTtge | C356V biosynthesis of  aromatic
(Frame amino acids (the shlklmaFe
shift) pathvyay) [catalytic
GBR12909 | aroB Rv2538c | cTakcCa | L363P ZCt‘V‘ty' _ 7-phospho-3-
eoxy-arabino-
heptulosonate = 3-
dehydroquinate +
orthophosphate].

Auranofin, a gold atom containing FDA approved drug used in the treatment of rheumatoid

arthritis, was found to be active against M. smegmatis as mentioned previously in section 2.2.7.
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It was recently proved to have activity against Mth amongst other gram positive bacteria

including MRSA. It inhibits the thioredoxin reductase enzyme in the bacterial cell, which is

Table 2.4: Mode of action determination through spontaneous resistant mutants for drugs
inhibiting M. bovis BCG. The table represents the single nucleotide polymorphisms obtained
through whole genome sequencing of the spontaneous resistant mutants raised against selected
drugs in drug sensitive M. bovis BCG.

Drug Name Mutated Rv Positions Amino acid | Probable function
(M. bovis BCG substitutions
hits) Genes Number
Florfenicol EchAl12 Rv1472 Gga/Aga G239R Possible enoyl-CoA
hydratase echA12
[Mycobacterium bovis
BCG str. Pasteur 1173P2]
Florfenicol PPES0 Rv3135 gGce/gAc G251D PPE family protein
Florfenicol rpsl Rv3442c Ccc/Gee P17A Probable 30S ribosomal
protein S9 RPSI
Florfenicol glpK Rv3696¢ gTc/gCce V271A Probable glycerol kinase
GIpK (ATP glycerol 3-
phosphotransferase)
Pentamidine BCG 0763 | Rv0713 aTt/aCt 1274T Probable conserved
transmembrane protein
[Mycobacterium bovis
BCG str. Pasteur 1173P2]
BCG 0763 | Rv0713 gCg/gTg A281V Probable conserved
transmembrane protein
[Mycobacterium bovis
BCG str. Pasteur 1173P2]
Pentamidine mmpL6 Rv1557 Gcee/Acc A31T Probable conserved
transmembrane protein
Pentamidine glpK Rv3696¢ gTc/gCc V271A Probable glycerol kinase
GIpK (ATP glycerol 3-
phosphotransferase)
Trippelennamine | promoter Location: - | Upstream Gene Rv 3065
mmr gene
region of | 8 gene BCG | (efflux pump)
gene 3089¢ (Rv
BCG3090 1904)
(Rv 3065)
glpK Rv3696¢ gTc/gCce V271A Probable glycerol kinase

GIpK (ATP glycerol 3-
phosphotransferase)
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responsible for helping the cell to cope with reactive oxidative stress and is also involved in
DNA synthesis and protein repair. The impairment of the enzyme leads the cell to become
susceptible to a variety of oxidative stresses in the body while also compromising its replicating
machinery (Harbut et. al., 2015).

Due to the target deconvolution study presented by Harbut ez. al. in 2015, further studies were
ceased for this drug and no spontaneous resistant mutants were raised against it. Spontaneous
resistant mutants were generated for florfenicol in M. bovis BCG, showing a point mutation in
echA12 gene which produces an enoyl CoA hydratase (table 2.4). The protein is located in the
membrane fraction (Mawuenyega et. al., 2005) but the gene was not found to be essential
through the Himar-I based transposon mutagenesis (Sassetti ez. al., 2003). The protein has been
known to be involved in the lipid membrane metabolism and is found to co-localise with
thioredoxine A (Mawuenyega et. al., 2005) and CtpD which is an ATPase involved with the
metalation of the proteins secreted during redox stress (Raimunda et. al., 2014). There were
two other point mutations observed in the florfenicol mutant, one was in the gene Rv3135 which
produces a protein belonging to the PPE family and the other was in the gene 7ps/ producing a
probable 30S ribosomal protein (table 2.4). Florfenicol is a fluorinated form of thiamphenicol
which belongs to the chloramphenicol family, whose mode of action is through binding to the
23S rRNA of the 50S ribosomal unit (Schifano et. al., 2013). Therefore, it is fair to expect that
the mode of action of florfenicol might be similar to that of chloramphenicol.

The mode of action suggested through the spontaneous resistant mutants for pentamidine was
through mmpl6 (table 2.4). Mycobacterial membrane protein large (Mmpl) are membrane
proteins involved in shuttling lipid components across the cell membrane and have been known
to play an important role in membrane physiology and virulence of the bacterium (Viljoen et.

al., 2017).
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Tripelennamine mutants had a point mutation in the promoter region of the mmr gene (table
2.4) which is a known efflux pump involved in drug resistance with high susceptibility to
quaternary compounds (Rodrigues et. al., 2013). This might indicate a regulatory action of the
drug affecting the production of the Mmr proteins which might therefore cause a change in the
ability of the bacterium to pump out drugs.

It was observed that there was a point mutation in the glpK gene in each of the M. bovis BCG
mutants (table 2.4). This gene encodes for a glycerokinase which catalyses the rate limiting step
in glycerol metabolism of converting glycerol to glycerol-3-phosphate (Domenech et. al., 2014;
Keating et. al., 2005). The protein is essential for glycerol metabolism and the knockout mutant
of the gene struggles to grow in the presence of glycerol therefore reducing its ability to grow
(Sassetti et. al., 2003; Keating et. al., 2005).

The single nucleotide polymorphisms revealed through whole genome sequencing indicate
towards the mode of actions of these drugs and are a key component in understanding the

feasibility of the drugs to be used in antimycobacterial treatment.

2.3 Discussion

Screening the Prestwick library of 1200 FDA approved drugs against a fast growing and slow
growing strain of mycobacteria revealed an array of active inhibitors against both these strains.
A higher number of drugs inhibited the slow growing vaccine strain M. bovis BCG versus the
fast-growing M. smegmatis. There were categories of drugs which affected each of these
mycobacterial strains individually which indicates variation in the physiology and genetics of
each of them.

For screening compounds, M. smegmatis has an obvious advantage over the slow growing M.
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bovis BCG strain, as it has a shorter generation time therefore boosting the high throughput
nature of screening and is lower risk bacteria to work with. However, it is less efficient in
availing antitubercular compounds than M. bovis. It was observed during a screen of the
LOPAC library against M. tuberculosis, M. smegmatis and M. bovis BCG; 50% of the drugs
that inhibited Mtb were not identified in M. smegmatis while it was only 21% of the drugs that
were not identified in M. bovis BCG. It was observed that 30% of proteins in Mtbh do not have
conserved orthologs in M. smegmatis (Altaf et. al., 2010). Despite this fact, bedaquiline, the
most recent drug approved for the treatment of tuberculosis, was discovered through a whole
cell screen assay against M. smegmatis (Cooper, 2013) which makes the case for the use of the
strain as a model for drug screening. A comparative DNA analysis of different strains from the
mycobacterial complex such as Mtb, M. bovis, M. bovis BCG, M. microti and M. africanum
was performed to reveal that 90% of the DNA amongst the strains matched. 85-89% of
similarity was observed between the M. bovis, M. bovis BCG and M. africanum with M. microti.
The analysis was performed through the restriction enzyme cleavage analysis which works on
the premise that the enzyme sites are located in specific locations on the chromosome and do

not change a lot when the species are related (Imaeda, 1986).

Although genetically similar, there are obvious physiological variations between Mtb and M.
bovis which have been attributed to differential gene expression of around 6% of genes in the
genome. The main class of genes which are upregulated in M¢b were the PE/PPE genes which
are involved in some of the cell wall proteins while in case of M. bovis it was the genes encoding
for transcriptional regulators. Major variations were observed for genes involved in cell wall
processes, intermediary metabolism and respiration and hypothetical proteins (Rehren et. al.,
2007). The variations in the strains of mycobacteria explain why there are different classes of

drugs that inhibit each strain individually (figure 14). The genetic and physiological similarities
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explain the overlapping drugs and drug categories (appendix 3) that inhibited the fast and slow
growing mycobacteria. Apart from a few categories of drugs which inhibited the strains
individually, the majority of the drugs that inhibited both the strains belonged to a similar class
of drugs such as antibiotics, antifungal, calcium channel blockers, antihistamines, estrogen
modulators and of course the antitubercular drugs.

Target deconvolution through whole cell screening has long been the bottleneck of this drug
discovery strategy. There is an apparent trend observed for inhibitors obtained through whole
cell screening against mycobacteria. A high number of targets are membrane based albeit
susceptible and in a lot of cases essential to the survival of the bacterium. Some examples of
these targets include dprEl, a gene encoding the arabinose precursor for the synthesis of cell
wall components mainly arabinogalactan and lipoarbinomanan; MmpL3 which is a membrane
protein involved in translocation of trehalose monomycolate across the periplasm, this is the
target protein for SQ109. QcrB, another regular target observed during whole cell screening
which encodes for the b subunit of the cytochrome bcl oxidase that plays an important role in
the electron transport in the cell and the inhibition of which leads to ATP depletion. Pksi3 is
another gene which comes up as a frequent target in whole cell screens, this gene encodes for
a protein with a thioesterase activity releasing mycolates. This high probability of membrane
proteins as targets for the bacterium could be due to the high hydrophobicity of the inhibitors
screened against the cell (Cole, 2016). The drugs from the Prestwick library have an average
log P value of 5.7, which is the partition coefficient and is used to measure the lipophilicity of
a molecule (Goldman, 2013). This therefore affects the ability of the drug to move across the
cell membrane. Hydrophobic drugs have a tendency to enter into the lipid bilayer and then
move laterally through the membrane due to their inability to cross the lipid bilayer into the

cytoplasm easily. While traversing the bilayer they interact with membrane proteins and thus
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there is a high probability of the drugs inhibiting membrane proteins thereby producing
membrane protein related mutations in spontaneously generated mutants during mode of action

studies (figure 2.8) (Goldman, 2013).

A Boundary lipids

Hydrophobic drug
partitioning into membrane I

5-10nm

Drug release into the cytoplasm, minimal 1 /

for extremely hydrophobic drugs Disordering of lipid phase/packing

v Protein target

Figure 2.8: A model describing the movement of drug molecules across and through the
cell membrane. The drugs partition through the membrane based on their hydrophobicity. The
drug entering the bilayer then generally moves through the membrane laterally interacting with
various protein in the bilayer and some on the surface or boundary. It is quite rare for very
hydrophobic drugs (Goldman, 2013).

Membrane proteins are also selected if the inhibitor is an uncoupling agent causing disruption
of the proton motive force and therefore affecting synthesis of ATP (Goldman, 2013). Alexidine
dihydrochloride and thonzonium bromide were amongst the hits that have uncoupling
properties and would have possibly generated a membrane protein mutation. Another factor
that might cause most inhibitors to target membranes is the location of these proteins which are
mostly localised at the cell pole where the cell wall synthesis takes place; murG and wag31
involved in peptidoglycan production, g/fT2 responsible for arabinogalactan production and
mmpL3, pks13 in mycolic acid translocation (Cole, 2016).

Some resistant mutants depict a mutation in the glpK (table 2.4) for the drugs, which encodes
for an enzyme involved in glycerol uptake and metabolism. This mode of action is due to in
vitro growth conditions where the inhibitor causes a disturbance in the glycerol metabolism

leading to accumulation of toxic metabolites in the cell inhibiting the growth of the organism
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(Goldman, 2013). This explains the mutations observed in the spontaneous mutants generated
in M. bovis BCG against the shortlisted drugs.

The screening of the Prestwick library, generates inhibitors such as calcium channel blockers,
antihistamines, antifungal azoles and anti-infectives. The calcium channel inhibitors are
generally small and hydrophobic molecules which have the ability to enter the phospholipid
bilayer and can diffuse through the membrane inhibiting metabolic functions due to interactions
with proteins and boundary lipids. Antifungal azoles which have known activity against
mycobacteria act by targeting the CYP121 and CYP130. The antihistamine mefloquine, which
disrupts membrane transport and the regulators involved in cellular replication, gives an idea
about possible mode of actions for this class (Goldman, 2013). Tripelennamine, which is an
antihistamine, had a mutation in the promoter of the mmr gene which is an efflux pump (table
2.4), this is an example of a combination of regulation and efflux pump mediated inhibition of
the drug (Goldman, 2013).There were anti-infective drugs which had inhibitory activity against
both the strains but were not pursued due to the possibility of their pleiotropic activity. Anti-
infectives have been recently approved to be used as a systemic treatment for infection. They
act by disrupting the membrane integrity and in some cases inhibit processes like
transpeptidation this suggests that it is still unclear whether or not they have specific targets
(Goldman, 2013).

The screening of the Prestwick library and generation of a high number of hits which had
antimycobacterial activity proves that repurposing is a feasible and efficient way of mining for
new drugs against TB. The drugs shortlisted and studied here have given us an idea of the
potential drug targets to pursue and a possibility for designing drug scaffolds based on the
antimycobacterial activity of the current FDA approved drugs in the scenario where there is

low feasibility of using them against TB directly. Florfenicol although being a potentially active
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drug against M. bovis BCG might not be considered for administration in humans as it is
currently a veterinary drug. Although the protein that is targeted by it that is echA4 12 belongs to
a family of non-catalytic enoyl coenzyme A hydratases whose function is not clearly

understood. Therefore, this target was further explored and has been discussed in Chapter 3.
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3. Genetic and biochemical characterisation of the

florfenicol target echA12

3.1 Introduction

The cell wall plays a major role in the survival and virulence of this organism due to its high
lipid content and low permeability, making it very difficult for antibiotics to enter the cell
(Brennan and Nikaido, 1995; Jarlier and Nikaido, 1994). The cell wall contains peptidoglycan
which is covalently bound to the mycolylarabinogalactan (mAG) complex via phosphodiester
bonds, this forms the core of the cell wall. The mycolic acids in this core complex are attached
to the arabinan molecules in groups of four through ester bonds to a terminal hexa-
arbinofuranosyl unit (Brennan and Besra, 1997). The arabinan units are linked linearly through
glycosidic bonds to D-galactan. The mycolic acid chains run perpendicular to both the
arabinogalactan and other cell wall associated glycolipids, which intersperse into the mycolic
acid layer (Chatterjee, 1997). Mycolic acids are a-alkyl B-hydroxy very long chain fatty acids,
the longest chains are around C79-Coo with the largest a.-branch with C20-Cas. The synthesis of
these fatty acids occurs through two fatty acid synthase cycles called FAS-I and FAS-II. The
FAS-I cycle is a multifunctional cycle which produces de novo fatty acyl-CoA with two types
of chain lengths (Ci6-Cis and C24-Ca6). These products are then distributed through a bimodal
system based on the presence of methylglucose or methylmannose containing polysaccharides.
The FAS-I system has a limited capacity to generate long chains and cannot extend fatty acid
chains. This function is performed by the acyl carrier protein (ACP) utilizing FAS-II system

(Brennan and Besra, 1997; Kolattukudy et. al., 1997). While the cell wall is anchored to the
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inner membrane with PI, PIMs, LAM and LM molecules (Hunter and Brennan, 1990) it is also
covered in a capsule mainly made up of polysaccharides and lipid-glycans which play an

important role in virulence and infection (Minnikin, 1982; Daff¢ and Lanéelle, 2001).
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Figure 3.1: A pictorial depiction of the drugs targeting various enzymes in the biosynthesis
of essential cell wall components in mycobacteria. A. Represents inhibitors targeting the
biosynthesis of phosphatidylinositol mannosides (PDIM), lipomannan (LM) and
lipoarabinomannan (LAM) including ethambutol. B. Presents the drugs that inhibit the enzymes
in mycolic acids biosynthesis (Abrahams and Besra, 2016).
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Given that the cell wall is important for the bacteria to survive in the host and establish an
infection, its components and the enzymes involved in the biosynthesis of the cell wall have
been attractive drug targets. A host of antibiotics that are used to treat tuberculosis or considered
to be potential antitubercular drugs target components of the cell wall. Prominent examples
amongst the front-line drugs which target cell wall biosynthetic components are isoniazid and
ethambutol (Freiberg and Brotz-Oesterhelt, 2005; Abrahams and Besra, 2016) (figure 3.1).

Isoniazid inhibits the mycolic acid synthesis when activated by the catalase-peroxidase KatG,
this therefore affects the integrity of the cell wall causing the bacterium to become vulnerable
to the immune system (Hu et. al., 2017; Winder and Collins, 1970; Vilchéze et. al., 2000). On
the other hand, ethambutol disrupts the synthesis of arabinogalactan causing an accumulation
of the precursors involved in the formation of this macromolecule, chiefly B-D arbinofuranosyl-
I-monophosphoryldecaprenol (DPA) (Wolucka et. al., 1994; Mikusova et. al., 1995b). Given
the fact that the current drug regimen is failing due to the rise in resistant strains, there is a need
to understand unexplored biosynthetic components of the cell wall as these could be potential
drug targets. In recent drug discovery attempts, it has been highlighted that drugs shortlisted
through whole cell drug screens target cell wall components or enzymes involved in the

synthesis of the cell wall.
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EchA Structure  Notable genes of Putative/known function
close proximity
EchA9 echA8 Unknown
EchA7 4KNP accA2, accD2, fadE12 B-oxidation/cholesterol catabolism
EchA15 3QK8 Unknown
_[ EchA10 mcr, mmplL13 B-oxidation/cholesterol catabolism
EchAl1 mcr, mmplL13 B-oxidation/cholesterol catabolism
EchA12 3QRE Phospholipid (PIM) biosynthesis
EchA6 3HE2 Mycolate biosynthesis
EchA13 fadE17, fadE18 B-oxidation/cholesterol catabolism
[ EchA2 mmpl4 Mycobactin biosynthesis/recycling
EchA4 fadE8, echA5, mmpl5
EchA5 fadE8, echA4, mmpl5
EchAl 3QXI, 3R9T rv0221, tmaT Mycolate transport/TAG biosynthesis
] EchA19 4F47 fadD18, fadD19 B-oxidation/cholesterol catabolism
EchA16 4T Unknown
EchA3 4HCS8, 4FNB Unknown
E EchA17 4pi1 Unknown
EchA14 plsB2, plsC, rv2484c  Phospholipid/Tag biosynthesis
—— EchA20 chsE1, chse2 B-oxidation/cholesterol catabolism
| EchA21 4LK5 Unknown
1 EchA18 rv3771, otsB Trehalose/TAG biosynthesis
_C EchA8 3PZK, 3Q0) echA9 Unknown

Figure 3.2: The phylogenetic tree of the 21 EchA proteins observed in Mtb. The figure
details the different EchA enzymes found in M#b with the structure IDs and notable genes
surrounding the gene encoding the enzyme. The EchA enzymes highlighted in red are the only
enzymes in the family that have catalytic residues in their structure.

Although some of these targets recur frequently and are promiscuous (for example DprE1), it
is prudent to have a keen interest in novel unknown targets whose functions are not completely

understood.

Enoyl CoA hydratases are involved in fatty acid B-oxidation and elongation of fatty acids in
mammalian mitochondria (Fujita et. al., 1980). The enoyl CoA hydratase belongs to the
crotonase family, depicts a variable structural framework and has been found in prokaryotes,
eukaryotes and archaea (Kinsella et. al., 2003; Hamed et. al., 2008). The hydratase enzyme
found in animals’ hydrates C4-Cis enoyl CoAs while the enoyl CoA hydratase in C.

acetobutylicum is incapable of hydrating those chain length enoyl CoAs. The enoyl CoA
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hydratase is also found in E. coli and other mycobacterial strains (Fujita ez. al., 1980; Beckman
and Kranz, 1991). In M. smegmatis, the enoyl CoA hydratase has two forms. As opposed to the
enoyl CoA hydratase II, the enoyl CoA hydratase I am not involved in fatty acid chain
elongation using acetyl CoA. It has been predicted that this form might instead be using malonyl
CoA or be involved in amino acid metabolism (Shimakata ez. al., 1980). The Mtb enoyl CoA
hydratase or the Mth-EchA family consists of 21 enzymes which are probably involved in the
fatty acid biosynthesis pathways (Mawuenyega et. al., 2005) (figure 3.2).

It was noted that EchA16, EchA9 and EchA3 were isolated to the cytoplasm while EchA7,
EchA12, EchA17, EchA20 and EchA21 were present in the membrane. EchA6 was found to
be present in the cell wall, whereas the EchA10 was found to be both cytoplasm and present in
the membrane (Mawuenyega et. al., 2005). It was also interesting to note that the EchA12
proteins demonstrated strong functional linkages with the FadB2 and FadB3 enzymes, both of
which are involved in fatty acid degradation (Mawuenyega et. al., 2005). The gene encoding
for the Fad proteins in Mtb are notably observed in the vicinity of the EchA encoding gene,
potentially indicating their role in fatty acid biosynthesis. Among the EchA enzymes it was
observed that the EchAl enzyme contained a glutamate residue in the position 149 which
correlates to the catalytic residues noted in E.coli (Humanes et. al., 1999). The EchA19 and
EchA21 proteins contain acidic residues which are active site residues, indicating that they are
catalytic enzymes. EchA9 contains a glutamate and an aspartate residue in the catalytic site
(Srivastava et. al., 2015). These are the only four enzymes which are catalytic within the EchA
family of proteins in mycobacteria. Although the echA genes have been predicted to be involved
in fatty acid biosynthesis, the regulation of these genes can vary. The genes are expressed
differently under various environmental conditions. The echAS, echA11 and echA12 genes are

upregulated during nutrient starvation while the echA10 and echA21 genes are downregulated
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during this process. The echA genes are also expressed variably based on infection, for example,
the echA19 gene is upregulated during macrophage infections in THP-1 cell lines while in the
case of mouse infection, echA7 is upregulated (Williams et. al., 2011; Dubnau, 2002). It was
also recently proved that EchA6 is a non-catalytic essential enzyme involved in phospholipid
biosynthesis (Cox et. al., 2016a).

In this chapter, we have discussed the mycobacterial enoyl CoA hydratase EchA12 which, as
discussed in chapter 2, was discovered to be a target for florfenicol through spontaneous mutant
generation. EchA12 has been found in the membrane fraction and Himar-I based mutagenesis
has presented this gene to be non-essential in vivo (Sassetti et. al., 2003; Mawuenyega et. al.,
2005). In this chapter, we have attempted to deconvolute the function of EchAl2 in

mycobacteria.

3.2 Results

3.2.1 Genetic synteny of the echA12 gene

A genomic alignment of the echA 12 genes was performed using ClustalOmega for 4 different
mycobacterial species against the Mtb echA 12 gene. It was observed that the ech412 gene from
M. bovis (Mb1507) had a maximum genomic identity of 99.88% with the ech412 (Rv1472)
gene from Mib.

The lowest identity of 70.6% was with the M. leprae echA12 gene (ML1241), but despite this,
it shared more than a 50% similarity, which could mean that the important bases required for
the functions of the protein were conserved within the sequence. The ech412 gene in M.
smegmatis (MSMEG_3139/MSMEI 3508) shares only 74.7% similarity, closely followed by
M. leprae. genome of different mycobacterial species was localised around the same position.

In Mtbh and M. bovis the genes upstream and downstream to the ech412 gene were the same.
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The genes upstream were #rxB1 and trxA (figure 3.3) which encode for thioredoxin molecules
involved in redox reactions during oxidative stress in Mtb (Mehta et. al., 2016). The gene
ML 1240c encodes for the first part of the transporter and ML1239c¢ encodes the second part. In
M. smegmatis, the genes that are present upstream and downstream to the ech412 gene were
the same as those observed in Mtb and M. bovis. With this observation, it is clear that the genetic

synteny is conserved to a high degree between all the species of mycobacteria.

ctpl . trxBl Rv1473
trxA echA12
M. tuberculosis H37Rv 1656191 ¢ L L L L L L L L L 11662198
ctpD trxB1 Mb1563
trxA echA12 Mb1589
M. bovis 1653137 1 . . : : . " > : 11659336
pks11 ML1242
echA12 ML1242R
M. leprae 1473993 L L L L L 11480992
cypl3¥L1248c
ML1239¢
M. smegmatis mc?155
Species name Notable gene upstream to echA72 | Notable gene downstream to
echA12
M. tuberculosis H37Rv | trxB1, trxA Rv1473
M. bovis trxB1, trxA Mb1508
M. leprae ML1240c ML1242
M. smegmatis mc2155 | trx MSMEG3140

Figure 3.3: A comparative representation of the gene placement of the echA412 gene across
different mycobacterial species. The figure depicts the various genes found upstream and
downstream of the echA12 gene in different species of mycobacteria to represent the genetic
synteny of echA12. The table below the diagram lists the prominent genes observed on either
side of echA12 in each of the mycobacterial species.

Based on the genes flanking it, it was observed that the position of the ech4 12 gene within the
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This includes M. leprae which has a reduced genome generated through reductive evolution to
in order to conserve only the most important genes for survival and virulence. The gene
downstream to the echA12 gene encodes for an ABC transporter involved in the export of
macrolides (figure 3.3). In the case of M.leprae, the genes encoding for the ABC transporter
for macrolides are upstream to the ech412 gene and are potentially the cause of macrolide

resistance (Braibant et. al., 2000).

3.2.2 Cloning of echA12 into pVV16 for constitutive overexpression.

The echA12 gene from M. tuberculosis H37Rv, M. bovis BCG and the spontaneous mutant
raised against florfenicol in M. bovis BCG (table 4, section 2.2.9) were cloned into the pVV16
vector (section 6.4.1.2) for constitutive overexpression of the gene.

The gene was amplified (figure 3.4A) and cloned into the vector through double digestion
(figure 3.4B) (section 6.4). Once the cloned plasmids were sequenced, the plasmids were

electroporated into M. bovis BCG and M. smegmatis (section 6.9.2.2).

6Kbp

4pPVV16 (5.8Kb)

1Kb»
i dechA12
(858bp) «

< echA12 (858bp)

TKOD gechA12 (858bp)

A B

Figure 3.4: Cloning of the echA12 (858bp) gene into the pVV16 (5.8Kb) vector. A.
Represents the agarose gel of the PCR products of the ech4l12 with a 1Kb ladder (L), 1.
echA12 Rv,2.echA12 M. bovis BCG, 3. echA12 G239R. B. Agarose gel depicting the double
digest (HindIIT and Ndell) products of a cloned pVV16 vector containing the echA12 gene. The
products were run alongside a IKb ladder (L), 1. pVVI16 echA12 G239R, 2.
pVV16 echA12 M. bovis BCG and 3. pVV16 _echA12 Rv
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3.2.3 Overexpression of echA12 in M. bovis BCG and M. smegmatis to test

resistance against florfenicol

The overexpression strains with constitutive expression of ech412 were tested for resistance
against florfenicol (Section 6.18.1). It was observed that the echA 12 overexpression strains with
the different genes had a higher tolerance to florfenicol when compared to the strains containing
the empty vector (figure 3.5). It was observed that the echA412 overexpression strain with the
amino acid substitution G239R had the highest tolerance to florfenicol, depicting approximately

70% survival percentage at the highest concentration of florfenicol in the M. smegmatis

OVEereXpressor.
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Figure 3.5: IC50 shift against florfenicol in echA12 overexpressing strains in M. smegmatis
and M. bovis BCG. A. The figure represents the average survival percentage at various drug
concentration leading to an IC50 shift in ech412 overexpressing strains in M. smegmatis
containing pV V16 plasmids with the ech4 12 gene from M. tuberculosis H37Rv, M. bovis BCG
and the spontaneous resistant mutant raised in M. bovis BCG. B. The figure represents the
average survival percentage at various drug concentration leading to an IC50 shift in echA12
overexpressing strains in M. bovis BCG containing pVV 16 plasmids with the ech412 gene from

M. tuberculosis H37Rv, M. bovis BCG and the spontaneous resistant mutant raised in M. bovis
BCG.
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The M. smegmatis strain containing the H37Rv gene and the M. bovis BCG gene had similar
growth profiles and survival percentages at the highest concentration of florfenicol (figure
3.5A). The overexpression strains in M. bovis BCG depicted similar profiles, albeit with higher
tolerances as compared to the empty vector containing strain at the highest concentration of
florfenicol (figure 3.5B). The percentage survivals for the strains were observed to be fairly
high yet consistent, so this could perhaps be the effect of the vector, which has inherent
antibiotic resistant markers. There is, however, a clear difference of an IC50 shift between the
strain containing the empty vector when compared to the strains expressing the ech412 gene

(figure 3.5B).
3.2.4 Lipid analysis of the echAI2 overexpression strains in the presence of

florfenicol

Lipid analysis was carried out using four different overexpression constructs electroporated in
M. smegmatis and M. bovis BCG. The overexpression strains containing the
pVV16 _echA12 G239R, pVV16 _echAl2 M. bovis BCG and pVV16 echAl2 Rv were
compared with the empty vector containing strain. The extractions were performed after
radiolabelling the M. smegmatis and M. bovis BCG cultures with Cl4-acetate and then

extracting the lipids (section 6.18 to 6.19).

3.2.4.1 Apolar lipid analysis in M. smegmatis echA12 overexpressors

In the apolar lipid extractions we generally observe free fatty acids, free mycolic acids, triacyl
glycerols, trehalose monomycolate and trehalose dimycolate moieties based on the various
solvent systems that are undertaken to perform the thin layer chromatography. When the apolar

lipids were separated in different solvent systems on the 2-D TLCs (figure 3.6,3.7; appendix
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11,12), there were no differences observed among the different overexpression strains

compared to the empty vector strain.
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Figure 3.6: Apolar lipids separated by 2-D TLC on a silica gel plate using Petroleum ether:
Ethyl acetate (98:2)x3 in direction one (D1) and Petroleum ether: Acetone (98:2) in
direction two (D2). The TLC separation of apolar lipids from four different strains of M.

smegmatis mc?155 was carried out using two different solvent systems in two directions. The
M. smegmatis strains used are depicted based on the overexpression plasmids they contain: A.

mc2155 pVV16, B. mc2155 pVV16_echdl2 Rv, C. mc2155 pVV16 _echdl2 BCG, D.

mc?155 _pVV16 G239 echAl2. The strains were treated with 0x, 0.5x, 1x,2x and 5x MIC of
florfenicol. TAG, triacylated glycerol; the spot encircled is a mixture or ketones.

Amongst the lipids separated in system A however, it was observed that there was an
accumulation of a mixture of ketones that increased in abundance with the increase in the

florfenicol concentration, as seen prominently in the 2x and 5x MICs (figure 3.6). These have
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been previously described as a mixture of unsaturated branched ketones which are similar to

tuberculenone from M. tuberculosis.
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Figure 3.7: Apolar lipids separated by 2-D TLC on a silica gel plate using Petroleum ether:
Acetone (98:2)x3 in direction one (D1) and Toluene: Acetone (95:5) in direction two (D2).

The TLC separation of apolar lipids from four different strains of M. smegmatis mc2155 was
carried out using two different solvent systems in two directions. The M. sm