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Abstract
Mycobacterium tuberculosis, the etiological agent of tuberculosis (TB), is one of the deadliest human
pathogens, with one third of the world’s population presently infected, resulting in 1.3 million deaths in
2012. The emergence of multiple drug resistant strains of M. tuberculosis has resulted in an inability to
control and treat this pathogen. Accordingly, there is an urgent need for the development of new antiTB therapeutics.

Structural genomics has played a pivotal role in the characterization of the M. tuberculosis proteome to
gain functional insight into pathogenesis, with applications for future rational drug design. While TB
structural genomics has generated data on a number of mycobacterial targets, structural data is missing
for up to 90% of the M. tuberculosis proteome. To gain a global understanding of mycobacterial
pathogenesis, an in-depth structural characterization of the M. tuberculosis proteome is required.

My work described here explores the structural characteristics of three novel proteins essential for
mycobacterial growth and host survival. Utilizing applications of x-ray crystallography, crystal
structures of each target were determined, and have been utilized to characterise drug inhibition
mechanisms, as well as provide functional insight into the biological role of the targets.

The key first line anti-TB drug, isoniazid, exhibits inhibition against multiple M. tuberculosis targets,
where resistance is readily developed. Rv2971, an essential aldo-keto reductase, is a recently identified
target of isoniazid. To gain structural insight into isoniazid inhibition mechanisms, the crystal structure
of Rv2971 was determined to 1.6 Å, revealing the structural architecture of the isoniazid and NADPH
binding sites, paving the way for future structural characterization of inhibition.
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A recently characterized drug, tetrahydrolipstatin (THL), has been found to strongly inhibit Rv3802c,
an essential lipase involved in mycolic acid biosynthesis. To characterise mechanisms of THL
inhibition, the crystal structure of Rv3802c in complex with THL was determined to 2.9 Å. The crystal
structure reveals the binding mechanisms of THL against an essential mycobacterial protein.
Identification and structural characterization of addition THL drug targets will allow for future THL
based drug design.

A high percentage of the M. tuberculosis proteome is annotated as “hypothetical” proteins. To truly
understand the mechanism of mycobacterial pathogenesis, further characterisation of hypothetical
proteins is required. Rv0807, and its M. smegmatis orthologue, MSMEG_5817, have recently been
identified as essential for mycobacterial survival within macrophages. The gene is annotated as a
hypothetical protein, with little known on its functionality. The crystal structure of MSMEG_5817 was,
via Se-MAD approach, successfully determined to 1.7Å. The structure shares similarities with sterol
carrier proteins (SCP), which bind and transport biologically relevant lipids. The lipid binding
capabilities of MSMEG_5817 was probed, revealing binding to a number of phospholipids in a
differing binding mechanism to the SCPs. The crystal structure determined structurally represents this
new class of mycobacterial proteins, providing further insight into mechanisms of host survival.

The three crystal structures provide insight into the drug binding mechanisms and functional
characteristics of each target, allowing for further characterization of the novel mechanisms of
mycobacterial pathogenesis, with potential for development of new anti-TB therapeutics.
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Chapter 1: Literature Review

Chapter 1: Literature Review
1.1: Mycobacterium tuberculosis
Mycobacterium tuberculosis, the key etiologic agent of human tuberculosis (TB), is a major cause of
death and disease globally. It is estimated that approximately 2 billion people around the world, one
third of the world’s population, is currently infected with M. tuberculosis, with approximately 1.5
million deaths annually (WHO, 2015). TB is ranked the second highest cause of death by a single
pathogenic agent, second only to Human Immunodeficiency Virus (HIV). It is reported that there were
approximately 6.1 million new cases of TB in 2013, with 13% of cases involving patients co-infected
with HIV (WHO, 2015). M. tuberculosis is also one of the oldest known human pathogens, with
earliest known evidence supporting its role as a human pathogen dating back 9,000 years (Hershkovitz,
et al.et , 2008). Despite its devastating effects and its long influence as a human pathogen, difficulties
still remain in its treatment and prevention.

Disease by M. tuberculosis predominantly occurs within the lungs (pulmonary TB); however M.
tuberculosis is known to result in secondary sequelae affecting the central nervous system, the
circulatory system, the lymphatic system and the skeletal system (Grosset, 2003; Herrmann, et al.,
2005; Houben, et al., 2006). The mycobacterium itself is spread through the air and, whilst M.
tuberculosis is highly infectious, only 3-15% of infected people display signs of active disease, with
the majority of the people asymptomatically infected with M. tuberculosis comprising a latent TB
infection (LTBI) (Herskovitz, et al., 2008; Parker, et al., 2007). Infection with M. tuberculosis is
predominantly diagnosed through sputum smear microscopy via Zeihl-Neelson staining techniques
(Figure 1.1a), chest x-rays, culture based methods and mantoux testing.
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Two decades ago, it was considered that the spread and treatment of tuberculosis was under control,
and it was predicted that this disease would be eradicated in the near future (WHO, 2015). However
due to the emergence of drug resistant strains of M. tuberculosis and the increasing HIV epidemic, this
is no longer the case (WHO, 2015). The lack of drug compliance due to the long-term treatment of M.
tuberculosis in diseased patients has resulted in the emergence and the spread of multiple drug resistant
strains of tuberculosis (MDR-TB), and more recently, extremely drug resistant strains of tuberculosis
(XDR-TB) (Figure 1.1b). Immuno-compromised patients diagnosed with HIV have higher
susceptibility to M. tuberculosis, with deaths usually arising from TB (Corbett, et al., 2003). The
World Health Organization (WHO) declared TB to be a global public health emergency in 1993, and
has since adopted The Stop TB Strategy, which aims to establish an internationally agreed strategy for
TB control, and to halt and reduce the TB epidemic by 2015. While the program is on track to reducing
mortality rates by 50% by 2015 compared to 1990, the global TB burden remains substantial. The
emergence and prevalence of drug resistant strains of TB have resulted in difficulties in our ability to
combat and protect against the spread of the disease, increasing the burden on global health of TB.
There is now an urgent need for new therapies to treat TB.

2
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Figure 1.1: M. tuberculosis detection and XDR-TB incidence map
(A) Zeihl-Neelson stain of Mycobacterium tuberculosis. Mycobacterium are stained in pink, with negative background
tissue stained in blue (CDC, 1979)
(B) Cases of XDR-TB reported by 2013. Countries indicated in dark red have reported at least one case of XDR-TB by
2013, with countries in light grey reporting no cases of XDR-TB (WHO, 2015)
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1.2: Current prevention and therapeutic treatments
New patients diagnosed with TB undergo an intricate course of anti-mycobacterial treatment lasting six
to nine months utilizing a variety of drugs. The general course of anti-mycobacterial treatment employs
four first line drugs, taken in various combinations for optimal efficiency in eradicating the bacterium,
and as a means of preventing drug resistance. The current regimen, as outlined by the WHO,
recommends the use of the four first line orally administered drugs; Isoniazid (INH), Rifampicin,
Ethambutol (EMB) and Pyrazinamide, each to be administered daily for two months in an intensive
course, with a further continuous course of four months of daily administration of Isoniazid and
Rifampicin (WHO, 2015). This regimen is known as directly observed treatment, short-course, or
DOTS, and is recommended by the WHO as the most cost efficient means to preventing the spread of
TB via treatment (WHO, 2015)

1.2.1: Isoniazid
Each of the four first line drugs act on different targets on M. tuberculosis, where the combined actions
of each drug acts to eliminate the mycobacteria from the patient (Figure 1.2). INH is a hydrazide that
requires activation by the mycobacterium itself, and acts to inhibit mycolic acid synthesis, whereupon
mycolic acid represents a key component of the mycobacterial cell wall. Upon passive entry into
mycobacterial cells, the INH prodrug is activated by the mycobacterial enzyme KatG: a multipurpose
catalase-peroxidase. KatG activates INH by peroxidation that generates reactive species that form high
levels of adducts with NAD+ and NAD(P), which in turn act to damage mycolic acid and nucleic acid
biosynthetic enzymes (Timmins, et al., 2006). This INH-NAD adduct is a potent inhibitor of InhA, an
enoyl-acyl carrier protein reductase which plays a key role in mycolic acid synthesis (Figure 1.3a)
(Quémard et al., 1995; Dessen, et al., 1995).
4
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Figure 1.2: TB First-line drug mechanisms of action against TB.
The first four line drugs, Isoniazid, Rifampicin, Ethambutol and Pyrazinamide targets and mechanisms of actions are
indicated, including structural representation of each drug obtained from the DrugBank (www.drugbank.ca). Isoniazid,
Ethambutol and Pyrazinamide each act on targets within the mycobacterial cell wall and plasma membrane, indicated in the
top right insert, with the target of Rifampicin indicated in the bottom left insert. Crystal structure of Bacteriophage T7 RNA
Polymerase used as a model structure (PDB ID: 1MSW)
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Resistance to INH is quickly established by the mycobacterium, so the drug is always used in
combination with another drug to prevent resistance from occurring (Timmins & Deretic, 2006).
Resistance to INH occurs predominantly as a result of mutation or deletion of the KatG gene, which
prevents the activation of INH to play its role as an anti-mycobacterial (Stoeckle, et al., 1993;
Rozwarski et al., 1998). INH may also cause a variety of side effects such as hepatitis (liver
inflammation), rash formation, and nerve damage resulting in peripheral neuropathy due to the
production of these INH derived oxidative free radicals.

It was previously considered that the sole target of INH was InhA, however this is no longer the case.
Recently, a total of 17 INH drug targets have been identified, with targets including a range of
enzymes essential for mycobacterial survival, and include a number of oxidoreductases, nucleosidases
and universal stress proteins (Argyrou, Jin, et al., 2006). Despite a number of targets identified, the
mechanism of INH inhibition is presently unknown, with the exact targets still unclear. For instance,
inhibition against the dihydrofolate reductase encoded by DfrA involved in nucleic acid synthesis by
INH-NAD has been reported (Argyrou, Vetting, et al., 2006). However a further study has revealed
that DfrA is not directly inhibited by INH (Wang, et al., 2010). Further characterization of these
additional INH targets will provide a further understanding of the mechanisms of INH inhibition and a
basis for INH resistance.

1.2.1.1: Rv2971: An essential oxidoreductase
One target of INH inhibition is the essential aldo-keto reductase (AKR) AKR5H1, encoded by the gene
Rv2971. Rv2971 has previously been characterised as an essential gene for growth and survival in M.
tuberculosis (Sassetti, et al., 2003) with a potential role in the detoxification of toxic metabolites
6
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(Grimshaw, 1992; Grant, et al., 2003; Penning, Drury, 2007). The AKR protein family catalyses the
NADPH-dependant oxidation & reduction of a broad range of substrates, including aldehydes, ketones
and steroid hormones. While the exact function of Rv2971 is presently unknown, it has previously
been characterised to hydrolyse a number of aldehydes in an NADPH-dependant manner (Scoble, et al.,
2010).

To gain insight into the function of Rv2971, the crystal structure of its M. smegmatis orthologue,
MSMEG_2407 (65% sequence identity) has been determined (Figure 1.3b) (Scoble, et al., 2010). The
crystal structure revealed an overall triosephosphate (TIM) barrel fold, comprised of eight alternating
α-helices and eight β-sheets that form a barrel like structure, characteristic of gluconic acid reductases.
The crystal structure of MSMEG_2407 was determined in its unliganded form (APO) and in its
holoenzyme form in the presence of the NADPH cofactor (Figure 1.3b). The structure of the
holoenzyme reveals the architecture of the NADPH binding pocket and key residues involved in direct
contact with the cofactor. In addition, this provides insight into the mechanisms of inhibition by the
INH-NADPH adduct.

Despite the high sequence identity between MSMEG_2407 and Rv2971, differences in substrate
specificities and INH inhibition levels exist. Namely, INH has previously been reported to inhibit
MSMEG_2407 approximately 5 times tighter that Rv2971, with Ki values of 6 µM and 31 µM reported
respectively (Scoble, et al., 2010). This is presumably a result of subtle differences in the substrate and
cofactor binding pockets between MSMEG_2407 and Rv2971, with 10 amino-acid differences
identified. The crystal structure of Rv2971 will allow for a more in depth analysis of the substrate and
cofactor-binding pocket, and to allow for further characterization into its biological function.
7
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1.2.2: Rifampicin
Rifampicin is primarily a mycobacterial antibiotic and acts to inhibit DNA-dependant RNA
polymerase, inhibiting RNA transcription within the mycobacterium. Rifampicin binds directly to
DNA-dependant RNA polymerase, forming a stable complex. This inhibits the RNA polymerase,
preventing RNA translation and peptide formation (Hartmann, et al., 1967). This drug may also cause
a variety of side effects, such as hepatitis and liver damage, along with flu like symptoms and fever.
Rifampicin and INH are the two most potent first line TB drugs (Gagneux, 2009). In the case of
treatment against drug resistant strains of TB, rifabutin, a semi-synthetic derivative of rifampicin, is
used as a replacement first line drug; however due to the greater availability and reduced cost of
rifampicin, it is not widely administered (Bass Jr, et al., 1994).

1.2.3 Ethambutol
Ethambutol is a bacteriostatic drug that acts to inhibit arabinogalactan, a key component of the
mycobacterial cell wall that is synthesised in actively growing mycobacteria (Rallis, et al., 2009). The
drug was shown to act during the synthesis of arabinogalactan, and while the exact mode of action is
unknown, a variety of targets have been identified. The current known targets are all encoded by the
emb cluster of genes, which consists of the embA, embB and embC genes, each encoding products
involved in the synthesis of the mycobacterial cell wall. EmbA and EmbB are both involved in
arabinogalactan synthesis (Escuyer, et al., 2001) and are predicted to work together as a heterodimer
(Amin, et al., 2008), whereas EmbC is involved in lipoarabinomannan (LAM) synthesis (Goude, et al.,
2009). The inhibition of these three Emb proteins by ethambutol decreases arabinogalactan content
within the mycobacterial cell wall, which leads to an increase in cell wall permeability and decreased
cell viability (Lee, et al., 1995). Resistance may also arise against ethambutol as a result of mutations
8
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in the embB gene, reducing ethambutol specificity against embB (Alcaide, et al., 1997). As with INH
and rifampicin, ethambutol may also cause a variety of side effects, such as optic nerve inflammation
(optic neuritis) and red/green colour blindness.

1.2.4 Pyrazinamide
Pyrazinamide, a nicotinamide analogue prodrug, is administered within the first two months of
intensive treatment as a means of reducing overall treatment time to six months. M. tuberculosis is the
only mycobacterial species that pyrazinamide is active against, where alternate species of mycobacteria
such as M. leprae, the causative agent of leprosy, is innately immune to the drug’s effects. Upon
passive entry into the mycobacterial cell, the pyrazinamide prodrug is hydrolysed by the enzyme
pyrazinamidase, releasing pyrazinoic acid (Konno, et al., 1967). The pyrazoinoic acid product acts to
inhibit the activity of the Fatty Acid Synthase I system (Zimhony, et al., 2000), involved in
biosynthesis of C16 to C24/26 fatty acids from acetyl-CoA (Brindley, et al., 1969), which are major
constituents cell plasma membrane. While the mechanisms of inhibition are known, the direct target of
the drug is presently unknown, with the FAS-I enzyme not being directly inhibited by the drug
(Boshoff, et al., 2002). Resistance may also arise against pyrazinamide as a result of mutations of the
gene encoding the pyrazinamidase enzyme, abolishing its hydrolytic activity (Scorpio, et al., 1996).

1.2.5 Characterization and treatment of drug resistant M. tuberculosis strains
For TB cases exhibiting infection by a drug resistant strain of M. tuberculosis, which accounts for
approximately 15% of new TB cases, the treatment regimen greatly differs. Multiple drug resistance is
defined by M. tuberculosis strains exhibiting resistance to at least isoniazid and rifampicin, the two key
first line drugs. Treatment against drug resistant strains of TB employs the use of a number of
9
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injectable antibiotics, including kanamycin and streptomycin, and a number of second line drugs,
including a range of fluoroquinolones and bacteriostatic agents. The second line drugs are less cost
effective compared to the first line drugs, and can result in serious side effects. Due to the inability in
the usage of a number of first line drugs, treatment regimens against drug resistant strains of TB are
extended, and can last as long as 24 months. Due to the extended treatment of drug resistant strains, as
well as mismanagement of drug resistance patient treatment, XDR-TB strains can quickly become
established. XDR-TB is defined as exhibiting resistance to isoniazid and rifampicin, as well as
resistance to injectable drugs and fluoroquinolones, which greatly limits treatment options to the less
effective drugs (Raviglione and Smith, 2007).

With the emergence of these new drug resistant strains, new TB treatment regimens are required,
employing the use of new anti-mycobacterial drugs. For this, new drug targets are required for the
development of new therapeutics for the treatment of TB. Due to the success of isoniazid and
ethambutol, which both act on targets involved in mycobacterial cell wall synthesis, alternate
components and enzymes located in the cell wall, could provide a multitude of novel targets for
development of new anti-tuberculosis drugs.
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Figure 1.3: Crystal structures of INH drug targets.
(A): Cartoon representation of the crystal structure of InhA (Rv1484); the primary target of the drug isoniazid. The structure
is colour coded based on secondary structure, with the bound NADH cofactor indicated. (PDB ID: 3OEW)
(B): Cartoon representation of the crystal structure of ARK5H1 (MSMEG_2407) from M. smegmatis: The orthologue of
Rv2971 from M. tuberculosis. Rv2971 is an essential aldo-keto reductase recently identified as an INH drug target. Crystal
structure is colour coded based on secondary structure, with the bound NADPH cofactor indicated. (PDB ID: 2WZM)
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1.3: The Cell Wall of Mycobacterium tuberculosis
The cell wall of M. tuberculosis is the key element that allows for its persistence and success within its
host, allowing for the evasion of the immune system and internal survival within macrophages: the host
reservoir of pathogenic mycobacteria. The cell wall is categorised as having a complex, lipid-rich cell
wall composed of two key segments: The lower segment and upper segment (Brennan, 2003). The
lower segment is termed the cell wall “core”, or the mycolyl arabinogalactan-peptidoglycan (mAGP)
complex. Beyond the plasma membrane of the mycobacterium, the peptidoglycan layer is covalently
attached via a phosphodiester bridge to arabinogalactan, which in turn is linked to mycolic acids. These
mycolic acids are composed of a long meromycolate and a short α-chain attached to a proximal
cyclopropane ring (Crick, et al., 2001; Brennan, 2003; Takayama, et al., 2005). The upper segment is
more associated with the mycobacterial capsule, and is primarily composed of free lipids and cell wall
proteins. The free lipids contained within this segment of the cell wall either have long fatty acid
chains complementing short α-chains, or short fatty acid chains complementing long α-chains, which
displays a diverse array of free lipids present within the mycobacterial cell wall (Brennan, 2003). The
components of the upper layer are categorised into a variety of groups. These groups include cord
factor/dimycolyltrehalose (TDM), sulfolipids, phthiocerol dimycocerosate (DIM) and the group
containing free lipids such as phosphatidylinositol mannosides (PIMs), lipomannan (LM), and
lipoarabinomannan (LAM) (Brennan, 2003; Kremer, et al., 2005). Through cell wall disruption studies,
these free lipids and cell wall proteins are described as signalling and effector molecules involved in
the disease process, whereas the mAGP complex is involved in forming a stable scaffold for the outer
segment of the cell wall and increasing viability of the mycobacterial structure (Brennan, 2003) (Figure
1.4).
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Figure 1.4: Schematic representation of the mycobacterial cell wall.
Key components of the mycolyl arabinogalactan-peptidoglycan core (mAGP core), made up by the peptidyoglycan,
arabinogalactan and mycolic acid layers, are emphasised. Sugar groups GalN (acetylated galactosamine), NAM (N-acetylmuramic acid) and NAG (N-acetyl-glucosamine) within the mAGP core are highlighted. (Adapted from Keiser and Rubin,
2014)
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Members of the groups mentioned above play a large number of important roles in pathogenicity and
mycobacterial structure viability. Cord factor/TDM’s high toxicity, as observed in mice, is its defining
characteristic, and has been hypothesised that it stimulates host NADase activity, which decreases
levels of NAD within host cells, ultimately reducing activity of a multitude of NAD-dependant
enzymes (Brennan 2003). This has devastating effects on the host cell, for example disrupting electron
flow through host cell mitochondria that in turn negatively impacts on cellular respiration. Interestingly,
TDMs are actually free mycolic acids present in the upper segment of the mycobacterial cell wall,
further reinforcing the importance of the presence of mycolic acids (Besra, et al., 1994). Mycobacterial
sulfolipids are also attributed to pathogenicity, and are hypothesised to be involved in phagosomelysosome fusion, preventing M. tuberculosis containing phagosomes from fusing to lysosomes within
macrophages (Brennan 2003). Phthiocerol dimycocerosates are a major lipid in the mycobacterial cell
wall. They are highly apolar, wax-like lipids and are the cause for the waxy characteristics of the
mycobacterial cell wall. Finally, the group containing phosphatidylinositol mannosides, lipomannans,
and lipoarabinomannans play a variety of roles in pathogenicity (Brennan 2003). For example, LAMs
have short mannose-containing oligosaccharide caps that allow it to bind to mannose receptors on
macrophages, thus facilitating mycobacterial entry into macrophages (Chatterjee & Khoo, 1998). They
also have the ability to bind to toll like receptors (TLRs) and can physically insert themselves into
macrophage membranes.

1.3.1 Mycolic Acids
A major component of the mycobacterial cell wall are the mycolic acids, which play a key role in the
structural integrity of the cell wall and upper segment, along with protecting the mycobacterium from
environmental and host immune oxidative stresses. By definition, mycolic acids are high molecular
mass (C60 – C90) β-hydroxy fatty acids with a long α-alkyl side chain, and in M. tuberculosis, they are
14
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categorised into three structural groups (Takayama, et al., 2005). Mycolic acids within the bacterium
exist either as α-mycolic acids, methoxy-mycolic acids, and keto-mycolic acids, where α-mycolic acids
are found to be the most abundant form (>70%) (Takayama, et al., 2005). Mycolic acids are aligned
perpendicular to the cell membrane in order to interact with the upper segment of the cell wall,
increasing structural stability of the upper segment and serving as a low permeability monolayer
(Figure 1.4). Mycolic acids also play a role in M. tuberculosis virulence. Deletion studies in all three
mycolic acid categories have shown significant attenuation of growth of M. tuberculosis in both mouse
models and within macrophages (Takayama, et al., 2005). A full understanding of the mycolic acid
biosynthesis pathway will allow us to fully understand their roles in the mycobacterium and allow us to
characterise the eznymes involved in their synthesis, providing us with a multitude of viable drug
targets (Brennan & Crick, 2007).

1.3.2: Enzymes involved in mycolic acid biosynthesis
Extensive research has been conducted over the last 25 years to characterize the mycolic acid
biosynthetic pathway, with particular emphasis on identifying the roles of each enzyme within the
pathway. An essential gene cluster, spanning 30 genes between Rv3779c to Rv3809c, comprises open
reading frames (ORFs) that code for enzymes involved in the biogenesis of the major components of
the M. tuberculosis cell wall, including mycolic acids, arabinogalactan and LAMs (Kaur, et al., 2009).
A key component of this segment of the M. tuberculosis genome is a specific gene cluster containing
open reading frames involved in mycolic acid synthesis located from Rv3799c to at least Rv3804c
(Parker, et al., 2009). The gene cluster contains five genes, each coding for enzymes involved in
various stages of mycolic acid synthesis. The functions of each of the enzymes produced by these five
genes are well understood (Lea-Smith, et al., 2007; Jackson, et al., 1999; Seidel, et al., 2007;
Mikusová, et al., 2000; Kremer, et al., 2001), except for the gene product of Rv3802c.
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Figure 1.5 outlines the current mycolic acid biosynthetic pathway, which involves Fatty Acid Synthase
I (FAS-I) and Fatty Acid Synthase II (FAS-II) systems in the production of preliminary mycolyl
products. The FAS-I enzyme, encoded by a single gene denoted as fab (Rv2524c), is a multifunctional
enzyme exhibiting all functions for de novo fatty acid synthesis (Smith et al., 2003). The FAS-I
multifunctional enzyme produces the C26-CoA fatty acid product that ultimately contributes to the
production of the short α-alkyl chain of the final mycolic acid product. The FAS-I system elongates
acetyl groups using Acetyl-CoA and Malonyl-CoA as its substrates in five stages to produce the final
product. Acetyl and malonyl transacylation converts Acetyl-CoA and Malonyl-CoA into Acetyl-SCoA and Malonyl-S-CoA respectively, which are processed through a condensation reaction to
produce β-ketoacyl-C4-S-enzyme complex. Via repeated cycles of β-ketoacyl reduction, dehydration
and enoyl reduction, the final C26-S-CoA product is produced. The FAS-I system also produces a
shorter C20-S-CoA product that provides a starting point for the FAS-II System to produce the longchain β-hydroxy fatty acids.
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Figure 1.5: Overview of the Mycolic Acid Biosynthetic Pathway.
The schematic diagram highlights the key enzymes and products produced throughout the biosynthesis of mycolic acids,
with emphasis on the Fatty Acid Synthase I and II pathways (FASI & FAS II). The final stages of mycolic acid synthesis
driven by Pks13 are indicated. A brief overview of the mycolic acid post-production stages, including attachment to the
mAGP core and production of TDM “Cord factor” are additionally indicated. Speculation on the potential role of the
essential lipase Rv3802c as either an external thioesterase or mycolyltransferase is presented.
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The primary focus of the FAS-II system is the synthesis of meroacid for the production of the longchain β-hydroxy fatty acid tail in mycolic acids. The final FAS-I system product requires transition
into the first stage of FAS-II processing utilizing β-ketoacyl-ACP synthase-III (KasIII) encoded by the
MtfabH gene. KasIII initiates elongation of the C20-S-CoA product to produce β-ketoacyl-S-ACP,
which is the starting product of the FAS-II system (Choi, et al., 2000). An additional source of βketoacyl-S-ACP is also produced by mtFabD, a malonyl-CoA:ACP transacylase that converts
malonlyl-CoA to malonyl-S-ACP (Kremer, et al., 2001), which in turn undergoes rounds of acyl
extension via the activity of the β-ketoacyl-ACP synthases KasA and KasB (Schaeffer, et al., 2001).
The accumulated β-ketoacyl-S-ACP undergoes an NADPH dependant reduction to β-hydroxyacylACP, facilitated by the β-ketacyl-ACP reductase MabA, encoded by the gene FabG1 (Marrakchi, et al.,
2002). The product undergoes a dehydrase reaction, facilitated by the β-hydroxyacyl-ACP dehydrages
FabA and FabZ (Mohan, et al., 1994), yielding trans-2-enoyl-ACP, which in turn is isomerized by the
1-trans-enoyl-ACP isomerase FabM (Marrakchi, Choi, et al., 2002). The final elongation stage in the
cyclic FAS-II system is catalysed by the 2-trans-enoyl-ACP reductase, encoded by the gene InhA: the
key target for the first line anti-TB drug isoniazid (Dessen, et al., 1995; Bianchard, et al., 1995). The
reduction of the 2-trans-enoyl chains yields the saturated meroacyl-S-ACP, which in turn is processed
further to form the β-hydroxy fatty acid component of the mycolic acid (Figure 1.5).

The final stages of mycolic acid biosynthesis involves the processing of the products generated via the
FAS-I and FAS-II systems to form mature mycolic acids, which is primarily driven by the gene cluster
spanning Rv2799c – Rv3804c. Before the two products are linked to form the mature mycolic acid, the
α-meroacyl-S-ACP and C26-S-CoA products must first be processed into the required substrates for the
next stages of biosynthesis. The fatty acyl-AMP ligase FadD32 (Rv3801c) catalyses the activation in
deriving α-meroacyl-AMP from α-meroacyl-S-ACP, a preliminary product produced from the FAS-II
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system. The acyl-CoA carboxylase AccD4 (Rv3799c), along with AccA3 and AccD5 (Rv3285 and
Rv3280; not encoded by this gene cluster) are involved in the carboxylation process in deriving 2carboxyl-C26-S-CoA from C26-S-CoA, a preliminary product from the Fatty Acid Synthase I (FAS-I)
system. These two fatty acid chains are then the substrates required to form the mature mycolic acid,
and are joined together via thioester bonds and attached to acyl carrier domains onto the polyketide
synthase Pks13 (Rv3800c) (Bergeret, et al., 2012). Pks13 is a multifunctional enzyme comprised of
five enzymatic domains that catalyses the final stages of mycolic acid biosynthesis via a Claisen-type
condensation reaction (Portevin, et al., 2004). Initially, the two substrates are covalently loaded on
Pks13, which undergoes a condensation of the 3-oxo group of the meroacyl group transferred from the
N-terminal ACP domain to the KS condensing domain (Portevin, et al., 2004). The final stage of
mature mycolic acid production is facilitated by the short chain dehydrogenase CmrA, which catalyses
the reduction of the 3-oxo group, thus yielding the mature mycolic acid (Bhatt, et al., 2008.)

The mature mycolic acid is cleaved from Pks13 by a presently unknown thioesterase, and transferred to
a TMM molecule; a mycolic acid donor (Takayama, et al., 2005). At this stage the mycolyltransferase
Ag85 complex, an additional isoniazid drug target, acts to transfer the mature mycolic acid to
arabinogalactan to form the mAGP complex (Parker, et al., 2009). This just leaves the function of
Rv3802c presently unknown. However, it is hypothesized that Rv3802c plays the role of either the
external thioesterase that cleaves the mature mycolic acid product from Pks13, or as a
mycolyltransferases that facilitates transfer of the cleaved mycolic acid through the plasma membrane
to a TMM molecule that ultimately contributes to the formation of either the mAGP core component or
as free TDM-cord factor.
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1.4: Rv3802c – A proposed mycobacterial lipase/thioesterase
Rv3802c has been annotated as belong to a family of putative cutinases (Parker, et al., 2007; Parker, et
al., 2009). Cutinases are serine esterases that primarily act on cutin, an insoluble polyester that is a
major component of the exterior layer of plants, thereby contributing to their waxy texture (Martinez,
et al., 1994; Longhi, Cambillau, 1999; West, et al., 2008). Cutinases are primarily expressed in planttargeting pathogenic fungi, and are used to break down the cutin polymer into monomeric components,
facilitating entry into plants for invasion (Takayama, et al., 2005). However, since the human host of
M. tuberculosis does not contain any cutin, this suggests that these enzymes in fact act on various other
fatty acid containing substrates. Additionally, cutinases exhibit the ability to hydrolyse fatty acid esters
and emulsified triglycerols as effectively as lipases. The three dimensional structure of a cutinase from
F. solani has been solved to a resolution of 1.0 Å (Figure 1.6a), and was shown to be a member of the
α/β-hydrolase fold family (Longhi, Cambillau, 1999). Cutinases are the smallest member of the α/βhydrolase fold family, composed of a single domain with an approximate molecular weight of 2225kDa (Longhi, Cambillau, 1999; Hotelier, et al., 2004). The enzyme itself contains a hydrophobic
core comprising of five parallel-stranded β sheets surrounded by four α helices with a preformed,
positively charged oxyanion hole (Martinez, et al., 1994). The oxyanion hole is formed between the
Glycine and Serine catalytic residues that acts to stabilise the transient oxyanions (oxygen based
anionic species) formed during the processes of acylation and deacylation. The active site of cutinase
consists of the catalytic serine residue part of the catalytic triad, Ser120–Asp175–His188, most
categorised in serine esterases (Parker, et al., 2007).
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Figure 1.6: Crystal structures of (A) the F. solani cutinase (PDB ID: 1OXM) and (B) the essential M. smegmatis
lipase MSMEG_6394 (PDB ID: 3AJA).
Cartoon representation of each structure highlights the secondary structure composition typical of the α/β-hydrolase
superfamily fold, comprised of a single β-sheet flanked by 4-5 α-helices. The catalytic triad typical of serine esterases
belonging to the α/β-hydrolase superfamily fold are represented in purple spheres.
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Sequence alignment studies have shown that Rv3802c shares high amino acid sequence similarity to its
orthologs in a number of mycobacterial species, along with the other annotated cutinases found in M.
tuberculosis, displaying conservation within their cutinase motifs containing these putative catalytic
residues. (Parker, et al., 2007; Parker, et al., 2009). The Rv3802c orthologue in Corynebacterium
glutamicum, denoted as Ncgl2775, has been found to play a role in the regulation of outer lipid
composition under heat stress conditions (Meniche, et al., 2009)

MSMEG_1403, a protein annotated as a putative cutinase found in M. smegmatis, has also been
characterised to exhibit Phospholipase A (PLA) activity (Parker, et al., 2007). This is reinforced
through the same study conducted showing that the proteins exhibiting cutinase motifs observed in M.
tuberculosis and M. smegmatis both correlate with PLA activity. Since known cutinases exhibit PLA
activity, it is reasonable to suggest that a protein purified for its PLA activity can be identified as a
putative cutinase, which had not been previously observed. These previous studies have shown that
both M. tuberculosis Rv3802c and M. smegmatis MSMEG_1403 both contain phospholipase A (PLA)
activity (Parker, et al., 2007). PLAs act on hydrolysing phospholipids into lysoposphatidylcholine and
fatty acid subunits that are key precursors for signalling molecules used in a multitude of biological
functions (Schaloske, Dennis, 2006). They are then further characterised in groups based on cellular
locations (eg, secreted PLAs annotated as sPLA and cytosolic PLAs annotated as cPLA), along with
other attributes, such as calcium dependence (eg, Ca2+ independent PLAs annotated as iPLA) (Sassetti,
et al., 2003; Schaloske, Dennis, 2006). PLAs play a key role in human inflammatory responses and
pathogenesis, and are generally observed in snake or bee venom; however, PLAs are also characterised
in humans, as well as virulence factors in a few cases of bacterial species (Sassetti, et al., 2003). The
functional consequence of Rv3802c exhibiting PLA activity is unclear; however, it may aid in
pathogenicity of M. tuberculosis via the production of free fatty acids for the progression of
inflammation or for the production of effector molecules. PLA activity may even be involved at an
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early stage of cell wall synthesis. Purification studies and qualitative enzyme assays have shown that
Rv3802c and MSMEG_1403 act on a variety of phospholipid substrates, demonstrating its PLA
activity (Parker, et al., 2007). While evidence for PLA activity is present, analysis of the M.
tuberculosis amino acid sequence, along with BLAST and motif searches, shows no evidence of the
presence of PLAs in its proteome (Parker, et al., 2007; Parker, et al., 2009). Despite this, studies on
Rv3802c and MSMEG_1403 have shown that they exhibit associated activity with putative
mycobacterial cutinases (Parker, et al., 2007; Parker, et al., 2009).

Recent studies have also noted that both Rv3802c and the MSMEG_1403 also exhibit thioesterase
activity, and this is much more prominently observed in Rv3802c (Parker, et al., 2009). Thioesterases
are a group of enzymes that specifically hydrolyse thioesters, and are categorised into two classes. In
general terms, integrated Type I thioesterases (TE I) domains catalyse a release stage from the
“assembly line” of the final product where it is transported from one reaction centre to the next as a
thioester linked to a cofactor covalently attached to the thioesterase domain (Devedjiev, et al., 2000;
Linne, et al., 2004; Koglin, et al., 2008). An example of this type of thioesterase domain is observed in
pks13 (see section 1.4), which is involved in the formation of the mature mycolic acid. Type II
thioesterases (TE II) are external stand-alone enzymes with proof reading and repair functions
(Devedjiev, et al., 2000; Parker, et al., 2009). While it is unclear which type of thioesterase Rv3802c is,
and what role it plays in mycolic acid synthesis, the enzyme has been demonstrated to hydrolyse
thioesters through enzyme kinetic activity assays (Parker, et al., 2007).

While there is evidence of Rv3802c displaying phospholipase/thioesterase activity, it is still not
substantial enough to determine the exact role of the enzyme. While Rv3802c has only been
categorised to exhibit PLA and thioesterase activity through various enzyme kinetic activity assays, it
has been annotated as a putative cutinase and is a member of the α/β-hydrolase fold family, which
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contains known PLAs, mycolyltransferases and thioesterases (Hotelier, et al., 2004). The importance
of Rv3802c is supported by the observation that the Rv3802c gene is conserved within the genome of
M. leprae, which considered important due to its reduced genome in comparison with M. tuberculosis,
suggesting a requirement for survival (Vissa and Brennan, 2001; Mahapatra, et al., 2008).

The essentiality of Rv3802c was recently demonstrated through work on MSMEG_6394, a close
homologue of Rv3802c in M. smegmatis (~70% sequence identity). The creation of knockout mutant
of M. smegmatis lacking the MSMEG_6394 was unsuccessful, implying that the enzyme might be
essential to the viability of M. smegmatis. To counter this, a temperature conditional mutant was
created, where the MSMEG_6394 gene was disrupted within the mutant chromosome in the presence
of a rescue plasmid carrying intact the MSMEG_6394 gene. (Crellin, et al., 2010). This conditional
mutant could reproduce at a permissive temperature of 30°C, but could not reproduce at the nonpermissive temperature of 42°C. It was found that the M. smegmatis mutant was viable at 30°C (at
which the plasmid could replicate), but not at 42°C (where the plasmid could not replicate), indicating
the essentiality of the MSMEG_6394 gene. (Crellin, et al., 2010). These findings were further aided by
electron microscopy work, revealing that the loss of MSMEG_6394 functionality decreased cell
viability and increased cell death; with live mutant cells displaying an elongated morphology with
rough surface relative to wild type M. smegmatis cells (Crellin, et al., 2010). Transmission electron
microscopy (TEM) was additionally applied to examine the cell wall and internal details of the M.
smegmatis mutant. These results verified cell lysis in mutants lacking MSMEG_6394 expression, with
large electron transparent zones present in intact cells. It is considered that these electron transparent
zones lead to cell lysis, and any attempts to stain these zones with fluorescent lipid dyes for the
detection of lipid bodies were unsuccessful (Crellin, et al., 2010). This recent work shows that while
the function of MSMEG_6394 is unknown, its essentiality has been defined, with lack of
MSMEG_6394 resulting in cell death and atypical cell morphology. These results directly correlate to
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the role of Rv3802c in M. tuberculosis, with Rv3802c believed to play a fundamental and essential
lipase-associated role involved in maintaining mycobacterial cell integrity.

To gain function insight into the role of Rv3802c, the crystal structure of MSMEG_6394 has been
recently determined (Crellin, et al., 2010). The crystal structure reveals an α/β hydrolase fold typical of
serine esterases, comprised of a single 6-stranded parallel β-sheet flanked by 5 large α-helices (Figure
1.6b). The crystal structure allowed for the characterization of the enzyme substrate-binding pocket,
with a focus on the conserved Ser176-Asp269-His300 catalytic triad previously determined to be
essential for enzymatic activity (West, et al., 2009). Enzyme kinetic activity assays comparing
Rv3802c and MSMEG_6394 have demonstrated a difference in substrate specificities and kinetic
activity rates between the two enzymes, due to subtle differences in the enzyme active site architecture.

1.4.1: Tetrahydrolipstatin (THL) inhibition of Rv3802c
Enzymatic inhibition of Rv3802c occurs with the use of a mycolic acid synthesis inhibitor known as
tetrahydrolipstatin (THL). The compound itself has been implemented as an inhibitor of pancreatic
lipases, which results in the inability of the body to absorb long chain fatty acids, and is sold over the
counter as a weight loss agent known as AlliTM (Parker, et al., 2009). THL has also been noted to
selectively inhibit thioesterase function of human FAS in tumour cells without impacting on normal,
non-cancerous cells. FAS activity is unregulated in prostate cancer cells and within various other types
of tumours, allowing for greater cell proliferation and tumour formation. However with the
implementation of THL, the action of FAS in cancerous cells has been interfered with, resulting in the
induction of apoptosis in cancer cells. With this evidence, THL has become a valid oncology target,
and various studies are underway for its use in anti-cancer drug development (Kridel, et al., 2004).
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It was shown that inhibition by THL only occurs for Rv3802c and not for the MSMEG_1403 (Parker,
et al., 2009). Inhibition of Rv3802c by THL occurs at micromolar concentrations in vitro, and
demonstrates an inhibition of M. tuberculosis growth at <30µg/mL, however no inhibition of
MSMEG_1403 occurred even at a 500 M excess (Crellin, et al., 2010; Parker, et al., 2009). THL
inhibits Rv3802c greater than the M. smegmatis orthologue MSMEG_6394, with Ki values of 0.87 µM
and 2.59 µM reported respectively (Crellin, et al., 2010). The exact mechanism of Rv3802c inhibition
is unknown, but it is hypothesised that inhibition occurs through similar methods of THL inhibition of
Fatty Acid Synthetase Thioesterase (FASTE) domain. Inhibition of FASTE occurs competitively, with
the THL palmitic core fitting into the hydrophobic substrate pocket with the hexanoyl tail binding to
the catalytic histidine residue (Figure 1.7) (Pemble, et al., 2007). This mode of inhibition significantly
reduced hydrolysis, but this process is reversible, as THL is eventually hydrolysed. While it is shown
in assays that THL inhibits Rv3802c, we cannot assume that it is its sole target within M. tuberculosis,
as it is likely that THL inhibits other enzymes present. However the prior association between THL
inhibition of Rv3802c provides a starting point of studying inhibition processes of Rv3802c and other
M. tuberculosis targets of THL.
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Figure 1.7: A structural basis for tetrahydrolipstatin (THL) inhibition against the human Fatty Acid Synthase II
Thioesterase (FASIITE) domain (PDB ID: 2PX6)
(A) THL is bound in the active site pocket of the FASIITE domain, where the free carboxylate ion is bound covalently
to the catalytic serine. Structural components of the THL molecule, the palmitic core, peptidyl moiety and
hexanoyl tail, are indicated.
(B) The covalent bond between THL and FASIITE undergoes a water mediated hydrolytic attack, hydrolysing the
THL molecule. The carboxylate ion is now bound to the catalytic serine via a network of water mediated
hydrogen bonds.
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Recently, a first generation inhibitor library of seventeen synthetic THL analogues was generated,
which will further aid in drug design against Rv3802c (West, et al., 2011). Out of the seventeen
synthetic THL analogues generated, ten of those inhibited Rv3802c in vitro at an affinity much higher
than native THL, with a number of analogues exhibiting nanomolar levels of inhibition (West, et al.,
2011). In addition to observing a greater level of inhibition, covalent irreversible inhibition was also
reported for one of the compounds at concentrations between 1 mM – 5 mM in vitro, which exhibited
an IC50 value of 0.2 µM, compared to an IC50 of 3.8 µM for native THL (West, et al., 2011). The
differences in these compounds lay in chemically altering the N-formyl-L-leucine peptidyl moiety side
chain, with chemical changes such as the inclusion of lipophilic, aromatic, heteroaromatic and nonaromatic side chains. It was found that compounds bearing lipophilic and large palmityl side chains
exhibited a drop in inhibition potency compared to native THL. Interestingly, the compounds
containing nitrogen based aromatic side chains exhibited the highest rate of inhibition, with the most
potent inhibitors containing N-acyl ester side chains. (West, et al., 2011) The structure of Rv3802c in
complex with THL would provide insight into how THL inhibits this enzyme. It would form a platform
for rational design of more potent inhibitors of Rv3802c.
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1.5: M. tuberculosis survival within host macrophages
M. tuberculosis pathogenicity relies heavily on the exploitation of the host-cell signalling pathways to
allow for the persistence of the pathogen, enhancing its ability for intracellular survival within its host.
Its unique cell wall offers pathogenic mycobacteria a physical advantage within the host alveolar lung
macrophages; its primary reservoir of infection. In addition, pathogenic mycobacterial species have
developed a multitude of mechanisms to parasitise the inhospitable environment of the macrophage,
which is central to mycobacterial infection, latency and disease activation (Russell at al., 2001; 2011;
Deretic et al., 2006).

Macrophages play a central role in both the innate and adaptive immune systems in the control and
eradication of invading pathogenic organisms; fulfilling a range of activities moderated by both
cytokine and tissue environment to which the cells are exposed. Macrophages phagocytose invading
pathogenic organisms and dead cells and sort them into phagosomes; a complex intracellular
compartment that facilitates ingested material eradication.

The hostile and acidic mature phagolysosomal environment facilitates the microbicidal and lytic
activity against ingested material via the activity of hydrolytic enzymes, such as cathespin D (Rossman,
et al., 1990), and superoxide bursts driven by the NADPH oxidase complex. The NADPH oxidase
complex is an integral membrane complex that assembles on the surface of phagosomes during the
process of phagocytosis (El-Benna, et al., 2008; Sumimoto, et al., 2008). Prior to lysosomal fusion, the
maturing phagosome interacts with a variety of endosomal compartments that influence the processing
and degradation of ingested material (Vieira, et al., 2002; Desjardins, et al., 2005; 2009; Stuart, et al.,
2007) (Figure 1.8). The process of endosomal fusion to the phagosome does not occur in a set
sequence of events, but belongs to a highly plastic system modulated by extrinsic and intrinsic factors
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of the innate and adaptive immune system (Koul et al., 2004; Blander, et al., 2004; Yates, et al., 2007;
Trost, et al., 2009). Throughout the process of phagosomal maturation, the internal environment
undergoes phagolysosomal acidification, reducing the pH of the phagosomal lumen from a near neutral
pH to an acidic pH of 5.0, which facilitates the successful destruction of invading pathogens via the
activation of hydrolytic enzymes. Phagosomal acidification is predominantly driven by the fusion of
lysosomes, which exhibit an acidic pH of 4.5, as well as the actions of V-ATPase complex embedded
in the endosomal membrane. The V-ATPase complex pumps protons into the lumen of the phagosome
via the hydrolysis of ATP, rapidly acidifies the internal phagosomal environment (Hackam, et al.,
1997).

Upon eradication of the internalized material, degraded material is either ejected from the macrophage
or utilized in the presentation of peptide antigens via cell surface antigen presenting Major
Histocompatibility Complex (MHC) class II molecules, or lipid antigens via CD1 molecules; a
monomorphic family of MHC-I like molecules (Brigl and Brenner, 2004), which in turn act to activate
helper T cells for the activation of the adaptive immune system response. The complex membrane
fusion events required for normal macrophage activity is highly regulated, and is essential for
successful processing of invading pathogens.
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Figure 1.8: Overview of macrophage phagolysosome maturation.
The macrophage engulfs invading pathogens via phagocytosis and sorts them into early phagosomes. Via the modulation of
a network of macrophage endosomes and lysosomes, the phagosome matures into the phagolysosome, facilitating the
eradication of ingested pathogens. As the phagolysosome matures, the luminal pH drops from a near neutral pH to an acidic
pH of 5.0, which facilitates the destruction of ingested pathogens. The membrane embedded V-ATPase complex indicated
on the early phagosome also facilitates this acidification. The NADPH oxidase complex is responsible for the generation of
reactive oxygen species, which provides a superoxide burst to enable successful macrophage killing. (Adapted from Russel,
et al., 2011)
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1.5.1 Mechanisms of M. tuberculosis survival within host macrophages
Pathogenic M. tuberculosis exploits the host-cell signalling pathways that modulate the macrophage
internal membrane fusion events to facilitate its survival (Figure 1.9). Disruption of normal
macrophage activity enhances the intracellular survival of the pathogen via the disruption of
phagolysosome maturation and the suppression of host immune responses. Upon phagocytosis,
pathogenic mycobacteria are able to parasitise the internal environment of the phagosome, preventing
normal macrophage activity.

Ingested pathogens are first exposed to superoxides, in particular hydrogen peroxide and hypervalent
iron atoms, generated by the activity of the NADPH oxidase complex. Mycobacteria possess several
enzymes and cell wall components for the avoidance of superoxide activity, which generally have toxic
bactericidal activity. The superoxide dismutases SodA and SodC (Piddington, et al., 2001), as well as
the catalase peroxidase KatG (Rouse, et al., 1996), the activating enzyme of the INH prodrug, act to
convert reactive oxygen and nitrogen species to their molecular intermediates useable by the
mycobacterium. Cell wall lipidoglycans, including LAMs (Chan, et al., 1989; 1991) play a role in
scavenging reactive oxygen species before entry into the mycobacterium, thus nullifying their
bactericidal activity.

The success of the anti-pathogenic activity of the macrophage is the acidification of the phagosomal
lumen during maturation, primarily driven by the activity of cell membrane embedded V-ATPase
complexes and the fusion of late endosomes and lysosomes. Critical to the survival of pathogenic
mycobacteria is its ability to arrest the pathways involved in phagosomal acidification, maintaining a
near-neutral pH of 6.2-6.4 within its environment (Sturgill-Koszycki, et al., 1994).

Pathogenic

mycobacteria achieve this by blocking the proton pump mechanisms of the V-ATPase complex and by
manipulating the global phagosomal maturation process. Protein tyrosine phosphatase (PtpA) is
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secreted into the phagosomal lumen and has been shown to inhibit phagosomal acidification by
blocking V-ATPase complex trafficking and phagosomal acidification, thus enabling the survival of
the mycobacterium within the phagosome (Wong, et al., 2011).

Pathogenic mycobacteria modulate the global membrane fusion events involved in phagolysosomal
maturation, blocking phagolysosome acidification and facilitating the intracellular survival of the
pathogen. Critical to the membrane trafficking events involved in phagolysosomal maturation is the
activity of the Rab protein family. Rabs are small GTP binding proteins that function via a molecular
on-off switch mechanism that controls the maturation of the phagosome (Clemens, et al., 2000a;
2000b). Through wholesale conversion of Rab5 in early endocytosis to Rab7 in the late endosome, the
phagosome matures to allow for correct formation of the phagolysosome. (Kelley and Schorey, 2003;
Rink et al., 2005; Pereira-Leal and Seabra, 2001; Pfeffer, 2005; Fratti et al., 2001). This conversion is
modulated by the activity of the Rab5 modulator Early Endosomal Antigen 1 (EEA1), which is
required to drive fusion of the phagosome with late endosomal and lysosomal compartments, and
associates with phosphatidylinositol 3-phosphate (PI3P) on organelle membranes (Sturgill-Koszychi et
al., 1994; Vieira, et al., 2004; Fratti et al., 2003). The interaction between EEA1 and PI3P allows for
the proper conversion between Rab5 and Rab7 to facilitate correct membrane trafficking within the
endosomal system. The Rab7 marker allows for the fusion of late endosomes containing hydrolytic
enzymes and lysosome associated membrane proteins (LAMP1), which act as lysosomal markers
(Clemens and Horwitz, 1995) for the fusion of lysosomes (Figure 1.9).

Once sorted into the phagosome, pathogenic mycobacteria are able to block the conversion of Rab5 to
Rab7, in a process known as Rab conversion block (Clemens, et al., 2000a), utilizing key mechanisms
unique to the mycobacteria. The phagosomal maturation pathway is blocked by the activity of the PI3P
phosphatase SapM (Saleh and Belisle, 2000; Vergne et al., 2005), and by the cell wall embedded LAM
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(Sturgill-Koszychi et al., 1994; Fratti et al., 2003; Hmama et al., 2004; Kang et al., 2005). SapM is a
secreted into the phagosomal lumen and upon gaining access to phagosomal PI3P, acts to hydrolyse
PI3P, effectively blocking the phagosomal maturation process. SapM acts on the presence of excess
PI3P that isn’t initially blocked by the presence of mycobacterial LAM’s. LAM acts to prevent the
generation of PI3P by incorporating into the phagosomal membrane and inhibit the activity of the class
III phosphoinositide 3-kinase vacuolar protein sorting 34 (Vsp34), limiting accumulation of PI3P in the
phagosomal membrane (Vergne, et al., 2004; 2005), thus blocking early phagosomal maturation.

The recruitment of EEA1 is modulated by the activation of two Ca2+-dependant effector proteins: the
sensory Ca2+ binding protein Calmodium (CaM) and multifunctional serine/threonine calmodium
protein kinase II (CaMKII) (Malik, et al., 2001). During phagosomal maturation, levels of intracellular
Ca2+ increases to induces a conformational change in CaM which leads to the activation of CaMKII via
autophosphorylation, which in acts to recruit EEA1 (Peters and Mayer, 1998). A pathogenic
mycobacterium has the ability to interfere with Ca2+ signalling to impair the activity of CaMKII as a
means of limiting EEA1 recruitment (Malik, et al., 2000). The lipid effector molecule Man-LAM,
which acts to inhibit the signalling cascades required to increase intracellular Ca2+, prevents the
activation of CaMKII by CaM and ultimately recruitment of EEA1 arresting phagosomal maturation
(Rojas, et al., 2000; Fratti, et al., 2003; Vergne, et al., 2003; 2005)

Despite the extensive research conducted on characterising the pathogen’s ability to arrest phagosomal
maturation, the understanding of the mechanisms of interaction between pathogenic mycobacteria and
their host macrophages, with particular emphasis on its host cell machinery, is still incomplete. The
identification and characterization of novel targets involved in the internal survival of pathogenic
mycobacteria within its host macrophage will lead to a greater understanding of its pathogenesis,
paving the way for the development of novel treatments.
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Figure 1.9: Phagosomal maturation in the presence of pathogenic and non-pathogenic mycobacteria.
Pathogenic mycobacteria employ a number of strategies to arrest phagosomal maturation and prolong its survival and
persistence. In the presence of non-pathogenic mycobacteria, the wholesale conversion of Rab5 on early endosomes to
Rab7 on late endosomes, modulated in part by Ca2+-dependant CaMKII, facilitates the maturation of the phagolysosome for
effective bacterial killing and degradation. Acidification of the phagolysosomal lumen to a pH of 5.0 activates hydrolytic
enzymes, such as cathespin D, for the eradication of enclosed material. Pathogenic mycobacteria have the ability to block
this Rab5 to Rab7 conversion (red cross), thus preventing the correct maturation of the phagosome. The mycobacterial
phagosomes retain a near neutral pH of 6.2-6.3 through this maturation blocking and by disabling the function of V-ATPase
complex proton pump. (Koul et al., 2004)
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1.6: MSMEG_5817 – a novel drug target implemented in macrophage survival
A recently identified gene in M. smegmatis, a saprophytic fast growing mycobacterial species, has been
found to be vital for mycobacterial survival within the macrophage. Despite its non-pathogenic nature,
M. smegmatis has been adopted as a suitable organism for the evaluation of mycobacterial
pathogenesis, due to its limited capabilities to persist and multiply within the macrophage environment,
delaying phagosomal acidification (Kuehnel, et al., 2001; Anes, et al., 2006). A recent Tn611
transposon mutagenesis library has been generated for M. smegmatis, allowing for the screening of
atypical phenotypes in mutants for the identification of novel mycobacterial ORFs (Billman-Jacob, et
al., 1999; Patterson, et al., 2000; Kovacevic, et al., 2006). Tn611, a modified mobile genetic element
transposon exhibiting kanamycin resistance, allows for the antibiotic selection of successfully created
mutants (Pérez, et al., 1998). The randomly inserted transposition element is delivered via a
thermosensitive-shuttle vector allows for accurate and reproducible mutant generation for genotypic
and phenotypic analysis of the M. smegmatis genome.
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Figure 1.10: in vivo growth curves of the M. smegmatis transposon mutant Myco132.
(A) Macrophage survivability of the transposon mutant Myco132 and targeted mutant Myc85 of MSMEGM_5817.
Mycobacterial survival within macrophages is drastically reduced of the mutant compared to wild type M.
smegmatis. Growth restored to near wild type levels upon complementation of the mutant.
(B) Growth in liquid media shows no difference between MSMEG_5817 mutants and wild type, indicating the mutant
is non-essential for normal mycobacterial growth
(C) Increased NF-κB activation in mouse model of the Myco132 mutant compared to wild type. * P < 0.05
(D) Loss of Myco132 mutant survivability in macrophage is responsible due to loss of function, by normal
macrophage killing. Growth in liquid medium replicating the acidic environment of the macrophage and (E) in the
presence of the reactive oxidative species hydrogen peroxide (H2O2) indicate no change in growth between mutant
and wild type. (Adapted from Pelosi, et al., 2012)
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One such mutant strain generated via this system, denoted as Myco132, exhibited altered colony
morphology with the capacity for the uptake of dyes from liquid mycobacterial growth media (Pelosi,
et al., 2012). Upon further phenotypic characterization, it was observed that the mutants Myco132 and
Myc85, a specific mutant targeting the gene of interest, exhibited no changes in normal growth within
liquid media of M. smegmatis, indicating non-essentiality for mycobacterial growth. However, upon
transfection of the mutant strains into J774A.1 macrophages, a drastic reduction of M. smegmatis
survival was observed, with an approximate 72% reduction in survival compared to wild type M.
smegmatis, within the first 8 hours of transfection (Figure 1.10a,b) (Pelosi, et al., 2012). Survival to
near wild type levels was observed upon transfection with a complement strain, denoted as Myc85c.
To determine whether this decreased survivability of the mutant was as a result of more efficient antimycobacterial mechanisms of macrophages, growth sensitivity was assessed comparing wild type M.
smegmatis to the Myco132 mutant within an acidic pH medium, as well as in the presence of H2O2
reactive oxygen intermediates. No differences in growth was observed between wild type M.
smegmatis and the Myco132 mutants were observed in either low pH media or in the presence of H2O2,
indicating that the decrease in macrophage survivability was a result of a loss of function (Figure
1.10d,e) (Pelosi, et al., 2012). Its essentiality in the role of mycobacterial pathogenesis was reinforced
by the significant increase in NF-κB activation in a mouse model compared to wild type M. smegmatis
(Figure 1.10c) (Pelosi, et al., 2012). As NF-κB activation plays a significant role in regulating the
immune response to infectious agents via cytokine production stimulation, the increased activation of
NF-κB within the Myco132 mutant may indicate the gene of interest may play a role in immune
response suppression.
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The gene disrupted by the transposon element was identified as MSMEG_5817. The identified gene
shares significant sequence identity with a variety of pathogenic and non-pathogenic mycobacterial
species, including in M. tuberculosis (Rv0807) and M. leprae (ML_2207), sharing a 66% and 62%
sequence identity respectively. The ORF MSMEG_5817 encodes a 128 amino acid protein of an
unknown function. The closest sequence homologue to MSMEG_5817, a serine:pyruvate
aminotransferase (SPT) from Brevibacterium linens, was identified via a BLASTp similar search,
exhibiting a sequence identity of 46%. Despite sharing a moderately similar amino acid sequence,
MSMEG_5817 shares no domains characteristics of SPTs, and based on a pyruvate reduction assay
conducted on the Myco132 mutant, is not functionally related to the SPTs (Pelosi, et al., 2012). In a
previous study, it was found that the Rv0807 gene, the M. tuberculosis orthologue, was up-regulated in
a deletion mutant of the senX3-regX3 two component regulatory system (Parish, et al., 2003). The
senX3-regX3 system regulates inorganic phosphate gene expression involved in phosphate acquisition
by the mycobacterium essential for virulence, with deletion mutant studies revealing a decrease in
mycobacterial survival within host macrophages (Parish, et al., 2003; Glover, et al., 2007). As it
stands, the exact biological function of MSMEG_5817 is unknown, but its importance for the
mycobacterial survival within macrophages has been demonstrated, with a potential involvement in the
senX3-regX3 two component regulatory system.
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1.7 – Aims of this study
With the prevalence of infection and disease by drug resistant strains of M. tuberculosis becoming
increasingly wide spread, there is now an urgent need for the development of new anti-mycobacterial
therapeutics to tackle this growing problem. The partial success of the pathogen is attributed to its
unique lipid cell wall, which contributes to the persistence of the mycobacterium within host cell
macrophages. Mycobacterial proteins involved in cell wall biosynthetic pathways and hostmacrophage survivability make for attractive drugs targets due to their essentiality for mycobacterial
pathogenesis. Due to the inhibitory success of the first line drugs isoniazid and ethambutol against
enzymes involved in biosynthesis of major cell wall components, alternate mycobacterial enzymes
involved in these pathways may provide a variety of novel drug targets. Additionally, in further
characterizing the mechanisms of mycobacterial persistence within host macrophages via parasitizing
the phagosomal environment will not only provide insight into the mycobacterium’s mechanisms of
pathogenesis, but would also pave the way for further drug target discovery.

My study’s central hypothesis is that the planned structural and functional analysis of novel
mycobacterial proteins involved in mycolic acid biosynthesis and host macrophage survivability will
provide fundamental insight into their modes of action, as well as provide a basis for rational drug
design.

X-ray crystallography has played a pivotal role in the structural characterization of novel
mycobacterial proteins in the past, with applications for planned rational drug design. Crystal
structures of up to 10% of the overall ORFs present within the M. tuberculosis genome have been
determined, which have provided a fundamental insight into their functionality and drug inhibition
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mechanisms. The technique has previously been utilized to characterise the isoniazid drug target InhA;
detailing the structural mechanisms of isoniazid inhibition and isoniazid resistance (Dias, et al., 2007).
In addition, the crystal structure of InhA has been solved in complex with a number of new inhibitors,
which provide a structural model for the development of new therapeutics targeting the protein. X-ray
crystallography has also provided a structural basis of essential mycobacterial functionality. The
crystal structure of the AT domain of Pks13, the essential enzyme involved in the late stages of
mycolic acid biosynthesis, has previously been determined in the presence of bound natural ligands,
providing insight into the mechanisms of action of the Pks13 domain (Bergeret, et al., 2012). These
crystal structures of essential mycobacterial enzymes are only a select representation of the potential
for structural determination via x-ray crystallography in understanding the pathogenesis of TB.

My study focuses on three specific mycobacterial proteins that have each previously been
demonstrated to be essential for survival and pathogenesis of the mycobacterium. The essentiality of
these targets has previously been determined through transposon size hybridization via microarray
(Sassetti, et al., 2003) and phenotypic analysis (Billman-Jacob, et al., 1999; Patterson, et al., 2000;
Kovacevic, et al., 2006) of the mycobacterial genome. The targets are the isoniazid drug target aldoketo reductase AKR5H1, encoded by the gene Rv2971, Rv3802c; the essential thioesterase involved in
the late stages of mycolic acid biosynthesis, and Rv0807; a protein of unknown function essential for
mycobacterial survival within host macrophages first characterized in M. smegmatis.

X-ray crystallography was utilized to determine the crystal structure of each of the targets, allowing for
a structural characterization of cofactor and drug binding pockets, gaining insight into inhibitor binding
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mechanisms and providing a basis for rational drug design, as well as gaining insight into protein
functionality.

Each chapter presented outlines the cloning, expression, purification, crystallization and structural
determination of each of the targets. As permitted under Monash University regulations, the results
chapters 2 to 6 are predominantly comprised of peer-reviewed journal articles that were published
throughout the course of this study. Each of the studies were published as first-author papers.
Chapter 2 presents an overview of the crystal structure of the isoniazid drug target aldo-keto reductase
ARK5H1, with focus on a structural characterization of the NADPH binding pocket architecture and
isoniazid binding site. The work described was published in Acta Crystallographica Section F:
Structural Biology and Crystallization Communications in 2014, and includes the methods of cloning,
expression and purification of recombinant AKR5H1 in Escherichia coli, with extensive details of its
crystallization, data collection and structural determination outlined.

Chapter 3 focuses on the crystal structure of the essential lipase Rv3802c, in complex with the anti-TB
drug THL. The crystal structure presented in Chapter 3 provides a structural basis for the targeted
rational drug design against Rv3802c, using THL as a lead inhibitor. The work described includes
methods of cloning, expression and purification of Rv3802c, with a focus on structural determination
and characterization of Rv3802c in complex with THL.

Chapters 4, 5 and 6 focus on the structural and functional characterization of MSMEG_5817: The M.
smegmatis orthologue of Rv0807. Chapter 4 comprises of a paper published in Acta Crystallographica
Section F: Structural Biology and Crystallization Communications in 2013, and focuses on the
cloning, expression and purification of recombinant MSMEG_5817 from Escherichia coli, with a
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focus on the crystallisation and x-ray data collection of native and selenomethionine derivatised
MSMEG_5817. The work described in chapter 4 describes preliminary work that is expanded on in
chapters 5 and 6.

Chapter 5 continues on from the work described in Chapter 4, and presents the crystal structure of
MSMEG_5817 determined to 2.40 Å by 3-wavelength multiple anomalous dispersion (MAD)
experimental phasing. The structure described presents a fundamental insight into the function of
MSMEG_5817, further characterized by biochemical assays and alanine-scanning mutagenesis
experiments. The work described in chapter 4 was published in the Acta Crystallographica Section D:
Biological Crystallography in 2014, with a focus on the applications of x-ray crystallography for the
determination of biological function of newly discovered proteins.

Chapter 6 focuses on the application of native source organism protein production for the purposes of
x-ray crystallography, and presents the advantages of M. smegmatis as an expression system for
structural analysis of mycobacterial proteins. The work described was prepared as submitted
manuscript for the intention of publishing in Protein Science in 2015, and focuses on the cloning,
expression and purification of recombinant MSMEG_5817 from M. smegmatis, describing a higher
quality crystal structure of MSMEG_5817 determined to 1.70 Å.

The work described presents a range of applications for x-ray crystallography in the structural analysis
of essential and novel mycobacterial proteins. With the predominant focus of rational drug design,
these results demonstrate the applications of x-ray crystallography in characterizing the architecture of
novel substrate and inhibitor binding pockets, as well as applications in gaining fundamental insight
into the biological function of recently identified mycobacterial proteins.
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Chapter 2: Structural investigation into the INH drug target, Rv2971
2.1

Introduction

Isoniazid, the first line drug against TB, inhibits 17 known targets within M. tuberculosis (Figure 2.1)
(Argytou et al., 2006). Despite the mechanisms of INH activation being characterized, as well as the
functionality of a number of the INH drug targets previously analysed, the mechanisms of INH
inhibition is still widely unknown. As a means of further characterizing INH inhibition against its
targets, x-ray crystallography has been utilized to gain structural insight into the mechanisms of
inhibition.

This chapter focuses on the essential aldo-keto reductase, Rv2971, previously determined to be a drug
target of INH (Argyrou et al., 2006). The work described here contains a paper, published in the course
of the research for this thesis in Acta Crystallographica Section F - Structural Biology and
Crystallization Communications in 2014, and focuses on the crystallization and structural
determination of Rv2971.

The crystal structure of its M. smegmatis orthologue, MSMEG_2407, has recently been determined to
1.60 Å, both in its APO form and in the presence of its NADPH cofactor (Scobles, et al., 2010). The
structure revealed an triosephosphate isomerase (α/β)8 TIM barrel fold, comprised of an 8 bladed βbarrel structure stabilized by a series of α-helices, featuring an N-terminal β-turn lid domain. The
crystal structure of the holoenzyme, with NADPH bound, allowed for an in depth structural analysis of
the cofactor binding site, and a preliminary analysis of the INH-NADPH adduct binding site.
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Subtle differences in the NADPH binding pocket between MSMEG_2407 and Rv2971 have a drastic
effect on the substrate specifities and INH inhibition rates of each enzyme, as described in section 1.2.
While the crystal structure of MSMEG_2407 does provide valuable insight into the cofactor and INH
binding pocket, the differences in binding pocket architecture make this unsuitable for the analysis of
INH inhibition of M. tuberculosis.

To counteract this, the key aim of this study was to solve the crystal structure of Rv2971, both in its
APO and holoenzyme form, to further characterise the mechanisms of INH-NADPH adduct inhibition
against the M. tuberculosis target. The crystal structure of Rv2971 in its APO form was successfully
determined to 1.60 Å. Rv2971 exhibits the same TIM barrel fold as MSMEG_2407, with differences in
amino acid sequence having a drastic effect on the NADPH binding pocket architecture. While no
crystal structure of the holoenzyme was successfully determined, a number of water molecules and
malonate ions originating from the crystallisation condition were found bound to the NADPH binding
pocket, with a high degree of hydrogen bond conservation to the MSMEG_2407 holoenzyme crystal
structure.

The successful determination of the crystal structure of Rv2971 to 1.60 Å allows for an in-depth
analysis of the INH-NADPH adduct binding pocket, with differences in amino acid sequences
compared to MSMEG_2407 explaining the differences in INH inhibition.
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Figure 2.1: Determination of INH drug targets in M. tuberculosis by INH-NAD(P) affinity chromatography
(A) SDS-PAGE of INH-NAD(P) affinity chromatography eluates. Lanes 1 and 2 represent proteins eluted from
NAD+-sepharose and INH-NAD-sepharose respectively, and lanes 3 and 4 represent proteins eluted from
NADP+-sepharose and INH-NADP-sepharose respectively. Numbered bands represent isolated INH drug targets.
(B) Table targets summary of isolated INH-NAD(P) drug targets.
(Adapted from Argyrou et al., 2006)
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Chapter 3: Crystal structure of an essential lipase, Rv3802c, from
Mycobacterium tuberculosis, in complex with the anti-TB drug
Tetrahydrolipstatin

3.1

Introduction

This next chapter corresponds to further work focused on the drug targets of M. tuberculosis. While
chapter 2 focused on the structural characterization of a target of one of the key first line drugs against
TB, this chapter focuses on a target inhibited by a new drug, tetrahydrolipstatin (THL), which has only
been recently characterized to exhibit anti-TB activity. The chapter outlines the expression and
purification of recombinant Rv3802c from E. coli and focuses on the crystallization, structural
determination and analysis of Rv3802c in complex with the potential anti-TB drug THL.

Recently, the crystal structure of MSMEG_6394, the Rv3802c homologue from M. smegmatis, has
been solved to a resolution of 2.9 Å (Crellin, et al., 2010) (Appendix 1). Previous attempts to
determine the crystal structure of Rv3802c have been unsuccessful, and it has been stipulated that this
was due to a flexible N-terminal domain not visible in the MSMEG_6394 structure. The flexibility of
this loop is hypothesised to have hindered effective protein crystal packing, preventing the generation
of high diffracting quality crystals. The N terminal unstructured domain is comprised of 68 amino
acids, with a majority being non-polar, aliphatic residues, and has been predicted to act as a
transmembrane domain.

The N-terminal domain is conserved within a number of proteins annotated as putative cutinases within
M. tuberculosis, including ML0099: the M. leprae Rv3802c homologue. The domain consists a
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predicted N terminal transmembrane domain, as well as a signalling sequence and proline rich region,
as characterized in M. avium orthologue (Miltner, et al., 2005). It was speculated that the presence of
this N-terminal sequence aid in playing a role in mycobacterial host cell invasion, as these
characteristics are also observed in internalin A in Listeria monocytogenes, aiding in epithelial cell
invasion (Miltner, et al., 2005). While identifying the purpose of this flexible N-terminal domain
would shed some light into the role of Rv3802c in mycolic acid biosynthesis, a main aim of the study
was to provide structural insight into the mechanisms of THL inhibition.

The crystal structure of MSMEG_6394, while successfully solved to 2.9 Å, is not suitable model for
the purposes of rational drug design against Rv3802c. Differences in enzyme substrate specificities and
kinetic activity rates between Rv3802c and MSMEG_6394 have previously been reported, as well as
differences in THL binding, with THL affinity for Rv3802c being three times greater than
MSMEG_6394 (Crellin, et al., 2010). This is due to subtle differences in the enzyme active site
architecture attributed in part due to sequence identity, as MSMEG_6394 and Rv3802c share a
sequence identity of 68%. Additionally, it is more suitable to design new therapeutics against targets
originating from the target organism, as opposed to a model organism.

In order to produce higher quality diffracting crystals of Rv3802c, a construct was created lacking the
flexible N-terminal domain as a means of aiding in better crystal contacts. While crystals of the
Rv3802c lacking the N-terminal domain produced crystals, only crystals of Rv3802c in complex with
THL produced crystals of high diffraction quality. The aim of the study was to solve the crystal
structure of Rv3802c with THL to gain a structural insight into the inhibition mechanisms of the drug,
as well as provide a basis for rational drug design.
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The chapter describes the crystal structure of Rv3802c in complex with THL successfully determined
to 2.9 Å. The Rv3802c construct lacking the N-terminal domain (Rv3802cΔ1-67) was successfully
cloned, expressed and purified, with minimal differences in enzyme kinetic rates or THL inhibition
levels compared to the full Rv3802c protein. The crystal structure reveals the mechanisms of THL
binding to the active site pocket of Rv3802c, with the free carboxylate ion of THL binding tightly to
the catalytic serine 175 residues within the substrate-binding pocket of Rv3802c, which belongs to the
serine – aspartic acid – histidine catalytic triad, typical of hydrolases. THL was bound in the
hydrolyzed form, as previously described (Pemble, et al., 2007). Initially, THL attaches to the catalytic
serine residue in a covalent manner, where it undergoes a water-mediated nucleophilic attack: breaking
the covalent attachment and binding it via hydrogen bond formation in its hydrolysed form. THL is
bound to Rv3802c via hydrogen bond formation to the catalytic serine 175 residue, and is locked into
the binding site via a hydrophobic locking mechanism facilitated by mobile α9-helix lid domain,
typical of lipases.

The structure of Rv3802c in complex with THL reveals the structural mechanism of THL interactions
with the substrate-binding pocket, revealing the structure-based mechanisms of THL inhibition. The
successfully determined complex structure of Rv3802c with THL will provide a basis for the
development of high affinity therapeutics by rational drug design.

3.2

Materials and Methods

3.2.1

Cloning of Rv3802c Δ1-67

Rv3802c has been cloned as previously described (Crellin, et al., 2010). The open reading frames of
the Rv3802cΔ1-67 gene was PCR-amplified from M. tuberculosis genomic DNA using GoTaq
Polymerase

(Promega)

with

specific

sense

(5’56
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GACGACGACAAGATGCAGGATGCGTCCTGCCCCGACGTGCAGATGATC-3’) and antisense
(5’-GAGGAGAAGCCCGGTTATCACCTATGTTTGGGGTGGGGCGCATTTTC-3’) primers. The
underlined sequences in the primers represent specific overhanging sequence utilized in the ligation
independent cloning (LIC) (Aslanidis and de Jong, 1990) the LIC pET46 Ek/LIC vector kit following
manufacturer’s instructions (Novagen). The 810 bp PCR product was directly annealed to the pET46
Ek/LIC vector (Appendix 2), giving a protein with an enterokinase-cleavable N-terminal hexahistidine
tag. The resultant N-terminal amino-acid sequence of the recombinant Rv3802cΔ1-67 is
MAHHHHHHVDDDDKQDASCPD, where the highlighted sequence is the truncated Rv3802cΔ1-67
protein starting at residue 68. The clone obtained was confirmed by DNA sequencing.

3.2.2

Expression, Refolding and Purification of Rv3802cΔ1-67

Recombinant Rv3802c and Rv3802cΔ1-67 were overexpressed as inclusion bodies in E. coli host strain
BL21 (DE3) via isopropyl β-D-1-thiogalactopyranoside (IPTG) as previously described (Crellin, et al.,
2010). Recombinant protein was refolded and purified as previously described, with a few minor
alterations. Harvested cell pellets were resuspended in 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 2 mM
EDTA, 1 % (v/v) Triton-X100, 1 % (w/v) sodium deoxycholate and 1 mM PMSF, then lysed by
sonication. Inclusion bodies were harvested by centrifugation and washed twice by centrifugation in 50
mM Tris-HCl pH 8.0, 100 mM NaCl, 2 mM EDTA, 0.1 % (v/v) Triton-X100 and 0.1 % (w/v) sodium
deoxycholate and once in 50 mM Tris-HCl pH 8.0, 100 mM NaCl. The washed inclusion bodies were
solubilized in 20 mM Tris-HCl pH 8.0, 0.5 M NaCl, 8 M Urea, 10 mM imidazole and applied to 5 mL
Ni2+-chelating Sepharose (GE life sciences) affinity resin equilibrated in the same buffer. Unbound
protein was removed with three column volumes of 20 mM Tris-HCl pH 8.0, 0.5 M NaCl, 8 M urea
and 20 mM imidazole, and bound protein was eluted with 5 column volumes of 20 mM Tris-HCl pH
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8.0, 0.5 M NaCl, 8 M urea and 200 mM imidazole. Each fraction was collected and analysed by 15 %
(w/v) SDS-PAGE.

Eluted Rv3802c and Rv3802cΔ1-67 was refolded via stepwise dialysis in three steps at 4 °C.
Recombinant protein was dialysed against 10 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA and 7
mM 2-mercaptoethanol for 16 h, then dialysed against 10 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM
EDTA for 24 h, then dialysed against 10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5 mM EDTA for 2 h.
The refolded protein was applied to DEAE-cellulose (Sigma) equilibrated in the same buffer. Unbound
protein was collected and bound protein was eluted in 5 column volumes in 10 mM Tris-HCl pH 8.0,
200 mM NaCl, 0.5 mM EDTA. Each fraction was collected and analysed by 15 % SDS-PAGE. Eluted
protein was concentrated and applied to size exclusion chromatography to isolate monomeric
recombinant protein on a HiLoad Superdex 200 16/60 (Amersham-Pharmacia) equilibrated in 10 mM
Tris-HCl pH 8.0, 150 mM NaCl, 0.5 mM EDTA at a flow rate of 1 mL.min-1. Protein containing
fractions were visualized by 15 % SDS-PAGE and fractions containing monomeric protein were
pooled and applied to a 5 mL Q-HiTrap FF column (Amersham-Pharmacia). The column was
equilibrated in 10 mM Tris-HCl pH 8.0, 0.5 mM EDTA and protein was eluted with a linear gradient
from 0 – 1 M NaCl in the same buffer at a flow rate of 0.3 mL.min-1. Fractions containing purified
recombinant protein were analysed by 15 % SDS-PAGE and pooled.

3.2.3

Circular Dichroism and Thermal Melting

Circular-dichroism spectra of Rv3802c and Rv3802cΔ1-67 were recorded on a Jasco J-815 circulardichroism Spectropolarimeter at 20 °C with a data pitch of 0.1 nm and a scan speed of 100 nm.min-1.
Briefly, all samples were prepared at a concentration of 20 µM in 10 mM Tris-HCl pH 8.0, 100 mM
NaCl buffer. Far-ultraviolet circular-dichroism spectra (260 –190 nm) were recorded with five data
accumulations in a quartz cell with a path length of 0.1 cm. The resultant spectra were visualized using
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Graphpad Prism software. Thermal Melting analysis of Rv3802c and Rv3802cΔ1-67 were recorded at a
wavelength of 214 nm on a Jasco J-815 circular-dichroism Spectropolarimeter at a temperature range
of 20 – 90 at of 1 °C.min-1. All samples were prepared at a concentration of 20 µM in 10 mM Tris-HCl
pH 8.0, 100 mM NaCl buffer. The resultant spectra were visualized using Graphpad Prism software.

3.2.4

Enzyme Kinetic and Inhibition Assays

The effects of removing the N terminal transmembrane domain on Rv3802c function was measured via
p-nitrophenyl butyrate spectrophotometric kinetic assay, as previously described with a few minor
alterations (West, et al., 2009; Winkler and Stuckmann, 1979). p-nitrophenyl butyrate was prepared in
2-propanol at a range of concentrations between 0.3 – 4 mM and mixed 1:9 in assay solution
containing 100 mM Tris pH 8.0, 0.4 % (v/v) Triton X100, 2.3 mg.ml-1 sodium deoxycholate and 1
mg.ml-1 gum arabic. 20 uL of enzyme at a concentration of 0.1 mg.ml-1 was added to 240 uL of the
above reaction mixture, yielding final p-nitrophenyl butyrate concentrations of 0.4 mM – 30 mM. The
increase in production of p-nitrophenolate was continuously measured at 405 nm using a Fluostar
OMEGA plate reader (BMG Labtech) for 10 minutes in 96 microwell plate at 37 °C. Concentrations
were calculated by comparisons to a p-nitrophenol standard curve with an extinction coefficient of
18000 M-1.cm-1 used for initial velocity calculations. Results were visualized by the Graphpad Prism
software, with error bars representing the mean initial velocity + SEM of three independent
experiments. All Michaelis-Menten kinetic analysis was calculated using Graphpad Prism.

Inhibition of Rv3802cΔ1-67 by THL was determined using a lipolytic Tween-20 cleavage assay
previously described (West, et al., 2009; West, et al., 2011). Inhibitors were dissolved in 100 % (v/v)
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DMSO and serial diluted across a 96-microwell plate, with a concentration range between 0 – 100 µM.
A reaction mixture was prepared with 66 mM CaCl2 and 0.66 % (v/v) Tween-20 in 50 mM Tris pH 8.0,
with 75 µL aliquots added to the 96-microwell plate. 750 ng of enzyme was added to each reaction
mixture for a final volume of 150 uL. The turbidity was continuously measured at 405 nm using a
Fluostar OMEGA plate reader (BMG Labtech) for 15 minutes at 37 °C. IC50 values were calculated
using Graphpad Prism, with error bars representing mean percentage relative activity + SEM of three
independent experiments.

3.2.5

Cocomplexation and Crystallization of Rv3802cΔ1-67-THL

Rv3802cΔ1-67 at 0.1 mg.ml-1 was preincubated with THL (Orlistat, Sigma) at a 1:10 Protein:Inhibitor
molar ratio for 16 h at 4 °C. Excess THL was removed via size exclusion chromatography using a
Superdex 200 10/300 equilibrated in 10 mM Tris-HCl pH 8.0, 200 mM NaCl. For crystallization trials,
Rv3802cΔ1-67-THL was concentrated to 10 mg.ml-1 and crystallized via the vapour diffusion hanging
drop method consisting of equal volumes of 1 µL protein and 1 µL mother liquor. Crystals of
diffraction quality were grown in 21 % (w/v) PEG 2000 MME, 0.1 M Bis-Tris pH 5.7 at 20 °C, with
crystals growing to full size after 3 d.

3.2.6

X-ray Data Collection and Structural Determination of Rv3802cΔ1-67-THL

Crystals of Rv3802cΔ1-67-THL were flash frozen in liquid nitrogen with in a cryoprotectant of mother
liquor + 10 % (v/v) PEG 400. Diffraction data was collected at 100 K at the Australia Synchrotron
MX1 beamline using the ADSC-Quantum 210r CCD detector (Cowieson, et al., 2015). A total of 720
frames of 0.25 ° oscillation were recorded with an exposure time of 1 s. Data processing was
performed with iMOSFLM (Leslie and Powel, 2007) and scaled using SCALA (Evans, 2006) as part of
the ccp4i suite (Winn, et al., 2011). The structure was determined by molecular replacement using
Phaser-MR (McCoy, et al., 2007) in the ccp4i suite. The search model used was the crystal structure of
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MSMEG_6394 (PDB ID: 3AJA) with a sequence identity of 68 %. The crystal structure was refined
using Phenix-refine (Adams, et al., 2010) The molecule was manually adjusted in COOT (Emsley, et
al., 2010) and validated by Molprobity (Chen, et al., 2010)

3.3

Results

3.3.1

Expression and purification of Rv3802cΔ1-67

The coding region of Rv3802c was successfully cloned by ligation-independent cloning (LIC) and
expressed in E. coli strain BL21 (DE3) resulting in protein with a hexahistidine purification tag at the
N-terminus (Appendix 2). Previous crystallisation trials have yielded no diffraction quality crystals of
Rv3802c (Crellin, et al., 2010). Bioinformatic analysis revealed an N-terminal predicted
transmembrane domain (TMHMM Server v. 2.0), which may impair crystallographic analysis, and is
not present in the crystal structure of MSMEG_6394. To overcome this, a construct lacking the
predicted N-terminal transmembrane domain (Rv3802cΔ1-67) was created using the LIC method
(Aslandis and de Jong, 1990). To confirm whether or not the predicted N-terminal transmembrane
domain played a role in in vitro solubility or oligomeric state, both Rv3802c and Rv3802cΔ1-67 were
expressed and purified. In both cases, Rv3802c was expressed as insoluble protein, indicating that the
predicted transmembrane region does not contribute to the overall insolubility of the protein in vitro.
Both Rv3802c and Rv3802cΔ1-67 were purified by Ni-NTA (Figure 3.1a-b), selecting for the N-terminal
hexahistidine tag, as insoluble inclusion bodies before refolding by stepwise dialysis to allow correct
formation of the two internal disulphide bonds.
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Figure 3.1: Expression of Rv3802c and Rv3802cΔ1-67
(A) Expressed protein was captured via Ni-Sepharose Affinity chromatography, with correlating 15% SDS-PAGE of
Rv3802c and Rv3802cΔ1-67 shown. Crude sample (C) is applied to 5mL resin. Proteins with intact hexahistidine
tags are bound to the resin, while non-binding or excess protein passes through as flowthrough (Ft). Resin is
washed (W) in 20mM imidazole, and protein is eluted in 5x5mL fractions (E1-E5) in 200mM Imidazole.
Flowthrough is re-purified until all protein is captured.
(B) After capture, the protein is refolded and purified via DEAE-cellulose resin, with correlating 15% SDS-PAGE of
Rv3802c and Rv3802cΔ1-67 shown. Refolded protein (C) is applied to DEAE-cellulose, with non-bound protein
passing through as flowthrough (Ft). Protein is eluted in 5x5mL fractions (E1-E5) in 200mM NaCl. Molecular
weight markers (M) are indicated in kDa.
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Refolded protein was concentrated by DEAE-cellulose anion exchange (Figure 3.1b) before being
purified via additional size-exclusion chromatography (Figure 3.2a-b) and anion exchange
chromatography stages (Figure 3.2c-d), with recombinant protein appearing at an approximate size of
35 kDa for Rv3802c and 30 kDa for Rv3802cΔ1-67, corresponding to the expected monomeric protein
sizes as previously reported (Parker, et al., 2007; Parker, et al., 2009; West, et al., 2009; Crellin, et al.,
2010). In the case of the native Rv3802c an additional dimeric peak was present on the size-exclusion
chromatogram (Figure 3.2a), which was absent for Rv3802cΔ1-67. This indicated that the presence of
the N-terminal domain may have resulted in an artificial oligomeric state in vitro, as a result of
improper reorganisation of the tertiary structure during the refolding process. Despite this, both
Rv3802c and Rv3802cΔ1-67 were successfully purified as monomeric protein, and yielded ~2-3 mg of
pure protein per litre of refold respectively.
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Figure 3.2: Purification of Rv3802c and Rv3802cΔ1-67
(A) Size exclusion chromatograms and correlating 15% SDS-PAGE of Rv3802c and Rv3802cΔ1-67. Purification
conducted via Superdex S200 16/60 chromatography column (Amersham-Pharmacia). Protein purified via size
exclusion are indicated by an *. Molecular weight markers are indicated in kDa.
(B) Purified protein is pooled and applied to Anion Exchange Chromatography using HiTrap Q FF 5mL column
(Amersham-Pharmacia), with chromatograms and correlating 15% SDS-PAGE of (c) Rv3802c and (d) Rv3802cΔ167

visualized. Peaks from the anion exchange chromatography stage correlating to purified protein are indicated by

an *. Molecular weight markers are indicated in kDa.
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3.3.2 Circular Dichroism and Thermal Melt Analysis of Rv3802c
Circular dichroism analysis was conducted in order to confirm successful refolding of both Rv3802c
and Rv3802cΔ1-67, and to determine the effect of the predicted N-terminal transmembrane domain on
overall protein fold and stability. The resulting CD Spectra conducted at 20 °C revealed secondary
structure correlated to a typical α/β hydrolase fold protein for both Rv3802c and Rv3802cΔ1-67 (Figure
3.3a), confirming that both recombinant proteins appear to have formed the correct disulphide bond
arrangement during the refolding step. The CD spectrum of Rv3802c are more characteristic of an αhelical trace than Rv3802cΔ1-67, with a more prominent dip at 214 nm observed for Rv3802c than
Rv3802cΔ1-67, which correlates to the loss of the N-terminal predicted transmembrane domain.

To determine the effects of the loss of the N-terminal domain on the overall stability of Rv3802cΔ1-67,
thermal stability assays were conducted. Both proteins were gradually misfolded across a temperature
gradient, with data collection occurring at wavelength of 214 nm. At the end of each thermal melting
experiment, a CD spectrum was collected as previously described at the melting temperature, revealing
both samples had unfolded during data collection (data not shown). Thermal melt (Tm) values were
calculated in Graphpad Prism, using the Boltzmann sigmoidal equation (Niesen, et al., 2007). The
resultant Tm values of Rv3802c and Rv3802cΔ1-67 were 49.32 + 0.16 °C and 45.78 + 0.09 °C
respectively (Figure 3.3b). A difference of ~ 3.5 °C indicate that the deletion of the N-terminal domain
had only a minor effect on the overall stability of Rv3802cΔ1-67 compared to Rv3802c, confirming that
both constructs are comparable in both protein fold and stability. The removal of the N-terminal
domain as resulted in a significant change to the degree of cooperativity, as unfolding of Rv3802c is
more gradual compared to Rv3802cΔ1-67. The N-terminal domain may be acting to stabilise the protein
in vitro via hydrophobic interactions through the predicted transmembrane region of the N-terminal
domain.
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Figure 3.3: Circular Dichroism analysis of Rv3802c and Rv3802cΔ1-67
(A) Circular Dichroism spectra of Rv3802c (orange) and Rv3802cΔ1-67 (blue) were collected to ascertain folding of
recombinant protein in solution. CD Spectra was conducted along 260nm – 190nm at a rate of 100 nm.min-1 at
20°C, with a protein concentration of 0.5 mg.mL-1. CD Spectra were collected in triplicate experiments.
(B) Thermal melting analysis of Rv3802c (orange) and Rv3802cΔ1-67 (blue) was conducted to determine and compare
thermal stabilities of the two proteins in solution. Temperature was gradually increased from 20°C-70°C at a rate
of 1°C.min-1. Results were normalized against the Rv3802cΔ1-67 spectra, resulting in % CD[mdeg] values on the Yaxis. All graphs were generated using Graphpad Prism 6.0.
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3.3.3 Enzyme kinetic and inhibition assays of Rv3802cΔ1-67 against THL
With the successful production of recombinant Rv3802cΔ1-67, effects of the removal of the N-terminal
domain were characterized with regards to enzymatic function. The enzymatic activity of Rv3802c has
previously been described (Crellin, et al., 2010) using a synthetic colorimetric p-nitrophenyl butyrate
lipolytic assay. Rv3802c cleaves the ester bond of p-nitrophenyl butyrate, releasing free pnitrophenolate, which absorbs light at a wavelength of 405 nm that can be rapidly measured
spectrophotometrically. The assay was conducted in a high throughput 96-well plate format in
triplicate independent experiments. The enzymatic activity of Rv3802cΔ1-67 against p-nitrophenol
butyrate was measured, and was directly compared to previously observed activity rates of Rv3802c.

The Michaelis-Menten kinetics of Rv3802cΔ1-67 were calculated, resulting in Km and Vmax values of
3.75 mM + 0.61 and 624 nmol.min-1.mg-1 + 31.5 respectively, which were compared to the Rv3802c
Km and Vmax values of 4.52 mM + 0.38 and 241 nmol.min-1.mg-1 + 7.8 respectively (Figure 3.4a). The
enzyme kinetic assays revealed no statistical significance between the Km values of Rv3802c and
Rv3802cΔ1-67, indicating the removal of the N terminal domain does not affect substrate affinity of the
enzyme. The Vmax value of Rv3802cΔ1-67 was significantly higher than Rv3802c, and is most likely due
to the substrate interacting with the exposed hydrophobic residues of the predicted transmembrane
domain, reducing accessibility of the substrate to the substrate-binding site of the enzyme.

Additional to the kinetic activity, the inhibition of THL against Rv3802cΔ1-67 was also determined. The
assay utilized was previously described for the analysis of THL and THL analogue inhibition rates
against Rv3802c (West, et al., 2009; West, et al., 2011). The turbidimetric lipolytic assay utilized the
cleavage of Tween-20 in the presence of calcium chloride, where precipitation occurs upon the
formation of calcium salts between calcium chloride and the free fatty acid upon lipolytic cleavage of
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the ester bond between the fatty acid and polysorbate headgroup. The turbidity is measures
spectrophotometrically at a wavelength of 405 nm in 96-well plate format in triplicate independent
experiments. A different assay was utilised to characterise inhibition due to increased sensitivity the
turbimetric lipolytic assay, as well as the significant decrease in background absorbance of the
colorimetric p-nitrophenyl butyrate lipolytic assay. Inhibition of Rv3802cΔ1-67 by THL was determined
across a 0 – 100 µM range and directly compared to previously observed inhibition levels against
Rv3802c. Resultant IC50 values of THL against Rv3802cΔ1-67 were calculated at 0.57 µM across a 0.37
– 1.02 µM 95 % confidence interval (Figure 3.4b). The values obtained for THL against Rv3802c were
1.82 µM across a 95 % confidence interval of 1.25 – 1.68 µM. The inhibition of Rv3802cΔ1-67 by THL
are significantly tighter compared to Rv3802c. This could be due to either an increased affinity of THL
against Rv3802cΔ1-67 compared to Rv3802c, or the loss of the predicted transmembrane domain has
increased the amount of THL accessible to the enzyme active site within the assay. As a similar trend
was observed in the p-nitrophenol butyrate enzyme assay, the latter is most likely. Despite this,
Rv3802cΔ1-67 is enzymatically active at a comparable rate to Rv3802c, and can be inhibited by THL.
The tighter affinity for THL against Rv3802cΔ1-67 compared to Rv3802c will aid in cocomplexation for
crystallographic studies.
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Figure 3.4 Enzyme kinetic activity and inhibition analysis of Rv3802c and Rv3802cΔ1-67
(A) The effects of removing the N-terminal transmembrane domain on Rv3802c function were measured via pnitrophenyl butyrate spectrophotometric kinetic assay. No differences in substrate affinities were observed, with
calculated Km values for Rv3802cΔ1-67 3.75 + 0.61 mM being observed, compared to previously published values
of 4.52 + 0.38 mM (Crellin, et al., 2010). An increase in Vmax for Rv3802cΔ1-67 compared to Rv3802c indicated
loss of the transmembrane domain allowed for higher accessibility to substrate in vitro.
(B) Inhibition of Rv3802cΔ1-67 by THL was determined using a lipolytic Tween-20 cleavage assay. THL inhibited
Rv3802cΔ1-67 tighter compared to Rv3802c, with IC50 values for Rv3802cΔ1-67 of 0.57 µM (0.37-1.02 µM) obtained,
compared to previously published inhibition rates for Rv3802c of 1.82 µM (1.25-1.68 µM). The loss of the
transmembrane domain resulted in higher accessibility of THL to Rv3802c in vitro. Duplicate readings were
collected, with all experiments conducted in triplicate. Error bars represent Mean + SEM. Graphpad Prism was
used for all Michaelis-Menten kinetic analysis, as well as generating figures.

69

Chapter 3: Crystal structure of Rv3802cΔ1-67-THL

3.3.4 Crystallization and Structural Determination of Rv3802cΔ1-67-THL
Crystallographic studies for both Apo-Rv3802cΔ1-67 and Rv3802cΔ1-67-THL complex were conducted
to characterize the structural mechanisms of THL binding, as well as to compare changes in the
enzyme binding pocket in the presence of THL. Rv3802cΔ1-67 was complexed with THL at a 10-fold
Molar excess for 16 h. Prior to crystallization, the Rv3802cΔ1-67-THL complex was isolated and excess
THL removed via size exclusion chromatography, followed by determining inhibition levels utilizing
the lipolytic Tween-20 cleavage enzyme kinetic assay. The protein was successfully purified and was
found to exhibit a ~90 % reduction in enzyme kinetic activity compared to Apo form, confirming the
successful formation of the Rv3802cΔ1-67-THL complex (data not shown).

Crystallisation trials of both Rv3802cΔ1-67-THL and Apo-Rv3802cΔ1-67 were grown via the vapour
diffusion method by incubating the protein and mother liquor at a 1:1 ratio. Crystals of ApoRv3802cΔ1-67 were grown in 24% (w/v) PEG 8000, 0.1 M Tris-HCl pH 7.6, 4 % (v/v) Acetonitrile after
24 h at 10 mg.mL-1 with a rod shaped morphology (Figure 3.5a). Crystals of Rv3802cΔ1-67-THL were
grown in 21 % (w/v) PEG 2000 MME, 0.1 M Bis-Tris pH 5.7 after 3 d at 10 mg.mL-1 with a hexagonal
morphology (Figure 3.5b). Crystal morphologies and crystallisation conditions differed between ApoRv3802cΔ1-67 and Rv3802cΔ1-67-THL samples, with Apo-Rv3802cΔ1-67 samples unable to crystalize in
the same condition as the Rv3802cΔ1-67-THL, and visa-versa. This indicated that the presence of THL
within Rv3802cΔ1-67 has resulted in structural changes that had an effect on crystal contacts. To
confirm that the crystals grown were Rv3802cΔ1-67, crystals were washed 5 times in mother liquor and
analysed on a 15 % SDS-PAGE against the protein sample used for crystallisation studies, and was
found that the crystals were indeed Rv3802cΔ1-67 (Figure 3.5c). Crystals of Apo-Rv3802cΔ1-67 and
Rv3802cΔ1-67-THL were transferred for into a cryoprotectant consisting of mother liquor + 10 % (v/v)
PEG 400 to protect the crystals against flash freezing and radiation damage.
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Figure 3.5 Crystals of Rv3802cΔ1-67 in its Apo form and in complex with THL
(A) Crystals of Rv3802cΔ1-67exhibited a rod shaped morphology
(B) Crystals of Rv3802cΔ1-67-THL exhibited hexagonal morphology
(C) 15% SDS-PAGE of Rv3802cΔ1-67-THL protein sample used for crystallisation (1) and dissolved Rv3802cΔ1-67-THL
crystals (2). Molecular Weight markers are indicated in kDa.
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X-ray diffraction data was collected on the MX1 beamline at the Australian Synchrotron, however a
complete data set was collected only for Rv3802cΔ1-67-THL. Despite extensive screening, crystals of
Apo-Rv3802cΔ1-67 diffracted to an average maximum resolution of 7.0 - 8.0 Å, which is too low for
extensive crystallographic structural analysis. A complete dataset was collected on a single crystal of
Rv3802cΔ1-67-THL, with crystals diffracting to a resolution of 2.9 Å (Table 3.1). The dataset was
processed and scaled using iMosflm (Leslie and Powell, 2007) and SCALA (Evans, 2006) respectively,
and the crystal was determined to belong to the primitive hexagonal P6222 space group. The unit cell
dimensions for the structure was a= 126.15 Å, b= 126.15 Å, c = 234.01 Å, and α = 90.0 °, β = 90.0 °, γ
= 120.0 °. The crystal structure of Rv3802cΔ1-67-THL was solved via molecular replacement by PhaserMR (McCoy, et al., 2007) using the crystal structure of the M. smegmatis homologue, MSMEG_6394,
as the search model (PDB ID: 3AJA), sharing a sequence identity of 68 %, with a final TZF score of
14.4. Two copies of the molecule in the asymmetric unit were built, which corresponds to prediction
determined by Matthews coefficient calculation. There was no evidence of higher order
oligomerization within the crystal lattice, an observation that is consistent with the purification of
Rv3802cΔ1-67 as a monomer. Wilson B factor was calculated to be 66.9 Å2 by data quality assessment
program xtriage (Adams, et al., 2010). The crystal structure was manually adjusted using Coot (Emsley,
et al., 2010) and refined using phenix.refine as part of the phenix program suite (Adams, et al., 2010).
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Table 3.1: Data collection and refinement statistics for Rv3802cΔ1-67-THL
Values in parentheses are for the outer resolution shell

Rv3802cΔ1-67-THL
Space group
Temperature (K)
Resolution range (Å)
Wavelength (Å)
Unit-cell parameters (Å, °)
Total No. of reflections
No. of unique reflections
Multiplicity
Completeness (%)
CC (1/2)
Rmerge (%) a
Rpim (%) b
Mean I/ σ(I) c
Rwork (%) d
Rfree (%) e
Number of non-hydrogen atoms
Macromolecules
Ligands
Water
Protein residues
R.M.S deviations from ideality
Bond Lengths (Å)
Bond Angles (°)
Ramchandran Plot
Favoured Region(%)
Allowed Region (%)
Outliers (%)
B-factors (Å2)
Wilson B-factor
Average B-factors
Average Macromolecule
Average Ligand
Average Water

P62 22
100
79.85 – 2.90 (3.06 – 2.90)
0.9357
a=126.15, b=126.15, c=234.01
α=90.0, β=90.0, γ=120.0
409710 (58629)
25218 (3591)
16.2 (16.3)
100.0 (100.0)
0.998 (0.807)
14.0 (111.7)
3.6 (28.2)
16.8 (2.5)
20.5 (33.1)
24.3 (39.8)
4048
3895
86
67
529
0.008
1.32
94.8
5.2
0.0
66.9
69.2
69.4
77.0
60.0

a Rmerge = Σhkl Σi | Ihkl, i - <Ihkl> | / Σhkl <Ihkl>
b Rpim = Σhkl [1/(N – 1)]1/2 Σi | Ihkl, i - <Ihkl> | / Σhkl <Ihkl>
c I is the integrated intensity and σ(I) is the estimated standard deviation of that intensity
d Rwork = (Σ | |Fo| − |Fc| |) / (Σ | |Fo|) - for all data except as indicated in footnote e.
e Rfree = 5% of data were used for the Rfree calculation. ##
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The hydrolysed form of THL was manually built into the crystal structure (Ligand ID: DH9) using
Coot (Emsley, et al., 2010) obtained from the complexation crystal structure of the Thioesterase
Domain of Human Fatty Acid Synthase (FASTE) (PDB ID: 2PX6). At a resolution of 2.9 Å, the
position of THL was unclear within the unbiased density, resulting in two possible orientations (Figure
3.6a-b). Modelling THL was based on the visibility of the electron density for palmitic core, as well as
the proximity of the drug to the catalytic Ser175 residue. In both cases, the THL thioester is positioned
within close proximity to Ser175, which may result in the formation of the acyl-enzyme intermediate
as described in the FASTE-THL structure (see section 1.4.1) (Pemble, et al., 2007), however
orientation of the hexanoyl tail and the peptide moiety were reversed (Figure 3.6a-b). After refinement,
the first orientation (Figure 3.6c) appeared to be most likely, with average B factors obtained of THL
for each orientation being 67 Å2 and 84 Å2 respectively. Electron density is missing for the core of the
molecule (Figure 3.6c), which is most likely due to flexibility of the region, as it is not involved in any
direct contacts with Rv3802c.

The final Rwork and Rfree values were 20.5 % and 24.3 % respectively, with Ramachandran favoured,
allowed and outlier regions of 94.8 %, 5.2 % and 0 % obtained respectively. The final refined structure
of Rv3802cΔ1-67-THL was given a MOLPROBITY score of 1.83 in the 100th percentile of all structures
of comparable resolution.
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Figure 3.6: Modeling THL into unbiased electron density
(A) Unbiased omit electron density in Chain B of the Rv3802cΔ1-67-THL complex clearly revealed the presence of
THL within the enzyme active site. Orientation of the peptidyl moiety and hexanoyl tail was unknown. Both
possibilities were modeled based on hydrogen bonding between Ser175 of Rv3802c and the carboxylate ion of
THL. After refinement, it was shown that the orientation with the peptidyl moiety facing the core of the protein (i)
was incorrect, and the orientation with the hexanoyl tail facing the core of the protein (ii) was correct.
(B) Refined density showed clear electron density for THL, with the exception of the core of the molecule. Fo-Fc
unbiased omit electron density (green) and 2Fo-Fc simulated-annealing omit electron density (blue) were
contoured to 3.0 σ and 0.9 σ simultaneously. THL is visualized in blue and orange respectively, and Rv3802c is
visualized as grey ribbons. Ser175 is highlighted in stick representation.
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3.3.5 Overview Structural Analysis of Rv3802cΔ1-67-THL
The crystal structure of Rv3802cΔ1-67 confirmed that it is a member of the cutinase family of α/βhydrolase fold with characteristic PE-PPE domains. The canonical α/β-hydrolase domain of Rv3802c
includes a six-stranded parallel β-sheet (β1- β6) surrounded on both sides by four α-helices (α1- α3 and
α10) (Figure 3.7). Inserted between the β5 and β6 strands and between the β6-strand and α10-helix lies
a second primarily helical domain (α5- α6, α8- α9) above the enzyme active site. This helical domain is
representative of a “lid” domain typically found in esterases and lipases belonging to the α/β-hydrolase
superfamily (Holmquist, et al., 1995); facilitating substrate specificity and interface binding of this
class of enzymes, aiding in the formation of the enzyme-substrate complex (Holmquist et al., 1993;
1995; 2000). Two disulphide bonds, formed between Cys72-Cys164 and Cys264-Cys271, are required
for the correct formation of the α/β hydrolase fold. (Figure 3.7a). The disulphide bond Cys72-Cys164
stabilises the overall α/β sandwich domain by linking the N-terminal region (Cys72) and C-terminal
region (Cys164) of the α2 helix. The disulphide bond Cys271-Cys271 contributes to the architecture of
the enzyme active site by linking the β6-strand and α8-helix; acting as an intra-loop bridge that
positions residues essential for enzymatic function within the enzyme active site (Figure 3.7a).

Critical to the lipolytic activity of α/β hydrolases is an active site consisting of a highly conserved
catalytic triad, which in the case of Rv3802c is formed by Ser175-Asp268-His299 (Figure 3.7a). The
nucleophilic Ser175 is located within the “nucleophilic elbow”; a feature conserved amongst α/β
hydrolases comprised of a tight turn between the β3-strand and the α3-helix (Schrag and Cygler, 1997).
At this position, the catalytic Ser175 Oγ is positioned at the mouth of the active site pocket for direct
substrate interaction (Figure 3.7a). The catalytic Asp268 and His299 residues form a salt bridge, which
act to stabilize both the enzyme active site, as well as the helical lid domain above the enzyme active
site.
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Figure 3.7: Overall structure of Rv3802cΔ1-67-THL.
(A) Rv3802cΔ1-67 adopts an α/β-hydrolase fold with six-stranded parallel β-sheet (β1- β6, yellow) surrounded by four
α-helices (α1-3, α10, red). Intramolecular disulphide bonds (Cys72-Cys164 and Cys264-Cys271) are shown in
green, and the catalytic triad typically found in serine esterases (Ser175, Asp268, His299) are shown in purple.
THL is present within the enzyme active site is represented in orange.
(B) Schematic of the secondary structure adapted from the Topology map generated by PDBsum32, with α-helices, βstrands and loops represented in red, yellow and blue respectively.
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Previous studies have shown that single point mutations of either one of the three residues within the
catalytic triad completely abolishes Rv3802c’s ability to perform enzymatically (West, et al., 2009).

3.3.6 Comparison of Rv3802cΔ1-67-THL with Apo-MSMEG_6394
In the absence of a crystal structure of the apo-Rv3802cΔ1-67, a direct comparison cannot be made on
the structural changes of Rv3802c in the presence of THL. Despite this, a structural comparison can
still be made between Rv3802cΔ1-67-THL and apo-MSMEG_6394, the orthologue from M. smegmatis
that shares a sequence identity of 68 %. The apo crystal structure of MSMEG_6394 overlays tightly
with the Rv3802cΔ1-67-THL crystal structure described here, with a core r.m.s.d value of 0.74 Å, as
calculated by coot (Emsley, et al., 2010) (Figure 3.8). However, as both crystal structures were solved
at a resolution of 2.9 Å, only a comparison of the global structural changes between the two proteins in
the presence of THL can be conducted.

In both MSMEG_6394 and Rv3802c, the helical lid domain sits on top of the enzyme active site, and
in the absence of substrate, interacts directly with the enzyme cavity in a “closed” confirmation to
block solvent accessibility to the enzyme active site. In the presence of THL, the lid domain has shifted,
exposing the active site cavity in an “open” conformation. A maximal shift of 11 Å is observed in the
α8 and α9 lid domain helices in the presence of THL, with α5 and α6 remaining stationary (Figure 3.8).
This shift facilitates substrate binding within the active site pocket, aided by a hinge loop at the direct
N-terminal end of the α9 helix (Fig 3b). While sequence identity is not strictly conserved, the hinge
loop is comprised of smaller, flexible amino acid residues. In the case of Rv3802c, the hinge loop
spans residues Ala291-Gly292-Gly293-Ala24-Gly295. Due to its flexibility, electron density is lacking
in chain A of the Rv3802cΔ1-67-THL structure, and is not present in the crystal structure of
MSMEG_6394.
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Figure 3.8 Rv3802c Δ1-67 active site cavity and structural overlay with MSMEG_6394
Structural overlay of Rv3802cΔ1-67 (green) and MSMEG_5817 (wheat). Shift in the α9 helix between the “closed” and
“open” conformations of the lid region, with maximal calculated shift of 11 Å observed. The direction of movement of the
α9 helix is indicated to facilitate substrate binding. The flexible hinge region facilitates the shift between “closed” and
“open” conformations with a sequence of Ala291-Gly292-Gly293-Ala294-Gly295 (blue). Salt bridge formation between
Asp268 and His299 of the catalytic triad aid in stabilising the conformational shift, with Ser175 located at the tip of the
nucleophilic elbow, and faces into the enzyme active site.
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In the closed confirmation, access to the catalytic serine is blocked, with the nucleophilic elbow
existing in a small cavity with a volume of ~240 A3 (Figure 3.9a). Upon substrate binding, the open
cavity extends to solvent expose the hydrophobic pocket and interface cavity, resulting in an increase
in volume to ~ 1530 A3 (Figure 3.9b). Opening of the cavity is dependant on the presence of a lipid
based substrate, where the lipid tail binds directly to the exposed hydrophobic core: both as a means of
stabilizing the enzyme active site, as well as to lock and position the substrate for direct contact with
the catalytic serine.

3.3.7 Structural Analysis of the THL Binding Site
The Rv3802cΔ1-67-THL complex crystallised with two molecules (Chain A and B) present in the
asymmetric unit. While electron density was visible for the hydrolysed THL product in both chain A
and chain B, the drug could only be confidently built into the unbiased density of a single molecule
(Chain B) of Rv3802cΔ1-67. While previously reported that THL binds in covalently to the catalytic
serine as an ester in an extended conformation (Pemble, et al., 2007), only the hydrolysed product is
present within the structure (Figure 3.10). THL is readily hydrolysed in aqueous solution, which is
observed due to the 16 h co-crystallisation stage and 5 d crystallisation incubation period.
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Figure 3.9 Solvent accessibility between “open” and “closed” confirmations
Calculated solvent exposed surface of (a) MSMEG_6394 in the “closed” confirmation, and of (b) Rv3802cΔ1-67-THL in the
“open” confirmation. Solvent accessibly volumes were calculated at 240Å3 and 1530Å3 respectively. Solvent exposed
surface is represented in cyan, with the catalytic Serine Residue represented in purple. Hydrophobic pocket, short chain
pocket and the interface cavity which each interact with THL are indicate. Solvent accessible surfaces of the enzyme active
site were calculated by CASTp (Dundas, et al., 2006).
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Previous models suggest that THL forms a stable acyl-enzyme intermediate, mediated by a covalent
ester bond formation between the catalytic serine and the β-lactone form (Hadvary, et al., 1991; LuthiPeng, et al., 1992; Pemble, et al., 2007). Upon undergoing water mediated nucleophilic attack, the
acyl-enzyme intermediated collapses to form a carboxylate at the C1 position. In the case of the
Rv3802cΔ1-67-THL complex, we observe this form in chain B and potentially chain A. The hydrolysed
product of THL has previously been observed to interact with the catalytic serine via water mediated
hydrogen bond formation (Pemble, et al., 2007), however in the case of the Rv3802cΔ1-67-THL
complex, the catalytic Ser175 forms a direct hydrogen bond with the carboxylate ion at the C1 position
(Figure 3.10).

In addition to the hydrogen bond interaction with the hydrolysed product, THL interacts with the
surface of the active site pocket through a variety of chemical moieties (Figure 3.10b). The palmitic
core, spanning between C1 – C16, binds in the hydrophobic pocket ~ 17 Å in length formed between
lid domain α6 and α9 helices. In its APO form, the helical lid domain is held in a closed conformation
stabilised by a network of Leucine residues on the α5, α6 and α9 helices. Upon THL binding, the lid
domain clamps down on the palmitic core in the “open” conformation (Figure 3.10). Leu238 and
Leu243 on the α6 helix, Leu287 and Leu290 on the α9 helix, along with Leu232 on the α5 helix, form
direct hydrophobic bonds with the palmitic core of THL (Figure 3.10b).
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Figure 3.10 Structural characterizations of THL bound within the Rv3802c enzyme active site.
(A) THL (orange) bound to the active site of Rv3802c Chain B, with carbon numbers indicated between 1-16. The
THL scaffold is divided into three fragments: peptidyl moiety (N-formyl- L-leucine substituent extending off the
C5 carbon atom), Hexanoyl tail (C2 substituent) and palmitic core. Direct hydrogen bond formation is observed
between Ser175 and THL.
(B) Detailed interactions between Rv3802c and THL. Each constituent interacts with the hydrophobic core (Palmitic
Core), Interface cavity (Peptidyl Moiety) and Short Chain Pocket (Hexanoyl Tail). Contact residues are
represented in stick form (green). The catalytic triad Ser175-Asp268-His299 are highlighted as white sticks. Black
dashes represent salt bridge formation between Asp268 and His299, as well as hydrogen bond formation between
THL and Ser175 and Thr83 respectively. 2Fo-Fc simulated-annealing omit electron density (blue) contoured at 0.9
σ generated by PyMOL.
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The hexanoyl tail binds into the short chain pocket buried at the core of the active site pocket (Figure
3.10 & 3.11). The binding is predominantly mediated through hydrophobic interaction with Ile170:
binding both the hexanoyl tail and the C2 carbon of the palmitic core (Figure 3.10). In addition, van
der Waals interactions with Tyr142, Gln176 and Glu229 act to stabilise the hexanoyl tail within the
short chain pocket (Figure 3.10b). The peptidyl moiety (or the N-formyl-L-leucine moiety) binds at the
predominantly surface exposed interface cavity directly above the Ser175 nucleophilic elbow (Figure
3.10b). The N-formylamide group interacts predominantly with Asn132, located at the rim of the
cavity, through van der Waals interactions (Figure 3.10b). Trp84 and Gly292 act to lock the L-Leucine
component in place through hydrophobic bond formation (Figure 3.10b).
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Figure 3.11: Surface electrostatic characterisation of Rv3802c
(A) Top-view of the Rv3802cΔ1-67-THL complex, with the hydrophobic pocket, short chain pocket and interface cavity
highlighted.
(B) Image rotated 90° and zoomed to visualize the electrostatic characterization of THL binding within the enzyme
active site. Electrostatic surface calculations were conducted using the APBS plugin (Baker, et al., 2001) in
PyMOL. The potential contours are shown on a scale from +6.0 (Blue) to -6.0 kbT e–1 (red), with white indicating a
value close to 0 kbT e–1. Both short chain pockets and interface cavity are slightly electrostatically negative, with
the hydrophobic pocket-exhibiting close to zero electrostatic charge.
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3.4

Discussion

Central to the process of rational drug design is a high-resolution experimental model, as obtained by
x-ray crystallography or nuclear magnetic resonance (NMR), of the target protein and the initial drug
compound. The model provides a view of the molecular mechanisms of drug inhibition, by
visualization of contacts between protein residues and the initial drug. This supplies the initial
blueprint for the rational redesigning of the initial drug compound to form additional and tighter
interactions with the target protein, resulting in a higher affinity inhibition. The Rv3802cΔ1-67-THL
crystal structure provides the starting point for the rational design of higher affinity compounds against
Rv3802c.

While THL is a US Food and Drug Administration (FDA)-approved anti-obesity drug marketed under
the name Orlistat, it has been shown to have potent anti-TB effects, inhibiting and disrupting cell wall
formation in several mycobacterial species (Kremer, et al., 2005). Rv3802c is the most characterised
mycobacterial target of THL, exhibiting targeted in vitro and in vivo inhibition. In addition, a number
of additional cutinase-like proteins with characteristic α/β hydrolase folds from M. tuberculosis, Cfp21
(Rv1984) and Cut4 (Rv3452), have been recently identified as THL inhibition targets (Dedieu, et al.,
2013). Cfp21 and Cut4, along with Rv3802c, are three of the seven identified cutinase-like proteins
(CLP) within the M. tuberculosis H37Rv genome (Dedieu, et al., 2013), and despite displaying varying
immunological and enzymatic effects (West, et al., 2008), are all inhibited tightly by THL.
Characterisation the THL inhibition rates against the remaining four CLPs would provide further
insight into the mechanisms of THL against M. tuberculosis. Due to its potent anti-TB effects, and its
inhibition of multiple essential mycobacterial targets, THL is an attractive initial drug for the
development of new anti-TB compounds through rational design.

86

Chapter 3: Crystal structure of Rv3802cΔ1-67-THL

In the absence of structural data at the time, a THL lead compound library was created (West, et al.,
2011); comprising of a number of higher affinity compounds, with the highest affinity THL
compounds increasing in vitro inhibition against Rv3802c and in vivo inhibition against M.
tubculerosis 10-fold, into the nanomolar range. The initial THL compound (Figure 3.12a) was
modified with changes to the peptidyl moiety, substituting the N-formyl-L-leucine moiety for
alternative side chains to probe the enzyme active site for higher affinity interactions. These included
lipophilic side chains to probe hydrophobicity, aromatic and non-aromatic rings for additional
hydrogen bond formation and to test rigidity of the enzyme active site pocket, and finally flexible nonaromatic heterocyclic side chains as an alternative to rigid aromatic side chains (West, et al., 2011).

It was found that the compounds containing the additional ester side chains resulted in a dramatic loss
of potency, both in vitro and in vivo (West, et al., 2011) (Figure 3.12b). Within the Rv3802cΔ1-67-THL
crystal structure, the peptidyl moiety docks within the polar interface cavity, which has been shown to
exhibits a highly electrostatically negative charge (Figure 3.11b). Coupled with size restrictions,
incorporation of a lipophilic side chain of varying lengths results in a loss of inhibition rates against
Rv3802c. As the reduction of in vivo inhibition rates against M. tuberculosis was observed, it is a
possibility that many targets of THL exhibit architectural similarities of the enzyme active site
interface cavity.
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Figure 3.11 Chemical structure of THL and modified THL compound
(A) The original THL structure was modified at the site of the peptidyl moiety (highlighted) as a means of obtaining
higher affinity inhibition against Rv3802c.
(B) Compounds exhibiting (i) hydrophobic tails and (ii) a pyrrole group resulted in a decrease in inhibition rates, both
against Rv3802c in vitro and M. tuberculosis in vivo.
(C) Altering the peptidyl moiety to include non-aromatic heterocyclic side chains with prolyl ester side chains resulted
in a 10-fold increase in inhibition rates against Rv3802c in vivo.
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Improvements in inhibition was observed with polar side chains and, with the exception of a compound
with a pyrrole side chain (Figure 3.12c), all resulted in significantly tighter inhibition compared to
THL (West, et al., 2011). Non-aromatic heterocyclic side chains resulted in nanomolar range inhibition,
with the inclusion of L- and D-prolyl ester side chains providing the best results (Figure 3.12d). In the
case of the Rv3802cΔ1-67-THL structure, there are no close interactions observed between the interface
cavity and the peptidyl moiety. With the inclusion of larger side chains comprised of mixed aromatic
and aliphatic groups, access to additional contact residues to Rv3802c may have been provided,
allowing for tighter inhibition. It would be possible to dock these improved THL compounds into the
Rv3802cΔ1-67 crystal structure to gain insight into their observed binding affinities, however due to the
limited resolution of the crystal structure, as well as a lack of electron density of the peptidyl moiety,
only an inadequate comparison can be drawn. As a means of validation, a crystal structure of Rv3802c
in complex with these higher affinity compounds would provide the best insight into the mechanisms
of tighter inhibition levels compared to THL; thus ultimately providing an additional model for
downstream rational drug design.

In conclusion, the crystal structure of the essential lipase, Rv3802c, has been solved lacking the Nterminal predicted transmembrane domain in complex with the anti-TB drug THL. The crystal
structure revealed that Rv3802c possesses a characteristic α/β hydrolase fold typical of serine esterases,
with conservation in the positions of the catalytic Ser175 – Asp268 – His299 triad. In the presence of
THL, the lid domain that enables substrate binding is present in an “open” conformation, with
conformational changes facilitated by a flexible loop domain. The lid domain acts as a hydrophobic
clamp that locks the palmitic core moiety of the THL molecule. THL is present in the crystal structure
in its hydrolysed form, in which the β-lactone component undergoes a water mediated nucleophilic
attack facilitated by Ser175 to convert it to a carboxylate ion. Hydrogen bond formation between the
carboxylate and Ser175 are observed. While no close interactions are observed between Rv3802c and
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the peptidyl moiety, several lead compounds created based on the original THL drug involve changes
to the chemical structure of the peptidyl moiety. The next stage is to further define the binding
mechanisms of the higher affinity lead compounds to THL by obtaining their complexation crystal
structures in the hopes of developing higher affinity compounds targeted specifically to Rv3802c. This
method can be expanded further for additional lead inhibitor compounds, or for additional drug targets
of THL, which is described in more detail in chapter 7.
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Chapter 4: Crystallization and X-ray Data Collection of MSMEG_5817
4.1

Introduction

Chapter 4 is focused on preliminary results obtained for the M. smegmatis protein, MSMEG_5817, of
unknown function; with follow up work described in chapters 5 and 6. The previous two chapters have
focused on utilizing x-ray crystallography as a means of characterizing the NADPH and INH binding
sites of the aldo-keto reductase Rv2971, and for understanding the structural mechanisms of THL
inhibition of the essential lipase Rv3802c, both for the purposes of rational drug design. In the case of
MSMEG_5817, x-ray crystallography is employed as a means of gaining insight into a protein’s
function based on its x-ray crystal structure. Chapter 4 contains a paper published in April 2013 in
Acta Crystallographica Section F - Structural Biology and Crystallization Communications, and
describes the preliminary cloning, overexpression and purification of recombinant protein, with a focus
on the crystallization and x-ray data collection of MSMEG_5817 for structural determination.

MSMEG_5817 has recently been identified as a novel protein within M. smegmatis essential for
survival within host macrophages, via a presently unknown mechanism (Pelosi et al., 2012). Previous
attempts to characterise the function of the MSMEG_5817 family have been unsuccessful (Pelosi et al.,
2012). As a means of gaining insight into its biological function, the aim of my project was to solve the
crystal structure of MSMEG_5817. The crystal structure will provide valuable insight into its
biological role by identifying structural orthologues that have been functional characterised. Further
insight into the function of MSMEG_5817 will be performed by variety of biochemical assays based
on the function of its identified structural orthologues.
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The paper describes the methods utilized in recombinant protein production, crystallization and x-ray
data collection. The paper describes the crystallization and x-ray data collection of crystals generated
by two derivatives of MSMEG_5817. The unique nature of the MSMEG_5817 protein family means
that no structural homologues exist within the PDB exhibiting significant sequence identity. For that
reason, x-ray data collection was conducted on crystals generated from both the native MSMEG_5817
and a selenomethionine derivative, to be utilized in structural determination by experimental phasing.
The paper describes the x-ray data collection strategies for crystals generated by both derivatives to be
utilized in structural determination by experimental phasing. Initially, soluble recombinant protein of
MSMEG_5817 and its M. tuberculosis orthologue, Rv0807, was produced, however only crystals of
high diffraction quality were generated for MSMEG_5817. In addition, MSMEG_5817 also contains
two methionine residues in its amino acid sequence, while Rv0807 only contains one, making
MSMEG_5817

more

suitable

for

the

selenomethionine

phasing

experiments.

Structural

characterization of MSMEG_5817 will be further elaborated upon in Chapter 5.
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Chapter 5: Structural and Functional characterization of MSMEG_5817
5.1

Introduction

Chapter 5 continues from the crystallization and data collection of MSMEG_5817 crystals, described
in chapter 4. Chapter 5 contains a paper published in Acta Crystallographica Section D – Biological
Crystallography, and describes the crystal structure of MSMEG_5817 solved to 2.40 Å. Previous
attempts to characterise the exact role of MSMEG_5817 within host survival have been unsuccessful.
In obtaining the crystal structure of MSMEG_5817, we have gained valuable insight into its biological
function.

The crystal structure of MSMEG_5817 has provided unique insights into its structural architecture.
MSMEG_5817 exhibits a two-layer α/β sandwich fold, with a high content of hydrophobic residues
forming the architecture of a ligand binding cavity. MSMEG_5817 was found to exhibit structural
homology to the sterol carrier protein (SCP) family, whose primary role is in the binding and
mediation of biologically relevant sterols and lipids. Based on these findings, we hypothesised that the
MSMEG_5817 family is a new class of SCP-like proteins.

This hypothesis was supported by a series of biochemical assays, in which binding to a number of
phospholipids was observed, exhibiting a differing substrate specificity compared to the human SCP
(hSCP). MSMEG_5817 was found to bind specifically to phospholipids with highly electronegative
headgroups, whereas hSCP bound phospholipids non-specifically. In addition, no lipid binding was
observed by MSMEG_5817 against sterols and fatty acids tested compared to hSCP, which exhibits
high affinity for these lipids tested.
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The paper also describes mutant analysis as a means of probing the potential binding pocket of
MSMEG_5817. Generated by alanine-scanning mutagenesis, mutants were selected based on sequence
identity and structural homology to hSCP. The generated mutants were analysed for their essentiality
not only in ligand binding, but for maintaining structural viability of the overall protein fold.

The crystal structure of MSMEG_5817 was successfully solved to 2.40 Å, revealing structural
characteristics similar to the SCP class of proteins; indicated MSMEG_5817 may be functionally
related to the SCP’s. This was confirmed biochemically, with phospholipid binding detected by
MSMEG_5817. Mutant analysis revealed structurally important residues, with a potentially different
ligand binding mechanism to the SCP’s. These results have provided valuable insight into the function
of this class of proteins, paving the way for future characterisation of the MSMEG_5817 protein family
with the Corynebactereae suborder of bacteria.
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Chapter 6: Crystal Structure of MSMEG_5817 produced in M.
smegmatis
6.1

Introduction

In the previous two chapters, structural determination of MSMEG_5817 produced in E. coli was
described, with insight into its biological function characterized based on its 2.40 Å crystal structure.
As a means of retaining native protein fold and functionality, and to obtain a higher quality crystal
structure, the crystal structure of MSMEG_5817 was determined utilizing recombinant protein
produced within its native host M. smegmatis.

The advantage of employing recombinant protein produced from its source organism for x-ray
crystallographic studies is the potential for the co-expression and purification in the presence of
naturally bound ligands. Previously published studies have utilized this approach for the
characterization of essential mycobacterial proteins in the presence of native ligands, as described in
section 1.7. While the crystal structure of MSMEG_5817 provided some insight into its biological
function, its biochemical pathway is presently unknown, with its natural ligand presently unknown.

Chapter 6 comprises of a manuscript prepared for publication in Protein Science, describing the
recombinant protein expression in M. smegmatis, as well as the crystallization, x-ray data collection
and structural determination to 1.70 Å. While no native ligands bound to the protein were present, a
higher quality crystal structure of MSMEG_5817 was obtained. Additional structural elements absent
in the 2.40 Å crystal structure were present, namely the missing residues belonging to the highly
conserved Ψ-loop. The higher quality crystal structure allows a more in depth structural analysis of
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MSMEG_5817, providing a more representative crystal structure of the MSMEG_5817 protein family
within the Corynebactereae suborder.

The successful determination of the crystal structure of MSMEG_5871 has revealed no structural
differences between structures determined utilizing both E. coli and M. smegmatis as an expression
system. These findings have broader implications in the structural genomic characterization of M.
tuberculosis proteins in the utilization of M. smegmatis as an expression system. M. smegmatis
provides an alternate expression system in cases where soluble recombinant TB proteins cannot be
produced in E. coli, which represents a major bottleneck in TB structural genomics. Despite protein
production in M. smegmatis proving to be highly successful, this method is highly underutilized, with
only

8

unique

crystal

of

mycobacterial

proteins

determined

to

date

(RCSB

PDB:

http://www.rcsb.org/pdb/home/home.do) As a means of retaining native fold, as well as the potential
for targeting natural ligands, M. smegmatis utilized as an expression system represents a significant
technique for the structural characterization of TB targets.
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The emergence of drug resistant strains of M. tuberculosis has placed a global strain on mechanisms of
treatment against TB. This has resulted in an urgent need in the development of new anti-TB
therapeutics via novel mechanisms of action. To fully gauge the devastating effects of the pathogen,
further characterisation of M. tuberculosis pathogenesis is required, with a focus on the mechanisms of
survival within host macrophages and the essential biosynthetic pathways involved in the generation of
its lipid rich cell wall. These unique characteristics of mycobacteria are largely attributed to the success
of the pathogen, and result in significant difficulties in its eradication. While an extensive amount of
research has been conducted on M. tuberculosis, there are still significant gaps in our knowledge on the
mechanisms of mycobacterial pathogenesis and host survival, as well as mechanisms of drug resistance.

The work conducted in the course of this thesis highlights the characterization of three novel
mycobacterial proteins essential for the pathogen’s survival, with a predominant focus on their
structural characterization through x-ray crystallography. The three crystal structures of mycobacterial
protein targets highlights a range of applications for x-ray crystallography in the characterization of
mycobacterial pathogenesis and mechanisms of drug inhibition, for the ultimate purpose of rational
drug design.

7.1: Structural genomics and TB
Structural genomics is a relatively new field, beginning in the late 1990s, and focuses on the largescale generation of protein structures of novel importance. Now, structural genomics is a mature field,
and has primarily been driven by new technological advancements in high throughput soluble protein
expression, purification and protein crystallisation, as well as the improvement of tuneable synchrotron
radiation for the purposes of x-ray crystallography. Technological improvements such as the
133

Chapter 7: Discussion

establishment of high-throughput structural characterization on a collaborative level have increased
impact of determined crystal structures and the advancement of the structural genomics field, allowing
for the formation of the Protein Structure Initiative:Biology (PSI:Biology) (DePietro et al., 2013). As
the whole annotated genomes of a multitude of organisms have become increasingly more available,
targeted structural genomic centres and consortiums have been developed. These structural genomic
groups focus on significant human pathogens, with a key aim in the determination of protein structures
for the purposes characterizing pathogenesis and the development of novel therapeutics.

With regards to M. tuberculosis, the TB Structural Genomics Consortium (TBSGC) that began in 2000
(http://www.webtb.org/), encompassing global organization of core structural biology facilities, with
the primary goal of the 3-D structural determination of all mycobacterial proteins. These protein
structures have the potential to advance understanding of mycobacterial pathogenesis, with
implications in rational drug design (Terwilliger et al., 2008). By 2011, approximately 250 unique
crystal structures of M. tuberculosis proteins have been determined by members of the consortium,
which accounts for over one third of total M. tuberculosis structures deposited in the PDB (Chim et al.,
2011).

Targets for structural determination are predominantly selected through manual and bioinformatic
filters to focus on essential and novel protein targets. This is based on sequence identity with
predetermined protein structures, as well as filtering out targets with biophysical characteristics
unsuitable for structural analysis, such as protein insolubility, membrane association and protein size.
On the genomic level, targets are selected based on their novelty and essentiality for mycobacterial
growth and survival. With the annotation of the M. tuberculosis H37Rv genome in 1998, extensive
research has been conducted on determining essential genes for survival through transposon site
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hybridization analysis and phenotypic annotation (Cole et al., 1998; Sassetti et al., 2003; Griffin et al.,
2011), which has allowed for the effective selection of mycobacterial targets for structural
characterization.

Each of the three mycobacterial protein targets described throughout the course of this thesis were
selected based on previous genomic annotation, as well as significant experimental work recently
conducted (Scoble et al., 2010, Crellin et al., 2010, Pelosi et al., 2012), and represent three targets
essential for M. tuberculosis growth and survival. The crystal structures of each of the targets have
been successfully determined; each revealing novel structural features that aid in functional
characterization, with the potential for future therapeutic development.

7.2 Drug discovery and structure based rational drug design against TB
One of the central aims of the project was the determination of the crystal structures of these essential
mycobacterial targets for their use in structure based rational drug design. This process utilizes the
crystal structure of a target protein for the design of a high affinity inhibitor. A crystal structure of the
target protein in complex with the inhibitor of interest allows for the in depth analysis of the interaction
mechanisms of the inhibitor. This allows for the redesigning of the inhibitor to create a compound of
higher affinity for drug design.

With regards to the crystal structures described, the crystal structures of Rv2971 and Rv3802c were
determined for the ultimate aim of rational drug design, with both INH and THL respectively. In both
cases, the crystal structures of their M. smegmatis orthologues have previously been determined
(Scoble et al., 2010; Crellin et al., 2010). Yet while these crystal structures reveal vitally important
information in the structure and function on these two protein targets, they remain unsuitable for the
135

Chapter 7: Discussion

purposes of both the characterization of inhibition mechanisms, as well as for the purposes of rational
drug design.

The orthologue approach in rational drug design is suitable in cases where structural data on the target
protein is lacking. In these cases, structures of orthologues of high sequence identity in related species
are determined and, while this approach is not ideal, can be utilized for the purposes of drug design. In
the case of Rv3802c, the orthologue approach is unsuitable for this purpose, where THL inhibits
Rv3802c 3 times tighter than its M. smegmatis orthologue, MSMEG_6394, which has previously had
its crystal structure determined (Crellin et al., 2010). Differences in sequence identity between the two
orthologues play, in part, a role in THL inhibition variations. Despite the orthologues sharing a 66%
sequence identity, residues apparently involved in contacts with THL are strictly conserved, save for
Serine 292, which is substituted for Alanine 291 in MSMEG_6394. A higher resolution crystal
structure of Rv3802c would be essential to further characterize the THL binding cavity, allowing for a
more in depth comparison with MSMEG_6394. The most significant variations are present within the
α9 helical lid domain and the flexible loop facilitating movement of the helix, which plays a vital role
in substrate binding. Variations in plasticity between the helical lid domains of the two orthologues
aids in explaining differences in both substrate and THL inhibition specificities. Despite a high
sequence identity, subtle architectural differences in the substrate binding machinery between the two
orthologues have a significant impact on THL specificities, reiterating the fact that structural
characterization of the target itself, and not the orthologue, is more suitable for rational drug design.

To truly gauge the mechanisms of THL inhibition against M. tuberculosis, additional drug targets must
be identified. Rv3802c belongs to the cutinase-like protein (Culp) family, where there are 7 Culps
present within M. tuberculosis, which displays a range of substrate specificities (West et al., 2009).
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Coupled with Rv3802c belonging to the highly prevalent α/β-hydrolase fold superfamily, it is most
likely that there are additional THL targets within the M. tuberculosis proteome. As a means of
identifying additional drug targets of THL through experimental means, the next stage would be to
conduct a THL affinity chromatographic assay, in a similar manner as previously described with the
INH that identifying Rv2971 as an INH drug target (Argyrou et al., 2006). This assay can be expanded
with the utilization of the THL compound library, which contains THL analogous compounds with a
higher affinity against Rv3802c (West et al., 2011), allowing for an in-depth characterisation of the
inhibition mechanisms of THL to aid in rational drug design.

This approach has been utilized in identifying a number of targets in Trypanosoma brucei, the parasite
responsible for African sleeping sickness, against THL and THL analogues, via an in situ parasitebased proteome wide profiling method (Yang et al., 2012). A total of 30 targets were identified via this
manner, with targets predominantly functionally annotated in fatty acid synthesis, phospholipase or
lipid transfer proteins, including targets belonging to the α/β hydrolase fold family (Yang et al., 2012).
This approach may yield similar success levels upon identifying addition THL targets within M.
tuberculosis aside from Rv3802c: aiding the broad characterization of the inhibition mechanisms of
THL.

Identifying targets against a broad range of drugs can further expand this type of experiment. For
example, a collection of 400 anti-malarial inhibitors and chemotypes, termed the “malaria box”
(Guiguemde et al., 2012; Spangenberg et al., 2013), may provide a starting point for identifying a
range of both new drug targets and new anti-TB compounds. While developed to specifically target
malaria causing Plasmodium spp., such as Plasmodium falciparum, application of the malaria box can
be expanded to alternative pathogenic characterisation, such as M. tuberculosis. In identifying new lead
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inhibitors, this allows for the determination of affinities between identified drug targets and lead
inhibitors, as well as provide a basis for new structural genomic characterisation of TB drug targets.

A number of new lead inhibitors against TB have recently been identified following a similar principle.
A recent study involving high-throughput screening in the identification of new lead inhibitor
compounds against M. tuberculosis H37Rv has been conducted, involving the GlaxoSmithKline’s
(GSK) corporate compound collection (~ 2 million compounds) (Ballel et al., 2013). The collection of
compounds were selected based on the established “rule of 5” parameters indicating efficiency of lead
compounds as effective drugs (Lipinski et al., 2001). A total of 177 compounds were identified to be
highly selective potent inhibitors of M. tuberculosis H37Rv, with M. bovis BCG implemented as a TB
surrogate, and exhibit non-cytotoxic properties against human hepatocarcinoma (HepG2) cells (Figure
7.2a) (Ballel et al., 2013), with the most potent compounds belonging to 7 family clusters of
compounds (Figure 7.2b). Biochemical characterization of the targets of these new inhibitors points
towards the novel mycobacterial mechanisms of cell wall biosynthesis and respiratory mechanisms
(Ballel et al., 2013); cementing the specificities of these new inhibitors against M. tuberculosis.
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Figure 7.2: Lead inhibitor clusters identified via high-throughput screening
(A) Progressional flow diagram of the high-throughput screening used in identifying the 177 new lead drug
compounds.
(B) Seven chemical families, as well as a single drug, with potent anti-TB capabilities identified via high-throughput
screening using compounds from the GSK corporate compound collection. Indicated for each drug family
visualized are the chemical identifiers, minimal inhibitory concentration (MIC) values against M. tuberculosis
H37Rv and cluster sizes. For each compound family, an octanol-water partition coefficient (cLogP) value of less
than 5.0 was obtained. (Adapted from Ballel et al., 2013)
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The application of broad high throughput screening as a means of identifying new lead inhibitors
represents a significant advancement in the development of new anti-TB drugs. The more frequent
utilization of high-throughput screening calls into question the efficiency of the single target approach:
where structure based rational drug design is centred on identifying a high affinity inhibitor against a
predetermined protein target. This approach has been utilized with regards to the TB targets presented,
in particular the structural determination of Rv3802c in complex with THL. While the successful
determination of its crystal structure may now provide a basis for rational drug design with THL, the
mechanisms of inhibition, as well as the number of TB targets against the drug, are still widely
unknown. Furthermore, in the case of isoniazid, while each of the drug targets have previously been
identified, including Rv2971 presented earlier, it presently does not act as a new lead inhibitor against
the continuously establishing drug resistant strains of M. tuberculosis. In both cases, the drugs THL
and INH are “old” drugs, in the sense that they have previously been implemented for purposes other
than the treatment of multiple drug resistant TB. For these drugs to be utilized as new lead inhibitors,
they must undergo significant a significant drug design process, aided by x-ray crystallography for the
high-resolution visualization of inhibition mechanisms.

The future of drug discovery and drug design against TB is highly dependant on the identification of
new lead inhibitor compounds. While the implementation of the single target approach for drug
discovery has become a widely utilized method, there is a high level of attrition in these projects
reaching beyond the discovery phase, with an ever-decreasing number of drugs successfully passing
the clinical trial phases (Payne et al., 2006; Brown., 2007). Aside from time and cost restrictions, this
is limited due to factors beyond structural or biochemical characterization of new drugs and drug
targets, including drug specificities and inhibitor potencies, cytotoxicity, and the poor translation from
the R&D stage to their clinical therapeutic impact. To overcome the many factors impairing successful
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therapeutic development and distribution against TB, the identification of new lead inhibitory
compounds are required that overcome these issues upon initial discovery. The high-throughput
screening of the GSK compound collection against TB represents the most significant progress forward
in discovery of new inhibitors (Ballel et al., 2013). Further characterization of the protein targets
inhibited by the newly identified targets will play an essential role in not only further understanding the
biology of M. tuberculosis, but will aid significantly in the rational drug design of new therapeutics.

To advance the employment of these compounds as new anti-TB therapeutics, the next stage would be
to identify and characterise the mechanisms of inhibition against the identified protein targets from M.
tuberculosis. This is where x-ray crystallography plays crucial role as a means of characterizing the
mechanisms of inhibition of the compounds against the identified targets; thus aiding in rational drug
design. The mechanisms of identifying the inhibitor targets presents an opportunity to provide an
effective alternative to the single target approach for structural based rational drug design described
throughout this thesis. Drug targets can be identified via in vitro affinity chromatography and
immunoprecipitation pulldown assays from whole cell lysate using each of the lead compounds
identified, or at least representative members of the 7 compound family clusters. Examples of this
assay were described previously in the identification of INH drug targets from M. tuberculosis
(Argyrou et al., 2006) and THL drug targets from T. brucei (Yang et al., 2012). The limitation of this
assay is the possible inability to select for membrane associated drug targets, which could not be
isolated via this method due to insolubility issues of potential drug targets and the compounds
themselves; heavily restricting the number of identified TB drug targets. Assays such as phage display
for peptide drugs (Molek et al., 2011), and with the implementation of nanodisks for non-peptide drugs
(Pavlidou et al., 2013), as well as the AVEXIS screen (Bartholdson et al., 2013) may be implemented
in the presentation of inhibitory compounds to membrane-associated targets in M. tuberculosis H37Rv
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in vivo. Upon target identification, inhibitor affinities can be determined using techniques such as
surface plasmon resonance and absorbance based enzyme kinetic assays as a means of characterising in
vitro affinities. Ultimately, crystal structures of identified targets in complex with lead inhibitors would
provide in depth analysis of the inhibition mechanisms and structural based rational drug design.

The utilization of high throughput inhibitor screens against M. tuberculosis provides the strongest basis
for accelerating drug discovery for TB. Coupled with the biochemical assays described for the
identification and characterization of drug targets, as well as x-ray crystallography for structural
characterization of inhibitory mechanisms, significant progress can be made towards the development
of new anti-TB therapeutics utilizing structural based rational drug design. This significantly aids in
advancing the progress of TB structural genomics in further understanding mycobacterial biology and
pathogenesis, yet predominantly in the development of new anti-TB therapeutics to combat multiple
drug resistant strains of M. tuberculosis.

7.3 Hypothetical mycobacterial proteins
An advantage of conducting a broad drug binding screen using compound libraries such as the GSK
compound collection of the malaria box is in the identification of novel drug targets, in particular
targeting hypothetical mycobacterial proteins or mycobacterial proteins of unknown function. A recent
analysis of the M. tuberculosis H37Rv genome has annotated 1096 ORFs (27% of overall genome) to
code for hypothetical proteins. The study continued to attempt to predict the function of a majority of
these hypothetical proteins through bioinformatic and manual data mining analysis, allowing for the
functional prediction of 622 ORF’s (15% of the overall genome), with the remaining 474 ORFs (12%
of the overall genome) correlating to novel mycobacterial proteins (Figure 7.3) (Doerks et al., 2012).
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While the functions of over half the ORFs encoding hypothetical proteins were successfully predicted,
further experimental analysis of these hypothetical proteins is required to confirm the predictions.

Characterizing the functionality of hypothetical proteins within M. tuberculosis, particularly those
essential for the mycobacterium’s survival, would greatly increase our understanding of its
pathogenesis. Previous assessment of ORF essentiality of the M. tuberculosis H37Rv genome has
revealed a number of genes essential for mycobacterial growth annotated as hypothetical proteins
(Sassetti et al., 2003). Recent genomic analysis of the M. tuberculosis H37Rv genome predicting 261
genes coding hypothetical proteins were found to be essential genes; correlating to 38.2% of total
essential genes within the mycobacterium’s genome (Xu et al., 2013). Further genomic
characterization of orthologous mycobacterial species, in particular M. smegmatis, has revealed
additional mycobacterial genes essential for pathogenesis (Billman-Jacobe et al., 1999; Patterson et al.,
2000; Kovacevic et al., 2006; Pelosi et al., 2012). Despite its saprophytic nature, M. smegmatis can be
successfully utilized to characterize mycobacterial pathogenesis due to its fast growing nature and
limited ability to replicate and survive within host macrophages, with less safety restrictions than
working with M. tuberculosis. While M. smegmatis is non-pathogenic and exhibits a differing biology
to M. tuberculosis, the high percentage of orthologous ORFs between genomes allows for both a
functional and structural characterization of M. tuberculosis orthologues in M. smegmatis.
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Figure 7.3: Graphical representation of annotated ORF function in the M. tuberculosis H37Rv genome
The graphs highlight the number and percentages against the complete genome of ORF’s annotated as hypothetical proteins.
(A) Before computational functional prediction of hypothetical proteins in M. tuberculosis, 1096 ORF’s,
approximately 27% of the 4019 ORF M. tuberculosis H37Rv genome, encode for hypothetical proteins with no
functional characterization available
(B) After computational function prediction of hypothetical proteins in M. tuberculosis, 622 ORF’s had functional
roles predicted, with a remaining 474 ORF’s, approximately 12% of overall M. tuberculosis H37Rv genome,
representing novel mycobacterial genes with no functional annotation.
(Adapted from Doerks et al., 2012)
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This is evident in the identification and characterization of the newly discovered gene in M. smegmatis,
identified as MSMEG_5817, essential for the mycobacterium’s survival within its host macrophages.
The high degree of conservation indicates the essentiality of this protein family within mycobacterial
spp., with its orthologue in M. tuberculosis, Rv0807, sharing a sequence identity of 66%.
MSMEG_5817 and its orthologues are annotated as a hypothetical protein, and prior to the work
described here, very little was known as to its biological function (Glover et al., 2007; Pelosi et al.,
2012).

The successful determination of its crystal structure revealed that MSMEG_5817 might play a
functional role in the binding of biologically relevant lipids, which was confirmed experimentally in its
ability to bind a range of phospholipids. In addition, with the crystal structure of MSMEG_5817
determined, we were able to probe its potential lipid-binding site based on highly conserved residues
between mycobacterial orthologues, as well as structural homology to the SCPs. Based on the
functional characterization of MSMEG_5817 based on its crystal structure, it was determined that
MSMEG_5817 binds a range of phospholipids in a potentially different binding mechanism to the
SCPs. This successfully demonstrates applications of structural biology as a means of gaining
functional insight into the role of hypothetic proteins in TB.
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7.4 Overcoming bottlenecks in TB Structural biology
As with previously described work in relation to Rv2971 and Rv3802c, only the crystal structures of
their M. smegmatis orthologues (MSMEG_2407 and MSMEG_6394 respectively) were determined,
where crystals of diffraction quality were not obtained for both Rv2971 and Rv3802c (Crellin et al.,
2010; Scoble et al., 2010). Only through in depth crystallization screening and by reengineering the
protein constructs utilized in crystallization experiments could the structures of Rv2971 and Rv3802c
be determined. The same trend was observed for MSMEG_5817 and its orthologue Rv0807. While
both proteins were successfully expressed and purified as soluble recombinant protein, only
MSMEG_5817 produced crystals of high diffraction quality, despite extensive crystallization screening.
This highlights a prevalent bottleneck in TB structural biology, where targets selected for structural
characterization through bioinformatic and manual filters were unable to crystallize for x-ray
crystallographic analysis, which is generally overcome by orthologue selection based on sequence
identity. However as has been previously described, while the crystal structures of MSMEG_2407 and
MSMEG_6394 provided valuable insight into functionality, they were unsuitable for the purposes of
rational drug design due to differences in their respective enzyme active architecture with their M.
tuberculosis orthologues.

An additional major bottleneck in TB structural biology is the inability to produce soluble recombinant
protein of a number of M. tuberculosis targets selected for structural characterization. A means of
overcoming this problem is by utilizing M. smegmatis as an expression system for the production of
recombinant mycobacterial targets for structural characterization. Due to its saprophytic, fast growing
nature, large-scale expression in M. smegmatis can be conducted in only 3-5 days, with the same safety
prerequisites as with overexpression in E. coli. In addition, the use of the native bacterial species for
the production of recombinant mycobacterial proteins is the ability to retain native structural fold and
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functionality (Triccas et al., 1998), including retention of natural substrates and ligands (Bergeret et al.,
2012), as well as post-translational modifications lost in using E. coli (Dobos et al., 1995). While this
is a powerful technique in overcoming the solubility bottleneck for mycobacterial proteins, it is highly
underutilized in TB structural characterization, with only 8 unique mycobacterial structures deposited
in the PDB produced in this manner. A more prevalent use of M. smegmatis as an expression system
for mycobacterial targets for structural characterization would ensure a greater success rate for TB
structural genomics projects.

As described in chapter 6, recombinant MSMEG_5817 was successfully expressed and purified in its
native organism M. smegmatis, allowing for the determination of a higher quality crystal structure. A
significantly higher recombinant protein expression yield was observed when compared to expression
in E. coli, demonstrating a more efficient time and cost benefit in utilizing M. smegmatis as an
expression system. MSMEG_5817 is a special case in the fact that soluble recombinant protein was
produced in both E. coli and M. smegmatis expression systems, with recombinant protein from both
expression systems purified via the same protocol, predominantly due to the highly polar surface of its
protein fold. Yet despite the similarities, the crystal structure obtained using recombinant protein from
M. smegmatis revealed additional structural features not visible in the originally determined structure,
allowing for a more in depth structural representation of MSMEG_5817 and its orthologues.
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7.5 Conclusions and Future Directions
Much of the past work performed in structural annotation of the M. tuberculosis proteome has focused
on previously characterized protein targets, with a high degree structural data available on drug targets.
While extensive progress has been made in characterizing the M. tuberculosis proteins through x-ray
crystallography in the last 20 years, there is limited to no structural data available on up to 90% of the
M. tuberculosis proteome. Through applications of x-ray crystallography in the characterization of M.
tuberculosis targets, a more in depth understanding of the mycobacterium’s pathogenesis and survival
will be obtained, paving the way for anti-TB therapeutic development.

The work described throughout the course of this thesis has focused on three novel mycobacterial
protein targets, with successfully determined crystal structures of each targets described. These cases
represent a range of applications of x-ray crystallography in the structural characterization of novel
drug targets, providing invaluable structural and functional insight. Bottlenecks representing major
obstacles in TB structural genomics have hindered a more rapid pace in the structural characterization
of the M. tuberculosis drug targets. For instance, while structural determination of orthologous proteins
in alternate mycobacterial species provides valuable functional insight, they remain unsuitable for
structural based drug inhibition characterization in M. tuberculosis targets, due to amino acid sequence
and architectural variation. This has been overcome in the case of the M. tuberculosis targets Rv2971
and Rv3802c, whose crystal structures may now provide a basis for rational drug design.

The structural characterization of Rv2971, the essential aldo-keto reductase believed to be involved in
removal of toxic metabolites, provides additional insight into the mechanisms of INH drug inhibition;
the key first line anti-TB drug. INH has been found to inhibit a broad range of targets with varying
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functionality in M. tuberculosis, and through the structural determination of these targets can we gauge
the true complex mechanisms of INH inhibition.

The mechanisms used to identify INH drug targets can be applied to identifying additional drug targets
of newly characterized anti-TB drug THL. As it stands, the most highly characterized drug target of
THL is the essential lipase, Rv3802c, believed to play an essential role in the late stages of mycolic
acid biosynthesis. We now have structural insight into the binding mechanism of THL against
Rv3802c, and while further experimentation is required to confirm this, is believed to inhibit Rv3802c
in a similar manner to the previously described structure of the human FAS II Thioesterase domain in
complex with THL. Once additional drug targets of THL have been identified via techniques such as a
THL affinity chromatography, we will gain a deeper understanding of the mechanism of THL
inhibition against M. tuberculosis. Despite this, the successfully determined crystal structure of
Rv3802c and THL may now provide a basis for future rational drug design.

One of the more powerful, yet underutilized, applications of x-ray crystallography is the ability to
apply structural information on hypothetical proteins to gain insight into its biological function. In
regards to the M. tuberculosis genome, approximately 27% of ORFs are annotated as hypothetical
proteins. An in depth characterization its hypothetical proteins will allow us to truly gauge the novel
mechanisms of M. tuberculosis pathogenesis.

One such example is Rv0807, whose M. smegmatis orthologue, MSMEG_5817, has recently been
identified and found to be essential in macrophage host survivability via a presently unknown
mechanism. The successfully determined crystal structure of MSMEG_5817 has revealed a potential
role in the binding of biologically relevant lipids in facilitating mycobacterial survival. The hypothesis
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was successfully tested experimentally, revealing binding to a range of phospholipids. The crystal
structure of MSMEG_5817 also allowed for the successful determination of amino acid residues
essential for structural and functional viability via additional experimentation. While further work is
required to identify and characterise binding to its natural ligand, the successfully determined crystal
structure of MSMEG_5817 is representative of this family of proteins within mycobacteria. If it were
to be utilized as a drug target, once function has been characterized and if interaction with a suitable
inhibitory compound is described, the crystal structure of Rv0807 would be required for drug
development against M. tuberculosis to be effective.

The work described throughout the course of this thesis signifies significant progress in the structural
characterization of novel M. tuberculosis proteins involved in essential pathways in mycobacterial
growth and survival, utilizing a variety of applications of x-ray crystallography. While additional work
is required to further characterise the drug binding mechanisms and functionality of these targets, the
crystal structures described now allows for future drug binding characterization and rational drug
design. In addition, significant obstacles in structural biology have been overcome utilizing a number
of techniques, such as the use of M. smegmatis as an expression system for the production of
mycobacterial proteins, which has applications for furthering the progress of TB structural genomics.
Future experimentation expanding on the work described here will further our global understanding of
M. tuberculosis pathogenesis: allowing for the development of novel therapeutics to combat drug
resistance in this devastating human pathogen.
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