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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 anti-

TB 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 A, 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 A. 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 1.7A. 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 1s 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.
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© o0

I At least one case reported
[ No cases reported
I Not applicable

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).
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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: IMSW)
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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 Dfr4 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) AKR5HI, 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
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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, ef 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
a-helices and eight -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 K; values of 6 uM and 31 uM 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.
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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, ef 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
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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 Cjs to Cpane 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
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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: 30EW)

(B): Cartoon representation of the crystal structure of ARKSH1 (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 a-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 a-chains, or short fatty acid chains complementing long a-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-acetyl-
muramic 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 phagosome-
lysosome 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 (Cgo — Coo) B-hydroxy fatty acids with a long a-alkyl side chain, and in M. tuberculosis, they are
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categorised into three structural groups (Takayama, ef al., 2005). Mycolic acids within the bacterium
exist either as a-mycolic acids, methoxy-mycolic acids, and keto-mycolic acids, where a-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 Rv3779¢ 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;

Mikusova, 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 C,c-CoA fatty acid product that ultimately contributes to the
production of the short a-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-S-
CoA and Malonyl-S-CoA respectively, which are processed through a condensation reaction to
produce B-ketoacyl-Cs-S-enzyme complex. Via repeated cycles of 3-ketoacyl reduction, dehydration
and enoyl reduction, the final Cy6-S-CoA product is produced. The FAS-I system also produces a
shorter Cyo-S-CoA product that provides a starting point for the FAS-II System to produce the long-

chain B-hydroxy fatty acids.
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Figure 1.5: Overview of the Mycolic Acid Biosynthetic Pathway.
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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 long-
chain B-hydroxy fatty acid tail in mycolic acids. The final FAS-I system product requires transition
into the first stage of FAS-II processing utilizing B-ketoacyl-ACP synthase-III (KaslII) encoded by the
MtfabH gene. KasllIl initiates elongation of the Cyo-S-CoA product to produce p-ketoacyl-S-ACP,
which is the starting product of the FAS-II system (Choi, et al., 2000). An additional source of -
ketoacyl-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 -ketoacyl-ACP synthases KasA and KasB (Schaeffer, et al., 2001).
The accumulated B-ketoacyl-S-ACP undergoes an NADPH dependant reduction to B-hydroxyacyl-
ACP, facilitated by the 3-ketacyl-ACP reductase MabA, encoded by the gene FabG1 (Marrakchi, et al.,
2002). The product undergoes a dehydrase reaction, facilitated by the f-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 /nhA: the
key target for the first line anti-TB drug isoniazid (Dessen, ef 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 B-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
a-meroacyl-S-ACP and Cy6-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 a-meroacyl-AMP from a-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 2-
carboxyl-Cy4-S-CoA from C,4-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, ef 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 Rv3802¢ plays the role of either the
external thioesterase that cleaves the mature mycolic acid product from Pksl3, 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 plant-
targeting 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 A (Figure 1.6a), and was shown to be a member of the
o/B-hydrolase fold family (Longhi, Cambillau, 1999). Cutinases are the smallest member of the o/B-
hydrolase fold family, composed of a single domain with an approximate molecular weight of 22-
25kDa (Longhi, Cambillau, 1999; Hotelier, et al, 2004). The enzyme itself contains a hydrophobic
core comprising of five parallel-stranded B sheets surrounded by four o 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—Aspl175—-His188, most

categorised in serine esterases (Parker, ef al., 2007).
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Figure 1.6: Crystal structures of (A) the F. solani cutinase (PDB ID: 10XM) 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 a/f-hydrolase
superfamily fold, comprised of a single f-sheet flanked by 4-5 a-helices. The catalytic triad typical of serine esterases

belonging to the a/B-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, Ca*" 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
Rv3802¢ 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, ef al., 2009). Despite this, studies on
Rv3802¢ 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 Rv3802¢ 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 o/B-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 Rv3802¢ 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 Rv3802¢c 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 non-
permissive 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 o/ hydrolase fold typical of
serine esterases, comprised of a single 6-stranded parallel B-sheet flanked by 5 large a-helices (Figure
1.6b). The crystal structure allowed for the characterization of the enzyme substrate-binding pocket,
with a focus on the conserved Serl76-Asp269-His300 catalytic triad previously determined to be
essential for enzymatic activity (West, et al., 2009). Enzyme kinetic activity assays comparing
Rv3802¢ 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 Rv3802¢ 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 Alli'™ (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 Rv3802¢ 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 <30ug/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 uM
and 2.59 uM reported respectively (Crellin, ef 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, ef 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 ICsp value of 0.2 uM, compared to an ICsy of 3.8 uM for native THL (West, ef al., 2011). The
differences in these compounds lay in chemically altering the N-formyl-; -leucine peptidyl moiety side
chain, with chemical changes such as the inclusion of lipophilic, aromatic, heteroaromatic and non-
aromatic 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, ef 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,

etal.,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 ef al., 1994; Fratti ef 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
IIT 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 Ca*"-dependant effector proteins: the
sensory Ca’" binding protein Calmodium (CaM) and multifunctional serine/threonine calmodium
protein kinase II (CaMKII) (Malik, et al., 2001). During phagosomal maturation, levels of intracellular
Ca”" 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 Ca’" 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 Ca®’, 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 Ca*'-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, ef 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-«B activation in mouse model of the Myco132 mutant compared to wild type. * P < 0.05

(D) Loss of Mycol32 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 (H,0,) 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 Mycol32, 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 anti-
mycobacterial mechanisms of macrophages, growth sensitivity was assessed comparing wild type M.
smegmatis to the Mycol32 mutant within an acidic pH medium, as well as in the presence of H,O,
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 H,0,,
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-kB activation in a mouse model compared to wild type M. smegmatis
(Figure 1.10c) (Pelosi, et al., 2012). As NF-xB activation plays a significant role in regulating the
immune response to infectious agents via cytokine production stimulation, the increased activation of
NF-kB within the Mycol32 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 host-
macrophage 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 aldo-
keto reductase AKRS5H1, 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
ARKS5HI1, 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 AKRSH1 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 Rv3802¢ 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 A 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 A.

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 A, both in its APO form and in the presence of its NADPH cofactor (Scobles, et al., 2010). The
structure revealed an triosephosphate isomerase (a/B)s TIM barrel fold, comprised of an 8 bladed (-
barrel structure stabilized by a series of a-helices, featuring an N-terminal B-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.

44



Chapter 2: Structure of INH target Rv2971

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 A. 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 A 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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cysteine nucleosidase
6 Rv2858¢ AldC 48 259 aldehyde dehydrogenase yes unknown
7 Rv1059 36910 unknown (similar to Rv0926¢) unknown unknown
8 Rv0926¢ 37751 unknown (similar to Rv1059) unknown no
Rv3777 33963 probable oxidoreductase yes no
9 Rv2971 30 364 probable oxidoreductase yes yes
10 Rv2766¢ FabG5 27 140 3-oxoacyl-ACP reductase yes no
Rv2671 RibD 27 694 bifunctional deaminase/reductase involved in yes no
riboflavin biosynthesis
11 Rv2763c DfrA 17 640 dihydrofolate reductase yes yes /unknown

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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A structural characterization of the isoniazid
Mycobacterium tuberculosis drug target, Rv2971,
in its unliganded form

Aldo-keto reductases (AKR) are a large superfamily of NADPH-dependent
oxidoreductases and play a role in detoxification of toxic metabolites. Rv2971,
an AKR in Mycobacterium tuberculosis, has recently been identified as a target
of isoniazid, a key first-line drug against tuberculosis. Here, the cloning,
expression, purification, crystallization and structural characterization of
Rv2971 are described. To gain insight into its function, the crystal structure of
Rv2971 was successfully determined to 1.60 A resolution in its unliganded form.
The structure exhibits a TIM-barrel fold typical of AKRs, revealing structural
characteristics essential for function and substrate specificities, allowing a
structural comparison between Rv2971 and other mycobacterial AKRs.

1. Introduction

Mycobacterium tuberculosis, the aetiological agent of tuberculosis
(TB), remains a major health burden globally, resulting in approxi-
mately 1.4 million deaths annually (World Health Organization,
2013). The emergence of drug-resistant strains underlines the urgent
need for the development of new anti-mycobacterial therapeutics.
Multiple drug resistant strains of TB (MDR-TB), and more recently
extensively drug-resistant strains of TB (XDR-TB), are classified as
expressing resistance to at least two of the first-line anti-TB drugs and
anumber of second-line anti-TB drugs, resulting in a limited means of
treating diseased patients.

The key first-line drug in TB treatment is isoniazid (INH), a
hydrazide prodrug activated by the catalase-peroxidase KatG to
produce INH-NAD(P) adducts that exhibit potent anti-myco-
bacterial activity (Rozwarski er al., 1998; Timmins & Deretic, 2006).
The primary target of the INH-NAD(P) adduct is InhA, an enoyl-
acyl carrier protein reductase that plays an essential role in mycolic
acid biosynthesis (Dessen et al., 1995). In addition to InhA, the drug
acts against 17 recently identified targets within M. tuberculosis
(Argyrou et al., 2006). These targets exhibit a variety of essential roles
implemented in the fitness and survival of the mycobacterium, and
provide a variety of potential candidates for the development of new
anti-TB therapeutics.

One of the targets identified is the essential aldo-keto reductase
(AKR) AKR5HI encoded by the gene rv2971. rv2971 has previously
been characterized as an essential gene for growth and survival in M.
tuberculosis (Sassetti et al., 2003) with a potential role in the detox-
ification of toxic metabolites (Grimshaw, 1992; Grant et al., 2003;
Penning & Drury, 2007). Recently, the catalytic activity of Rv2971
and its M. smegmatis orthologue MSMEG_2407 (67% sequence
identity) has been characterized, revealing differences in dicarbonyl
substrate specificities and affinities (Scoble er al., 2010). The potency
of INH was characterized against both enzymes, revealing a higher
affinity against MSMEG_2407 compared with Rv2971, with apparent
K; values of 6.0 & 1.2 and 31.0 & 1.4 pM reported, respectively
(Scoble et al., 2010).

To gain functional insight into the role of AKR5HI, the crystal
structure of MSMEG_2407 has been determined in its apo form and
in its holoenzyme form in the presence of NADPH (Scoble et al.,
2010). The crystal structure reveals an («/p)g-barrel topology, or a
TIM-barrel fold, typical of other AKRs as previously described
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Table 1
Data-collection and refinement statistics for Rv2971.

Values in parentheses are indicative of the highest resolution shell.

Data collection
Diffraction source MX2, Australian Synchrotron
Detector ADSC Quantum 315r CCD
Space group . P32,
Unit-cell parameters (A, °) a=b=86.27,c=86.29,
@ =90.0 =900y =120.0
0.95370
38.58-1.60 (1.66-1.60)
525473 (76789)
49373 (4857)

Wavelength (A) ;
Resolution range (A)
Total No. of reflections
No. of unique reflections

Completeness (%) 100.0 (100.0)
Mean I/o(1)t 1272 (2.35)
Runerget (%) 114 (91.7)
Rpim# (%) 3.7(29.1)
Multiplicity 106 (10.8)

Structural refinement
Resolution range (A)
Ryon§ (%)

Riree§ (%)

38.59-1.60 (1.63-1.60)
13.60 (22.67)
16.90 (27.59)

R.m.s.d..4 bond lengths (A) 0.006
R.m.s.d..¢ bond angles (°) 1.05
Ramachandran plot

Favoured (%) 98.20

Allowed (%) 1.80

Outliers (%) 0.00
No. of modelled non-H atoms

Macromolecules 2128

Ligands 15

Water 311
Protein residues 276
Wilson B factor (AZ) 18.51
Average B factors (A?)

Protein atoms 20.40

Ligand molecules 20.40

Water molecules 33.70
PDB code 4otk

§ Iis the integrated intensity and o(J) is the estimated standard deviation of that
intensity. ¥ Ruerge = Yju 2oy (kD) — (IhkD)|/ Y0 X 10kd) where I(hki) is the
scaled intensity of the ith measurement and (/(hkl)) is the mean intensity for that
reflection. Ry;m = Riperge divided by the multiplicity.  § Ryork = D ju ||F0hs| - |F“,C||/
> it |Fonsl for all data excluding the 5% that comprise the Ry.. used for cross-
validation. ¢ Root-mean-square deviation from ideal values (Engh & Huber, 1991).

(a)

Figure 1
Crystallization and data collection of Rv2971. (a) Crystal of Rv2971 obtained from 7 mg ml~" protein solution (in 10 mM Tris-HCI pH 8.0, 200 mM NaCl) using 0.2 M
sodium malonate pH 5.0, 19%(w/v) PEG 3350. (b) A typical 0.50° oscillation image from an Rv2971 crystal flash-cooled in 15%(v/v) glycerol.

(Banner et al., 1975), and enabled residues essential for enzyme
kinetic activity and cofactor binding to be ascertained. While the
crystal structure of MSMEG_2407 provides invaluable information
on its functionality, Rv2971 possesses a number of differences in
these binding pockets.

Here, we determined the crystal structure of Rv2971 in its un-
liganded form to a resolution of 1.60 A. The structure enables the
characterization of the substrate and NADPH binding pockets,
revealing the subtle architectural differences between Rv2971 and
MSMEG_2407, and providing insight into the differences in substrate
specificities and INH inhibition levels. In addition, the Rv2971
structure may provide an initial template for the development of new
anti-mycobacterial therapeutics.

2. Materials and methods
2.1. Cloning, expression and purification of recombinant protein

The gene encoding Rv2971 was cloned, overexpressed and purified
as soluble recombinant protein as previously described (Scoble et al.,
2010). For crystallization experiments, the purified recombinant
protein was buffer-exchanged into 10 mM Tris-HCI pH 8.0, 200 mM
NaCl and concentrated to 7 mg ml™". The concentration of purified
Rv2971 was determined spectrophotometrically (NanoDrop 1000,
Thermo Scientific) at 280 nm and was calculated using an extinction
coefficient of 28545 M~' ecm™'. The molecular weight, purity and
identity of the protein were confirmed by SDS-PAGE and Western
blotting with anti-hexahistidine antibody (R&D Systems).

2.2. Crystallization

The initial crystallization experiments involved screening 192
conditions from commercially available kits from Hampton Research
(Crystal Screen HT and PEG/Ion HT) using a CrystalMation
(Rigaku) integrated robotic workstation and the sitting-drop vapour-
diffusion technique. Rod-shaped crystals were obtained initially at a

(b)
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protein concentration of 7 mg ml~" at 277 K after 24 h of equilibra-
tion against a crystallization condition comprised of 0.2 M sodium
malonate pH 5.0, 20%(w/v) polyethylene glycol (PEG) 3350. Larger
crystals of high diffraction quality were obtained by optimizing the
crystal condition in 24-well Linbro plates (Hampton Research). The
crystallization condition was optimized by fine-tuning the pH, protein
concentration and precipitant concentration using a hanging drop
consisting of 1 pl protein solution and 1 pl precipitant solution and a
500 pl reservoir volume (Fig. 1a). The best crystals appeared after
24 h of equilibration against a crystallization condition comprised of
0.2 M sodium malonate pH 5.0, 19%(w/v) PEG 3350 at a protein
concentration of 7 mg ml~! and grew to full size in 2 d.

2.3. X-ray data collection

For X-ray diffraction data collection, crystals of Rv2971 were
transferred to a CryoLoop and soaked in a cryoprotectant consisting
of 19%(v/v) PEG 3350, 0.2 M sodium malonate pH 5.0, 15%(w/v)
glycerol before cooling to 100 K in a nitrogen-gas stream. A complete
data set was collected from a single crystal on the MX2 beamline at
the Australian Synchrotron using an ADSC Quantum 315rr CCD
detector. A total of 360 frames of 0.5° were recorded with an expo-
sure time of 1s per frame (Fig. 1b). The data were processed using
iMosfilm (Battye et al., 2011) and various programs from the CCP4
suite such as SCALA and POINTLESS (Winn et al., 2011). The final
statistics of data collection and processing are summarized in Table 1.

2.4. Structural determination

The crystal structure of Rv2971 was determined by the molecular-
replacement method with Phaser-MR as part of the PHENIX
program suite (Adams et al., 2010). The coordinates of M. smegmatis
AKRSH1 MSMEG_2407 (67% sequence identity; PDB entry 2wzm;
Scoble et al., 2010) were used as the search model. The resultant LLG
score and TZF score obtained were 2010.15 and 43.8, respectively.
For cross-validation, a random set of 5% of the total reflections were
kept aside from the refinement and used for the calculation of Ry,
(Briinger, 1992). The initial model was refined as a rigid body
followed by TLS refinement using TLS groups as suggested by the

TLSMD server (Painter & Merritt, 2006). The TLS refinement was
performed according to four TLS groups, which are A8-A171, A172—
A188, A189-A257 and A258-A283. The model obtained was
manually adjusted using the interactive graphics program Coot
(Emsley et al., 2010) and refined using phenix.refine (Adams et al.,
2010) until no further improvement of the model could be made.
Atomic coordinates and structure factors have been deposited in the
Protein Data Bank under accession code 4otk. The final statistics of
structural refinement are summarized in Table 1.

2.5. Structural analysis

Refinement validation was conducted using MolProbity and the
POLYGON tools in the PHENIX program suite (Adams et al., 2010;
Chen er al., 2010). Secondary structure was confirmed by the STRIDE
plugin in PyMOL (Zhu, 2011). All structural superpositions were
achieved using the SSM superpose feature of Coot (Emsley et al.,
2010). Electrostatic surface distribution calculations were performed
using the APBS plugin for PyMOL (Baker et al., 2001). The M.
smegmatis AKRHS MSMEG_2407 holoenzyme crystal structure
(PDB entry 2wzm) and the apo crystal structure (PDB entry 2wzt;
Scoble et al., 2010) were used for structural alignments.

3. Results and discussion
3.1. Structural determination of Rv2971

To gain structural insight into the isoniazid drug target Rv2971, the
crystal structure of the M. tuberculosis protein was determined.
Recombinant M. tuberculosis Rv2971 was expressed, purified and
crystallized using vapour-diffusion methods (Fig. 1a). Rv2971 was
purified as a monomer as determined by size-exclusion chromato-
graphy, and routinely produced yields of 2 mg of pure protein per
litre. Crystals belonged to the trigonal space group P3,21, with unit-
cell parameters a = b = ¢ = 863 A o= B =190.0°, y = 120.0°. A
complete data set was collected to a resolution of 1.60 A froma single
crystal at 100 K (Fig. 1b), with data collection and processing
summarized in Table 1. Based on Matthews coefficient calculations,
one polypeptide chain (59.96% solvent content) could be accom-

(a)

Figure 2

(b)

Overall crystal structure of Rv2971. Cartoon representation of the (a) top view and (b) side view rotated 90° of the overall structure. The C- and N-termini of the structure
are labelled, with secondary-structure elements B-strands, a-helices and 3,o-helices, as calculated by STRIDE (Zhu, 2011), coloured magenta, blue and cyan, respectively. All

figures were prepared in PyMOL.
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modated in the asymmetric unit, with a calculated V), value of
3.07 A’ Da~! (Matthews, 1968).

The crystal structure of Rv2971 was determined to 1.60 A resolu-
tion via molecular replacement using the M. smegmatis orthologue,
MSMEG_2407, as a search model (PDB entry 2wzm), with final Rk
and Ry, statistics of 13.90 and 16.90%, respectively. Refinement
statistics are summarized in Table 1. Of the construct utilized
in crystallization, the large vector-derived N-terminal domain
(MGSSH6SSGLVPRGSHMASMTGGQQMGRGSEF)  was  un-
structured and residues 7-282 of Rv2971 were modelled into the
electron density. The final model consisted of 276 amino-acid residues
and 311 water molecules. The final model also included two malonate

K82
B - A29
R2
Malonate 3}
| HI115 ¢ °
Y194 cL22

Figure 3

ions and two chloride ions originating from the crystallization
condition and crystallization buffer, respectively. A Ramachandran
plot analysis of the final model by C* geometry validation (Lovell et
al., 2003) showed that 98.2% of the residues are in the most favoured
regions, while 1.8% of residues are within the allowed regions.

3.2. Overall crystal structure of Rv2971

The overall 1.60 A resolution crystal structure of Rv2971 in its
unliganded form (Figs. 2a and 2b) adopts an («/f)s-barrel topology,
or a TIM-barrel fold, as previously described (Banner et al., 1975).
The structural fold exhibits typical characteristics of AKR substrates,

N247

Malonate \

L203

Rv2971 substrate and cofactor binding pocket architecture. Cartoon representation of (a) the substrate binding pocket and (b) the NADPH binding pocket. Two malonate
ions and a single chloride ion bound during crystallization are represented as cyan sticks and magenta spheres, respectively. Electron density of maps is shown as F, — F,
simulated-annealing OMIT maps contoured at 3. Amino-acid residues involved in binding to the malonate and chloride ions are represented as green sticks. Hydrogen-
bond formation between contact residues and ions is represented as black dashes, with bond distances ranging between 2.6 and 3.6 A. The Asp52-Tyr57-Lys82-His115
catalytic tetrad is represented in wheat. The solvent-accessible surface representation coloured by electrostatic potential of the (¢) substrate binding pocket and (d) NADPH
binding pocket was calculated by APBS (Baker et al., 2001). The potential contours are shown on a scale from +5.0 (blue) to —5.0 kg7 ¢ ™" (red); white indicates a value close
to 0 kgT ¢, Indicated are the positions of the Asp52-TyrS7-Lys82-His115 catalytic tetrad.
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where the TIM barrel is comprised of eight B-strands (B1-88),
flanked by eight a-helices (¢1-a8) interwoven in an antiparallel
manner between each f-strand. Situated at the N-terminus of the
structure are two antiparallel B-stands (BA and BB) that cover the
base of the protein structure (Fig. 2b). The TIM-barrel structure is
punctuated by two a-helices (¢A and @B) on the C-terminal side of
the protein structure (Fig. 2a). Dispersed through the C-terminal side,
or ‘open rim’ face, of the protein structure are a series of 3;y-helices
(h1, h3, h4 and hA) that contribute to the overall a-helical content of
the Rv2971 structure by forming the NADPH binding pocket.

3.3. Substrate and NADPH binding pockets of Rv2971

The crystal structure of Rv2971 was determined in the presence of
two malonate ions bound within the substrate binding pocket and
NADPH binding pocket. Attempts to soak NADPH into the crystals
were unsuccessful because of the presence of the malonate ions
blocking the binding pockets. Within the substrate binding pocket,
the malonate ion is bound to Rv2971 via hydrogen bonding with
Asp52 and His115 at a bond distance of 2.6 and 2.9 A, respectively

Malonate V235
123
Malonate
9
7 T218
V199 A220\\|{ T219
200 A221 k
L197 | 1203
L198 L204

s BB B1 al

1

2000000000000 02000000000
10 2 30 40 50 60 70 0 0
Rv2971 ETGAAAPTLND L LG BER 'VSAALEGRLIDTAAYGNEAAVGRAIAASG'REVTTKLATPDQGFTSQ R A
MSMEG_2407 IR G A A AN T LNDEN THP v vid s| BvsAALERGHRLIDTANAYGNEAAVGRAIAASGMERBEISIVTTKLATPDOGF TESORARRA

t

9
T

B4 hd ad
200 0000000000000
109 110 120 130 14?
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(Fig. 3a). Residues Asp52 and His115 belong to the Asp-Tyr-Lys-His
catalytic tetrad typical of AKRs. In the case of Rv2971, the catalytic
tetrad is comprised of residues Asp52-Tyr57-Lys82-His115. A single
chloride ion is bound between the substrate and NADPH binding
pockets, and is bound to residue Leul97 via hydrogen bonding (Fig.
3b). A second malonate ion is bound within the NADPH pocket,
binding residues involved in contacts with NADPH via hydrogen-
bond formation, with bond distances ranging between 3.0 and 3.6 A
(Fig. 3b). Both the substrate and NADPH binding pockets are elec-
trostatically positively charged (Figs. 3¢ and 3d) which, as well as
being highly surface exposed, facilitates the substrate and NADPH
binding capabilities of Rv2971.

3.4. Structural comparison with the M. smegmatis orthologue
MSMEG_2407

With the successful determination of the crystal structure of
Rv2971, a structural comparison was conducted with MSMEG_2407
to characterize the previously observed differences in enzyme kinetic
activity (Scoble ez al., 2010). The crystal structures of Rv2971 and the

/
4
\ /'rzm
| 1219
; A220
Wy 120071197 A221
P95 ¢ |18 1203
R273 P196 L.204
Bl A198
G199
(b)
B2 h1 a2 h2 [IX] h3 a3
—_—

200 200 == 000 0000000000
80 90

oS 6 6 7
B a [

170 180 190

WL TPAVNQIELHP LLNQISJJLR)S QHQS CERAAL
BRYSI L THIITPAVNQIELHP LLNQEVAL R G Y[ 1\#YE APIGERAGIV
Tt

20

150

hA aA a7 p8 aB
02000 0000000000 00000000000 — 00000000 020000000
200 210 220 230 240 250 260 270 280
Rv2971 GRLLDNPHVTEIASRGYRTIHAOVLLRWEMO LGNRVERSARPERIASNE wJFELE MBEVLEG LD GTR\YRIBDPRT YRGH
MSMEG_2407 GRLLDE IARENAEEITIAA OV L LRWEBO LGNIYVMEIR SANPER IASN| ErELIWABRIMENLNG LD GT RIFRIFD PEIT Y WGE

c
Figure 4 ©
Structural comparison between Rv2971 and MSMEG_2407. Ball-and-stick representation of the NADPH binding pockets of Rv2971 and (a) MSMEG_2407 in its apo form
(PDB entry 2wzt) and (b) in its holoenzyme form in the presence of NADPH (PDB entry 2wzm). Visualized is the structural comparison between amino-acid residues in
contact with NADPH in the MSMEG_2407 holoenzyme structure with residues of identical position in Rv2971. Residues of Rv2971, the MSMEG_2407 apo form and the
MSMEG_2407 holoenzyme are represented in green, wheat and blue, respectively. Bound malonate ions and a single chloride ion are represented as cyan lines and magenta
spheres, respectively. The bound NADPH molecule in the MSMEG_2407 holoenzyme is represented in pink. Missing residues are indicated in parentheses. (¢) Sequence
alignment between Rv2971 and MSMEG_2407. The alignment was prepared with the program ClustalW2 and visualized using ESPript v.2.2. The secondary-structure
clements correspond to the structure of Rv2971. Strict sequence-identical residues are denoted with a red background, while similar residues are visualized in red text with
white background. Sequence similarities in groups are denoted by blue boxes. MSMEG_2407 residues interacting with NADPH by hydrogen bonding or van der Waals
interactions are indicated by green arrows.
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apo form of MSMEG_2407 overlaid tightly, with an overall r.m.s.d.
value of 0.85 A observed. While Rv2971 and MSMEG_2407 share a
sequence identity of 67%, a number of substitutions are present
between amino-acid residues within the NADPH binding pocket that
impact on the enzyme kinetic activity rates between the orthologues
(Fig. 4). Of the 21 amino-acid residues from MSMEG_2407 inter-
acting with NADPH, there is a difference of four residues in Rv2971.
Residues Gly30, Gly196, Leu200 and Ile236 in MSMEG_2407 are
substituted with residues Ala29, Cys195, Vall99 and Val235 (Fig. 4).
The most significant difference is the substitution of a glycine
(Gly196) for cysteine (Cys195). Cys195 is present in two alternate
conformations in the structure of Rv2971, both facing into the
NADPH binding pocket. One of the conformations forms van der
Waals interactions with the chloride ion present (Fig. 4a), and indi-
cates the potential position of the residue in the presence of NADPH,
owing to the position of a hydroxyl group of NADPH bound in
MSMEG_2407 (Fig. 4b). The loss of glycine residues involved in
NADPH contacts indicates a more constrained binding site, in
particular the substitution of Gly30 for Ala29 at the nicotinamide
binding site, and may provide a more complete holoenzyme crystal
structure  of AKRSHI, which appeared disordered in the
MSMEG_2407 holoenzyme crystal structure (Scoble et al., 2010).

4. Concluding remarks

While valuable structural insight into the architecture of Rv2971 has
been obtained, the successful determination of further crystal struc-
tures of Rv2971, both in its holoenzyme form and in complex with the
INH-NADP adduct, will aid in further characterization of its func-
tion, as well as in gaining a more in-depth characterization of INH
resistance.
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Macromolecular Crystallization Facility for assistance with crystal-
lization and X-ray data collection. This work was supported by the
Australian Research Council (ARC) Centre of Excellence in Struc-
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Chapter 3: Crystal structure of an essential lipase, Rv3802¢, 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¢c 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 A (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 A, 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 Rv3802¢ 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 A. The Rv3802c construct lacking the N-terminal domain (Rv3802¢*'%") 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 a9-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 Rv3802¢*"%’
Rv3802c¢ has been cloned as previously described (Crellin, et al., 2010). The open reading frames of
the Rv3802¢’"" gene was PCR-amplified from M. tuberculosis genomic DNA using GoTaq

Polymerase (Promega) with specific sense (5°-
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GACGACGACAAGATGCAGGATGCGTCCTGCCCCGACGTGCAGATGATC-3") and antisense

(5’-GAGGAGAAGCCCGGTTATCACCTATGTTITGGGGTGGGGCGCATTTTC-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 Rv3802¢*"® is

MAHHHHHHVDDDDKQDASCPD, where the highlighted sequence is the truncated Rv3802¢™'*

protein starting at residue 68. The clone obtained was confirmed by DNA sequencing.

3.2.2 Expression, Refolding and Purification of Rv3802¢*"%’

Recombinant Rv3802¢ and Rv3802¢*""®" were overexpressed as inclusion bodies in E. coli host strain
BL21 (DE3) via isopropyl $-D-1-thiogalactopyranoside (IPTG) as previously described (Crellin, ef 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-HCI 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-HCI 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-HCI pH 8.0, 100 mM NaCl. The washed inclusion bodies were
solubilized in 20 mM Tris-HCI pH 8.0, 0.5 M NaCl, 8 M Urea, 10 mM imidazole and applied to 5 mL
Ni*"-chelating Sepharose (GE life sciences) affinity resin equilibrated in the same buffer. Unbound
protein was removed with three column volumes of 20 mM Tris-HCI1 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-HCI pH

57



Chapter 3: Crystal structure of Rv3802¢"""-THL

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 Rv3802c¢""®" was refolded via stepwise dialysis in three steps at 4 °C.
Recombinant protein was dialysed against 10 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA and 7
mM 2-mercaptoethanol for 16 h, then dialysed against 10 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM
EDTA for 24 h, then dialysed against 10 mM Tris-HCI 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-HCI 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-HCI pH 8.0, 150 mM NaCl, 0.5 mM EDTA at a flow rate of 1 mL.min". 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-HCI 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"'. 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 Rv3802¢ and Rv3802c*"*" were recorded on a Jasco J-815 circular-
dichroism Spectropolarimeter at 20 °C with a data pitch of 0.1 nm and a scan speed of 100 nm.min™".
Briefly, all samples were prepared at a concentration of 20 uM in 10 mM Tris-HCI 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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Al67 \were recorded at a

Graphpad Prism software. Thermal Melting analysis of Rv3802c¢ and Rv3802c
wavelength of 214 nm on a Jasco J-815 circular-dichroism Spectropolarimeter at a temperature range

of 20 — 90 at of 1 °C.min"". All samples were prepared at a concentration of 20 uM in 10 mM Tris-HCl

pH 8.0, 100 mM NacCl 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™ sodium deoxycholate and 1
mg.ml” gum arabic. 20 uL of enzyme at a concentration of 0.1 mg.ml”" 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™'.cm™ 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 Rv3802c¢*'®" 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 uM.
A reaction mixture was prepared with 66 mM CaCl, and 0.66 % (v/v) Tween-20 in 50 mM Tris pH 8.0,
with 75 pL 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. ICsy 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 Rv3802¢*"*’-THL

Rv3802¢*"%" at 0.1 mg.ml”" 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-HCI pH 8.0, 200 mM NaCl. For crystallization trials,
Rv3802¢*""*"-THL was concentrated to 10 mg.ml" and crystallized via the vapour diffusion hanging
drop method consisting of equal volumes of 1 pL protein and 1 pl. 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 Rv3802¢*"*’-THL

Crystals of Rv3802¢*'"*’-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 Rv3802¢**

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
Rv3802¢ (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

A1-67

predicted N-terminal transmembrane domain (Rv3802¢™ ") 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 Rv3802¢ and Rv3802¢*'*” were
expressed and purified. In both cases, Rv3802¢c was expressed as insoluble protein, indicating that the
predicted transmembrane region does not contribute to the overall insolubility of the protein in vitro.
Both Rv3802¢ and Rv3802¢*"%" 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 Rv3802¢ and Rv3802¢*"*’

(A) Expressed protein was captured via Ni-Sepharose Affinity chromatography, with correlating 15% SDS-PAGE of
Rv3802¢ and Rv3802¢*"%” 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
Rv3802¢ and Rv3802¢*""” 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-ES) 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 Rv3802¢*'’, 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 Rv3802¢ an additional dimeric peak was present on the size-exclusion
chromatogram (Figure 3.2a), which was absent for Rv3802¢*'’. 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
Rv3802¢ and Rv3802¢*'*7 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 Rv3802¢*""

(A) Size exclusion chromatograms and correlating 15% SDS-PAGE of Rv3802¢ and Rv3802c“"®. 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) Rv3802¢*"”
6

7 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 Rv3802¢

Circular dichroism analysis was conducted in order to confirm successful refolding of both Rv3802¢
and Rv3802¢*""%’, 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 o/p hydrolase fold protein for both Rv3802¢ and Rv3802¢*'’

(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 a-

A1-67

helical trace than Rv3802¢™ ™', with a more prominent dip at 214 nm observed for Rv3802c than

Rv3802¢*"%", 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 Rv3802¢*'7,
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 Rv3802¢ and Rv3802¢*'®7 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 Rv3802¢*"%

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 Rv3802¢*'’. 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 Rv3802¢*"*’
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(A) Circular Dichroism spectra of Rv3802¢ (orange) and Rv3802¢*"*” (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™" at

20°C, with a protein concentration of 0.5 mg.mL™". CD Spectra were collected in triplicate experiments.

(B) Thermal melting analysis of Rv3802¢ (orange) and Rv3802¢*'* (blue) was conducted to determine and compare

thermal stabilities of the two proteins in solution. Temperature

of 1°C.min"". Results were normalized against the Rv3802¢'*’

axis. All graphs were generated using Graphpad Prism 6.0.

was gradually increased from 20°C-70°C at a rate

spectra, resulting in % CD[mdeg] values on the Y-

66



Chapter 3: Crystal structure of Rv3802¢"""-THL

3.3.3 Enzyme Kkinetic and inhibition assays of Rv3802¢"""*" against THL

A1'67, effects of the removal of the N-terminal

With the successful production of recombinant Rv3802¢
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 p-
nitrophenolate, 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

A1-67

triplicate independent experiments. The enzymatic activity of Rv3802c against p-nitrophenol

butyrate was measured, and was directly compared to previously observed activity rates of Rv3802c.

The Michaelis-Menten kinetics of Rv3802¢*!%7 were calculated, resulting in K, and V. values of
3.75 mM + 0.61 and 624 nmol.min".mg" + 31.5 respectively, which were compared to the Rv3802¢
K and Vi values of 4.52 mM + 0.38 and 241 nmol.min"".mg™ + 7.8 respectively (Figure 3.4a). The
enzyme kinetic assays revealed no statistical significance between the K., values of Rv3802c and
Rv3802¢*"%", indicating the removal of the N terminal domain does not affect substrate affinity of the

A-67 \was significantly higher than Rv3802c, and is most likely due

enzyme. The Viax value of Rv3802c¢
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.

Al-67 Wwas also determined. The

Additional to the kinetic activity, the inhibition of THL against Rv3802c¢
assay utilized was previously described for the analysis of THL and THL analogue inhibition rates
against Rv3802¢c (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 Rv3802¢*'"*' by THL was determined
across a 0 — 100 uM range and directly compared to previously observed inhibition levels against
Rv3802c. Resultant ICsy values of THL against Rv3802¢"" were calculated at 0.57 uM across a 0.37
—1.02 uM 95 % confidence interval (Figure 3.4b). The values obtained for THL against Rv3802c were
1.82 uM across a 95 % confidence interval of 1.25 — 1.68 uM. The inhibition of Rv3802¢*"*" by THL
are significantly tighter compared to Rv3802c. This could be due to either an increased affinity of THL
against Rv3802¢*"%" 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,
Rv3802¢*"%" is enzymatically active at a comparable rate to Rv3802c, and can be inhibited by THL.
The tighter affinity for THL against Rv3802¢*'” compared to Rv3802¢ will aid in cocomplexation for

crystallographic studies.
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Figure 3.4 Enzyme kinetic activity and inhibition analysis of Rv3802c and Rv3802¢
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A1-67

The effects of removing the N-terminal transmembrane domain on Rv3802c¢ function were measured via p-
nitrophenyl butyrate spectrophotometric kinetic assay. No differences in substrate affinities were observed, with
calculated K, values for Rv3802c*'**7 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 Vy,, for Rv3802c¢217 compared to Rv3802c¢ indicated
loss of the transmembrane domain allowed for higher accessibility to substrate in vitro.

Inhibition of Rv3802¢*""*" by THL was determined using a lipolytic Tween-20 cleavage assay. THL inhibited
Rv3802¢**” tighter compared to Rv3802c¢, with ICs, values for Rv3802¢*"%7 of 0.57 uM (0.37-1.02 uM) obtained,
compared to previously published inhibition rates for Rv3802¢ of 1.82 uM (1.25-1.68 uM). 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.
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3.3.4 Crystallization and Structural Determination of Rv3802¢*"*-THL

Crystallographic studies for both Apo-Rv3802¢*'%” and Rv3802¢*'*’-THL complex were conducted
to characterize the structural mechanisms of THL binding, as well as to compare changes in the

A6T was complexed with THL at a 10-fold

enzyme binding pocket in the presence of THL. Rv3802c
Molar excess for 16 h. Prior to crystallization, the Rv3802¢*'"*"-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 Rv3802¢*'*"-THL complex (data not shown).

Crystallisation trials of both Rv3802¢*'"*’-THL and Apo-Rv3802¢*'®7 were grown via the vapour
diffusion method by incubating the protein and mother liquor at a 1:1 ratio. Crystals of Apo-
Rv3802¢*"*” were grown in 24% (w/v) PEG 8000, 0.1 M Tris-HC1 pH 7.6, 4 % (v/v) Acetonitrile after
24 h at 10 mg.mL" with a rod shaped morphology (Figure 3.5a). Crystals of Rv3802¢*""*"-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™" with a hexagonal
morphology (Figure 3.5b). Crystal morphologies and crystallisation conditions differed between Apo-
Rv3802¢*"%" and Rv3802c*"*"-THL samples, with Apo-Rv3802¢*!"®" samples unable to crystalize in
the same condition as the Rv3802¢*"*"-THL, and visa-versa. This indicated that the presence of THL
within Rv3802¢*"®” has resulted in structural changes that had an effect on crystal contacts. To

A67 - crystals were washed 5 times in mother liquor and

confirm that the crystals grown were Rv3802c
analysed on a 15 % SDS-PAGE against the protein sample used for crystallisation studies, and was
found that the crystals were indeed Rv3802¢*'%" (Figure 3.5¢). Crystals of Apo-Rv3802¢*' and

Rv3802¢*"*"-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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37kDa

25kDa

Figure 3.5 Crystals of Rv3802¢*""*" in its Apo form and in complex with THL
(A) Crystals of Rv3802c*'“exhibited a rod shaped morphology
(B) Crystals of Rv3802c*"""-THL exhibited hexagonal morphology
(C) 15% SDS-PAGE of Rv3802¢*"*-THL protein sample used for crystallisation (1) and dissolved Rv3 802¢*"-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 Rv3802¢*""*’-THL. Despite extensive screening, crystals of
Apo-Rv3802¢**7 diffracted to an average maximum resolution of 7.0 - 8.0 A, which is too low for
extensive crystallographic structural analysis. A complete dataset was collected on a single crystal of
Rv3802¢*"*"-THL, with crystals diffracting to a resolution of 2.9 A (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 P6,22 space group. The unit cell
dimensions for the structure was a= 126.15 A, b=126.15 A, ¢ =234.01 A, and a.=90.0°,  =90.0 °, y
=120.0 °. The crystal structure of Rv3802¢*'"’-THL was solved via molecular replacement by Phaser-
MR (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
Rv3802¢*"%" as a monomer. Wilson B factor was calculated to be 66.9 A” 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 Rv3802¢*’-THL

Values in parentheses are for the outer resolution shell

Rv3802¢*!""-THL

Space group

Temperature (K)
Resolution range (A)
Wavelength (A)

Unit-cell parameters (A, ©)

Total No. of reflections

No. of unique reflections

Multiplicity

Completeness (%)

CcC 172

Rmerge (0/0) ?

Ryim (%) "

Mean I/ o(]) ¢

Ruork (%)

Rfree (%) ¢

Number of non-hydrogen atoms
Macromolecules
Ligands
Water

Protein residues

R.M.S deviations from ideality
Bond Lengths ()
Bond Angles (°)

Ramchandran Plot
Favoured Region(%)
Allowed Region (%)
Outliers (%)

B-factors (A%)
Wilson B-factor
Average B-factors
Average Macromolecule
Average Ligand
Average Water

P6, 22

100

79.85 —2.90 (3.06 — 2.90)
0.9357

a=126.15, b=126.15, c=234.01
0=90.0, $=90.0, y=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 Rierge = Zhkl i | Thkl, i - <Ihkl> | / Zhkl <IhkI>

b Ryim = Shkl [1/(N — 1)]1/2 Zi | Thkl, i - <Ihkl> | / £hkl <IhkI>

c 1 is the integrated intensity and o(/) is the estimated standard deviation of that intensity

d Ryork = (2 | [Fo| — |[Fc| |) / (2 | [Fo|) - for all data except as indicated in footnote e.

€ Rpee = 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 A, 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 Serl75, 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 A” and 84 A respectively. Electron density is missing for the core of the
molecule (Figure 3.6¢), which is most likely due to flexibility of the region, as it is not involved in any

direct contacts with Rv3802c.

The final Ry and Rgee 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 Rv3802c*"*"-THL was given a MOLPROBITY score of 1.83 in the 100™ percentile of all structures

of comparable resolution.
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Figure 3.6: Modeling THL into unbiased electron density
(A)

(B)

Unbiased omit electron density in Chain B of the Rv3802¢*"“-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 Serl175 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.

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 ¢ and 0.9 ¢ 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 Rv3802¢*"*-THL

The crystal structure of Rv3802¢*'7

confirmed that it is a member of the cutinase family of o/B-
hydrolase fold with characteristic PE-PPE domains. The canonical o/B-hydrolase domain of Rv3802¢
includes a six-stranded parallel B-sheet (B1- f6) surrounded on both sides by four a-helices (al- a3 and
al0) (Figure 3.7). Inserted between the 5 and 6 strands and between the f6-strand and a10-helix lies
a second primarily helical domain (a5- a6, a8- 09) above the enzyme active site. This helical domain is
representative of a “lid” domain typically found in esterases and lipases belonging to the a/B-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 o/f hydrolase fold. (Figure 3.7a). The disulphide bond Cys72-Cys164
stabilises the overall o/ sandwich domain by linking the N-terminal region (Cys72) and C-terminal
region (Cys164) of the a2 helix. The disulphide bond Cys271-Cys271 contributes to the architecture of

the enzyme active site by linking the P6-strand and a8-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 a/f} hydrolases is an active site consisting of a highly conserved
catalytic triad, which in the case of Rv3802c is formed by Serl75-Asp268-His299 (Figure 3.7a). The
nucleophilic Ser175 is located within the “nucleophilic elbow”; a feature conserved amongst o/
hydrolases comprised of a tight turn between the B3-strand and the a3-helix (Schrag and Cygler, 1997).
At this position, the catalytic Ser175 O 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 Rv3802¢*"*-THL.

(A) Rv3802c*"%7 adopts an o/B-hydrolase fold with six-stranded parallel p-sheet (B1- p6, yellow) surrounded by four
a-helices (al-3, al0, red). Intramolecular disulphide bonds (Cys72-Cys164 and Cys264-Cys271) are shown in
green, and the catalytic triad typically found in serine esterases (Serl75, 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 PDBsum™, with o-helices, p-

strands 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 Rv3802¢*"*-THL with Apo-MSMEG_6394

In the absence of a crystal structure of the apo-Rv3802¢**’

, 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 Rv3802¢*'"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 Rv3802¢*'*’-THL crystal structure described here, with a core r.m.s.d value of 0.74 A, as
calculated by coot (Emsley, et al., 2010) (Figure 3.8). However, as both crystal structures were solved

at a resolution of 2.9 A, 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 A is observed in the
a8 and a9 lid domain helices in the presence of THL, with a5 and a6 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 a9 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 Rv3802c¢*"*-THL structure, and is not present in the crystal structure of

MSMEG_6394.
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Figure 3.8 Rv3802¢ """ active site cavity and structural overlay with MSMEG_6394

Structural overlay of Rv3802¢¢ (green) and MSMEG 5817 (wheat). Shift in the a9 helix between the “closed” and
“open” conformations of the lid region, with maximal calculated shift of 11 A observed. The direction of movement of the
a9 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 A’ (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 A’ (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 Rv3802¢*"*-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 Rv3802¢*"%”. 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) Rv3802¢*"*"-THL in the
“open” confirmation. Solvent accessibly volumes were calculated at 240A% and 1530A° 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 B-lactone form (Hadvary, et al., 1991; Luthi-
Peng, 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
Rv3802¢*"*"-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 Rv3802¢**-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 A in length formed between
lid domain a6 and 09 helices. In its APO form, the helical lid domain is held in a closed conformation
stabilised by a network of Leucine residues on the a5, a6 and a9 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 a6 helix, Leu287 and Leu290 on the a9 helix, along with Leu232 on the a5 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
CS5 carbon atom), Hexanoyl tail (C2 substituent) and palmitic core. Direct hydrogen bond formation is observed
between Serl75 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
o 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, GIn176 and Glu229 act to stabilise the hexanoyl tail within the
short chain pocket (Figure 3.10b). The peptidyl moiety (or the N-formyl-; -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 Asnl132, located at the rim of the
cavity, through van der Waals interactions (Figure 3.10b). Trp84 and Gly292 act to lock the | -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 Rv3802¢*'*"-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 &, T ¢! (red), with white indicating a
value close to 0 k,T ¢ '. 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 Rv3802¢*"*’-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 o/p hydrolase folds from M. tuberculosis, Cfp21
(Rv1984) and Cut4 (Rv3452), have been recently identified as THL inhibition targets (Dedieu, ef 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.
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In the absence of structural data at the time, a THL lead compound library was created (West, ef 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--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 non-

aromatic 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 Rv3802¢*"*"-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 Rv3802¢*"*-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
Rv3802¢""% 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 Rv3802¢
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 N-
terminal predicted transmembrane domain in complex with the anti-TB drug THL. The crystal
structure revealed that Rv3802c possesses a characteristic o/p 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 B-lactone component undergoes a water mediated nucleophilic
attack facilitated by Serl75 to convert it to a carboxylate ion. Hydrogen bond formation between the

carboxylate and Ser175 are observed. While no close interactions are observed between Rv3802¢ 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 ef 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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Cloning, expression, purification and preliminary
X-ray diffraction studies of a mycobacterial protein
implicated in bacterial survival in macrophages

Mycobacterium species have developed numerous strategies to avoid the
antimycobacterial actions of macrophages, enabling them to survive within
the generally inhospitable environment of the cell. The recently identified
MSMEG_5817 protein from M. smegmatis is highly conserved in Myco-
bacterium spp. and is required for bacterial survival in macrophages. Here,
the cloning, expression, purification and crystallization of MSMEG_5817 is
reported. Crystals of MSMEG_5817 were grown in 1.42 M Li,SO,, 0.1 M
Tris—=HCI pH 7.7, 0.1 M sodium citrate tribasic dihydrate. Native and multiple-
wavelength anomalous dispersion (MAD) data sets have been collected and
structure determination is in progress.

1. Introduction

Macrophages are key components of host defence pathways that play
a role in the control and eradication of foreign microbes, including
pathogenic and nonpathogenic mycobacteria. Pathogenic myco-
bacterial species have developed numerous strategies to avoid the
antimycobacterial actions of macrophages and to survive within the
environment of the cell, frequently resulting in disease (Chandra et
al., 2011). Upon infection, the invading mycobacteria are internalized
by host macrophages and taken into phagosomes, where they are able
to survive for long periods of time. Mycobacteria create a hospitable
environment within phagosomes through the alteration of host
signalling pathways that mediate correct vesicular membrane traf-
ficking and the formation of the phagolysosome. The resultant
phagosomes fail to mature and do not fuse with late endosomes, and
the lysosomes fail to recruit lysosomal hydrolases that are required
for the degradation of internalized microbes (Armstrong & Hart,
1971; Fratti et al, 2003). Identification of the mechanisms utilized
by invading mycobacteria to disrupt host-macrophage antibacterial
activities is paramount for the understanding of mycobacterial
virulence and disease. While Mycobacterium smegmatis is generally
considered to be nonpathogenic, it does have a limited capacity to
survive and multiply within macrophages and to delay phagosomal
acidification, making it a suitable model system to study intracellular
mycobacterial survival (Anes et al, 2006). In previous studies,
the members of a random Tn6// transposon mutant library of
M. smegmatis were screened for a number of atypical phenotypes
indicative of cell-wall defects (Billman-Jacobe et al., 1999; Kovacevic
et al., 2006; Patterson et al., 2000). One mutant, designated Myco132,
exhibited altered colony morphology and an increased ability to
absorb dyes from growth media (Pelosi et al, 2012). The gene
disrupted in Myco132 was identified by sequencing as MSMEG_5817
(Pelosi et al., 2012). MSMEG _5817 encodes a conserved hypothetical
protein of 128 amino-acid residues that has orthologues in a number
of pathogenic mycobacteria. Inactivation of the MSMEG_5817 gene
led to accelerated cell death of M. smegmatis in J774A.1 macrophages
within the first 8 h (Pelosi et al., 2012). Complementation of the
mutant with an active copy of the gene restored survival to near-wild-
type levels. In addition to decreased survival in macrophages, there
was also a significant increase in NF-«B activation in macrophages
infected with the MSMEG_5817 mutant compared with those
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infected by wild-type (WT) M. smegmatis (Pelosi et al., 2012). Since
NF-«B activation plays key roles in regulating host immune responses
through cell activation and the induction of cytokine production,
MSMEG_5817 may be involved in suppressing NF-«B activation to
promote survival. Although MSMEG_5817 is implicated in bacterial
survival within macrophages, it is not important for growth, with
cultures grown in vitro in rich medium showing no differences in
growth rates between Myco132 and WT M. smegmatis (Pelosi et al.,
2012). In this paper, we report the expression, purification and
crystallization of this protein. The structural determination of
MSMEG_5817 will provide valuable insight into the mechanistic
pathways that mediate the function of this protein.

2. Materials and methods
2.1. Cloning

The MSMEG_5817 gene was PCR-amplified from M. smegmatis
genomic DNA using HotStar HiFidelity polymerase (Qiagen) and
specific sense (5'-GGAATTGCATATGGCCAGCCGCCGTAGTG-
C-3') and antisense (5'-GGAATTCCTACGGGTCGATACGCACC-
ACGGG-3') primers. The highlighted sequences in the primers
represent Ndel and EcoRI restriction sites, respectively. The 567 bp
PCR-amplified product was purified using the MO BIO kit (MO BIO
Laboratories) and the fragment was digested with Ndel and EcoRI
(NEB) and cloned into pET-28c(+) vector (Novagen), giving a
protein with a thrombin-cleavable N-terminal hexahistidine tag.
The resultant N-terminal amino-acid sequence of the recombinant
MSMEG_5817 is MGSSHHHHHHSSGLVPRGSHMASRR, where
the sequence in bold is the MSMEG_5817 protein starting at residue
1. The clone obtained was confirmed by DNA sequencing.

2.2. Overexpression of recombinant protein

Recombinant protein was overexpressed in Escherichia coli host
strain BL21 (DE3). The clone was transformed into competent
BL21 (DE3) cells and transformants were selected on LB agar plates
containing 34 g ml~" kanamycin. Pre-inoculum cultures were grown
overnight in LB-kanamycin medium from a single colony. The starter
culture was used at a dilution of 1:100 to inoculate 800 ml fresh LB
medium containing 34 pg ml~' kanamycin and was grown at 310 K
until the ODy, reached 0.6. Expression of the protein was induced
by the addition of 0.5 mM isopropyl B-p-1-thiogalactopyranoside
(IPTG) and the cells were allowed to grow for an additional 4 h at
310 K. The cells were harvested by centrifugation and stored over-
night at 193 K. Expression of the selenomethionine derivative of
MSMEG_5817 was performed in E. coli host strain B834 (DE3). Pre-
inoculum cultures grown overnight in LB-kanamycin medium from
a single colony were then diluted in 6 I fresh LB medium containing
34 ug mg~! kanamycin and grown at 310 K until the ODg, reached
0.6. The cells were harvested by centrifugation and washed twice with
400 ml M9 minimal salt medium consisting of 47 mM NH,CI, 55 mM
KH,PO,, 120 mM Na,HPO,, 43 mM NaCl. The washed cells were
resuspended in 400 ml M9 minimal medium containing trace metals,
0.5% glucose, 5.1 uM biotin, 4.2 uM thiamine, 2.5 mM MgCl,,
0.75 mM CaCl,, 34 pg ml™" kanamycin and 255 pM selenomethio-
nine. The cultures were recovered at 310 K for 1 h before induction
with 0.5 mM IPTG. The cells were allowed to grow for an additional
16 h. The cells were harvested by centrifugation and stored overnight
at 193 K.

2.3. Purification of recombinant protein

The native protein and selenomethionine-derivatized protein were
purified using the same methods. Cells were thawed and resuspended
in 100 ml cold lysis buffer consisting of 50 mM sodium phosphate
pH 8.0, 300 mM NaCl. Cells were lysed using a French Press on ice in
the presence of 0.2 M phenylmethanesulfonyl fluoride (PMSF). Cell
debris was removed from the lysate by centrifugation. All subsequent
purification steps were performed at 293 K. The lysate was added
to a column packed with TALON metal-affinity resin (Roche) pre-
equilibrated with lysis buffer. The protein was allowed to bind before
being washed with one column volume of 50 mM sodium phosphate
pH 8.0, 300 mM NaCl, 20 mM imidazole. The protein was eluted
using five column volumes of 50 mM sodium phosphate pH 6.0,
300 mM NaCl, 250 mM imidazole. The eluted protein was concen-
trated to 500 pl by low-speed centrifugation using a Vivaspin 2
3000 Da molecular-weight cutoff concentrator (Sartorius Stedim
Biotech). The protein was further purified by size-exclusion chro-
matography using an AKTAbasic fast protein liquid-chromatography
(FPLC) system with a Sepharose 75 10/30 column (GE Healthcare
Life Sciences). Chromatography was carried out in 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES) pH 6.0 buffer containing
100 mM NaCl. Purified protein was concentrated to 20 mg ml~" and
stored at 277 K for use in crystallization trials. The concentration of
the MSMEG_5817 protein was determined spectrophotometrically
(Nanodrop 1000, Thermo Scientific) at 280 nm and was calculated
using an extinction coefficient of 16 500 M~' cm™'. The molecular
weight, purity and identity of the protein were confirmed by SDS-
PAGE (Fig. 1) and Western blotting with anti-hexahistidine antibody
(R&D Systems).

2.4. Crystallization

The initial crystallization experiments involved screening 480
conditions from commercially available kits from Hampton Research
(Crystal Screen, Crystal Screen 2, Index, PEG/Ion and SaltRx) and
Emerald BioSystems (Wizard I and II) using a CrystalMation inte-
grated robotic workstation (Rigaku) and the sitting-drop vapour-
diffusion technique. Initial small spheroid crystals were obtained
in 1.50 M Li,SO,, 0.1 M Tris-HCI pH 8.5 (SaltRx screen, Hampton
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Figure 1

18% SDS-PAGE of purified native MSMEG_S817 (lane 1) and purified
selenomethionine-derivatized MSMEG_5817 (lane 2). Molecular weights are
indicated in kDa on the left.
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Table 1

Crystal and data-collection statistics.

Values in parentheses are for the outer shell.

Native MSMEG_5817

Selenomethionine-derivatized MSMEG_5817

Inflection (A;)

Peak (Az)

High-energy remote (13)

Diffraction source
Detector

MX2, Australian Synchrotron
ADSC Quantum 315r CCD

MX2, Australian Synchrotron
ADSC Quantum 315r CCD

MX2, Australian Synchrotron
ADSC Quantum 315r CCD

MX2, Australian Synchrotron
ADSC Quantum 315r CCD

Space group P4:2,2 P432,2 P432,2 P4:2.2

Temperature (K) 100 100 100 100

Unit-cell parameters (/w\ﬁ ) a=50.5,b=505,c=2055, a=49.9,b=499, c= 2050, a=49.9,b =499, ¢ =205.0, a=49.9,b =499, c=205.0,
a=p=y=90.0 a=p=y=9.0 a=f=y=9. a=p=y=90.0

Resolution range (A) 50.05-2.40 (2.67-2.40) 40.3-2.40 (2.53-2.40) 41.06-2.47 (2.60-2.47) 41.4-2.50 (2.64-2.50)

Wavelength (A) 0.95369 0.97927 0.97949 0.95369

Total No. of reflections 20386 42924 38677 37473

No. of unique reflections 1516 1549 1429 1377

Ruergel (%) 99 (56.4) 9.4 (56.1) 10.5 (68.9) 10.3 (51.1)

Mean Io(I)§ 15.9 (4.6) 287 (1.5) 24.0 (6.0) 237 (1.7)

Completeness (%) 987 (98.2) 100 (100) 100 (100) 100 (100)

Anomalous redundancy 15.1 (15.1) 14.7 (14.8) 14.9 (14.9)

T Rmerge

= Y 2 [ (hkl) — (I(hkD)}| />y 3 I,(hkl), where I(hkl) is the scaled intensity of the ith measurement of reflection hkl and (I(hkl)) is the mean intensity for that

reflection. § [Iis the integrated intensity and o(7) is the estimated standard deviation of that intensity.

Research). Optimization of the native MSMEG_5817 crystallization
conditions was performed by fine-tuning the protein and precipitant
concentrations in 24-well Linbro plates (Hampton Research) using a
hanging drop consisting of 1 pl protein solution and 1 pl precipitant
solution and a 500 pl reservoir volume. Additional optimization of
the crystallization conditions was performed using Additive Screen
(Hampton Research), in which drops consisting of 0.9 pl protein
solution, 0.9 ul precipitant solution and 0.2 pl additive solution were
equilibrated against a 500 pl reservoir volume consisting of 1.42 M
Li,SOy, 0.1 M Tris-HCI pH 7.7. The best crystals appeared after 3 d
of equilibration against the crystallization condition and grew to full
size in 5 d using 0.1 M sodium citrate tribasic dihydrate as an additive
(Fig. 2a). Crystals of selenomethionine-derivatized MSMEG_5817

(a)

0.1 mm

)

Figure 2

Crystals of (a) native MSMEG_5817 and (b) selenomethionine-derivatized
MSMEG_5817 obtained from 20 mg ml~" protein solution (in 20 mM MES pH
6.0, 100 mM NaCl) using 1.42 M lithium sulfate, 0.1 M Tris pH 7.7, 0.1 M sodium
citrate tribasic dihydrate.

could only be obtained using the cross-seeding technique (Fig. 2b).
Cross-seeding was performed using the streak-seeding method.
Hanging-drop experiments were performed with drops consisting of
0.9 pl protein solution, 0.9 pl precipitant solution and 0.2 pl 0.1 M
sodium citrate tribasic dihydrate equilibrated against a 500 pl reser-
voir volume. The drops were allowed to equilibrate for 5d. A cat
whisker was used to transfer seeds of the native MSMEG_5817
crystal into clear equilibrated drops. The best selenomethionine-
derivatized MSMEG_5817 crystals grew after 24 h using 1.30 M
Li,SO,, 0.1 M Tris-HCI pH 7.7, 0.1 M sodium citrate tribasic dihy-
drate.

2.5. X-ray data collection

For X-ray diffraction data collection, crystals of the native and the
selenomethionine-derivative protein were transferred to a CryoLoop
and soaked in a cryoprotectant consisting of 1.5 M LiSO,, 0.1 M Tris—
HCI pH 7.7, 15% glycerol before cooling to 100 K in a stream of
nitrogen gas. A complete data set was collected from a single crystal
on the MX2 beamline at the Australian Synchrotron using an ADSC
Quantum 315r CCD detector. For the native crystal, a total of 360
frames of 0.5° oscillation were recorded with an exposure time of 1 s
per frame. Using a single selenomethionine-derivative crystal, a
fluorescence scan selecting the Ly edge of selenium was conducted
to determine the inflection, peak and high-energy remote levels.
Three complete data sets were collected from a single crystal at the
required wavelengths; a total of 360 images at 0.5° oscillation were
recorded with an exposure time of 1s per frame (Fig. 3). The data
were processed using MOSFLM (Leslie & Powell, 2007) and various
programs from the CCP4 suite (Winn, 2011). The final statistics of
data collection and processing are summarized in Table 1.

3. Results and discussion

The M. smegmatis gene MSMEG_5817 encoding a 128-residue
protein was successfully cloned and the protein was expressed,
purified and crystallized using vapour-diffusion methods. The
MSMEG_5817 protein was purified to homogeneity as determined
by SDS-PAGE (Fig. 1) and routinely produced yields of 5 mg 17"
Crystals suitable for X-ray crystallographic studies were obtained
using 1.42 M LiSOy4, 0.1 M Tris—-HCl pH 7.7 with 0.1 M sodium
citrate tribasic dihydrate as an additive (Fig. 24). A complete
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Figure 3

A typical 0.50° oscillation image from a selenomethionine-derivatized MSMEG_5817 crystal flash-cooled in 15% glycerol.

diffraction data set was collected to 2.40 A resolution at 100 K.
Preliminary crystallographic analysis indicated that the crystals
belonged to space group P4;2,2, with unit-cell parameters a = 50.5,
b =505, c = 2055 A, a = =y =900 The data-collection and
processing statistics are summarized in Table 1. Based on Matthews
coefficient calculation, two molecules (42.68% solvent content) could
be accommodated in the asymmetric unit, with an acceptable V3, of
around 2.14 A> Da~! (Matthews, 1968). Molecular replacement was
unsuccessful for MSMEG_5817 owing to the existing model (PDB
entry 1iw7; Thermus thermophilus RNA polymerase holoenzyme;
Vassylyev et al, 2002) having relatively low sequence similarity. A
selenomethionine derivative was expressed and the protein was
purified using the same methods as used for the native protein. High-
quality crystals were generated in the same crystallization condition
by cross-seeding using crystals of the native protein (Fig. 2b). Three
data sets were collected from a single crystal at 100 K based
on experimentally determined inflection (A, = 0.97927 A), peak
(A, = 0.97949 A) and high-energy remote (A; = 0.95369 A) wave-
lengths. A strong anomalous signal from selenium was detected to
2.5 A resolution in each of the data sets (Fig. 3). Structural deter-
mination by multiple-wavelength anomalous dispersion is currently
under way.

We thank the staff of the Australian Synchrotron and Monash
Macromolecular Crystallization Facility for assistance with crystal-
lization and X-ray data collection. This work was supported by the
Australian Research Council (ARC) Centre of Excellence in Struc-

tural and Functional Microbial Genomics and the National Health
and Medical Research Council of Australia. JR is an NHMRC
Australia Fellow and TB is a Pfizer Australian Research Fellow.
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Chapter S: 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 A. 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 o/ 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 A, 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.

99



Chapter 5: Structure & Function of MSMEG 5817

Declaration

Declaration by

for Thesis Chapter 5

candidate

In the case of Chapter 5, the nature and extent of my contribution to the work was the following:

Nature of
contribution

Extent of
contribution (%)

Structural determination of MSMEG_5817. Cloning, expression, purification of 80%
hSCP. PIP-Strip and ELISA analysis of MSMEG_5817 compared to hSCP.
Alanine-scanning mutagenesis generation of nine mutants, expression and

purification of six mutants. Circular dichroism and thermal melting of

MSMEG 5817 and 6 mutants. Data analysis, figure and manuscript preparation.

The following co-authors contributed to the work. If co-authors are students at Monash University, the

extent of their contribution in percentage terms must be stated:

Name Nature of contribution Extent of contribution (%)
for student co-authors
only

Dene Littler Assistance in structural determination N/A

Rajini Supervision of Phooi Chan, data interpretation and N/A

Brammananth | manuscript preparation

Phooi Chan Initial cloning of MSMEG_5817 5%

Paul Crellin Conception, supervision, direction, data interpretation | N/A

and manuscript préparation

Ross Coppel Conception, supervision, direction, data interpretation | N/A

and manuscript preparation

Jamie Conception, supervision, direction, data interpretation | N/A

Rossjohn and manuscript preparation

Travis Beddoe | Conception, supervision, direction, data interpretation | N/A

and manuscript preparation

The undersigned hereby certify, that the above declaration correctly reflects the nature and extent of

the candidate’s

Candidate’s
Signature

Main
Supervisor’s
Signature

and co-authors’ contributions to this work*.

Date
Qo g

Date
'/\, //’,;{/,/ g"

*Note: Where the responsible author is not the candidate’s main supervisor, the main supervisor

should consult with the responsible author to agree on the respective contributions of the authors.

100



Chapter 5: Structure & Function of MSMEG 5817

research papers

® CrossMark

Acta Crystallographica Section D
Biological
Crystallography

ISSN 1399-0047

Adam Shahine,*? Dene Littler,*?
Rajini Brammananath,>©

Phooi Y. Chan,”* Paul K.
Crellin,”< Ross L. Coppel,”©
Jamie Rossjohn™* and

Travis Beddoe™™<*

*Department of Biochemistry and Molecular
Biology, Monash University, Clayton,

Victoria 3800, Australia, PAustralian Research
Council (ARC) Centre of Excellence in Structural
and Functional Microbial Genomics, Monash
University, Clayton, Victoria 3800, Australia,
“Department of Microbiology, Monash
University, Clayton, Victoria 3800, Australia,
dinstitute of Infection and Immunity, Cardiff
University, School of Medicine, Heath Park,
Cardiff CF14 4XN, Wales, and “Department of
Agriculture Sciences, La Trobe University,
Bundoora, Victoria, Australia

Correspondence e-mail:
jamie.rossjohn@monash.edu,
t.beddoe@latrobe.edu.au

@© 2014 International Union of Crystallography

A structural and functional investigation of a novel
protein from Mycobacterium smegmatis implicated
in mycobacterial macrophage survivability

The success of pathogenic mycobacterial species is owing in
part to their ability to parasitize the generally inhospitable
phagosomal environment of host macrophages, utilizing a
variety of strategies to avoid their antimycobacterial capabil-
ities and thereby enabling their survival. A recently identified
gene target in Mycobacterium smegmatis, highly conserved
within Mycobacterium spp. and denoted MSMEG_5817, has
been found to be important for bacterial survival within host
macrophages. To gain insight into its function, the crystal
structure of MSMEG_5817 has been solved to 240 A
resolution. The structure reveals a high level of structural
homology to the sterol carrier protein (SCP) family, suggesting
a potential role of MSMEG_5817 in the binding and
transportation of biologically relevant lipids required for
bacterial survival. The lipid-binding capacity of MSMEG_5817
was confirmed by ELISA, revealing binding to a number of
phospholipids with varying binding specificities compared
with Homo sapiens SCP. A potential lipid-binding site was
probed by alanine-scanning mutagenesis, revealing structu-
rally relevant residues and a binding mechanism potentially
differing from that of the SCPs.

1. Introduction

The genus Mycobacterium includes a number of deadly human
pathogens, most notably M. tuberculosis, the causative agent
of tuberculosis (TB). Despite extensive usage of the BCG
vaccine and a series of drugs against TB, approximately one-
third of the world’s population is still infected, resulting in
approximately 1.4 million deaths in 2011 (World Health
Organization, 2012). The emergence of multiple drug-resistant
(MDR) and extensively drug-resistant (XDR) strains of
M. tuberculosis emphasizes the urgent need for the develop-
ment of new antimycobacterials with novel modes of activity.
Pathogenic mycobacterial species have developed a multi-
tude of mechanisms to parasitize the inhospitable environ-
ment of the macrophage, which is central to mycobacterial
infection, latency and disease activation (Russell, 2001, 2011;
Deretic et al., 2006). Macrophages act as the main reservoir of
infection for invading mycobacterial species, which contrasts
with the accepted stance that these cells successfully act as
our initial line of defence against bacterial infection. Invading
mycobacteria are internalized by host macrophages through
phagocytosis and are sorted into phagosomes, in which they
are retained. At this stage, invading mycobacteria are able to
arrest phagolysosome maturation, prolonging their survival
(Armstrong & Hart, 1971; Vergne et al., 2004). Invading
mycobacteria are retained within the phagosome until the
infected macrophage dies through necrosis or apoptosis.
Invading mycobacteria manipulate the host-signalling
pathways required for correct vesicular trafficking and
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therefore the infected phagosomes fail to mature and do not
fuse with late endosomes for subsequent destruction by the
lysosomes (Armstrong & Hart, 1971; Sturgill-Koszycki et al.,
1994; Deretic et al., 2006). Additionally, invading mycobacteria
have the ability to modulate the internal pH of the phago-
somal lumen, retaining its neutral vacuolar pH of 6.2-6.4 and
thus creating a relatively hospitable environment for survival
(Via et al., 1997). Elucidation of the mechanisms utilized by
invading mycobacteria to corrupt host macrophage activities
is vital for a greater insight into mycobacterial virulence and
disease.

Invading mycobacteria utilize a wide variety of proteins and
effector molecules to parasitize the macrophage phagosome,
resulting in the absence of mature lysosomal hydrolases and
incomplete luminal acidification (Via et al., 1997). Invading
mycobacteria have the ability to block phagolysosome
biogenesis by modulating the function of macrophage small
GTP-binding proteins (Rabs; Clemens et al., 2000a). The Rab
protein family, whose role is to control the identity of intra-
cellular organelles and direct membrane trafficking via a
molecular on-off switch mechanism (Clemens et al., 2000a,b),
plays a crucial role in macrophage phagolysosome formation.
Through the wholesale conversion of Rab5 (early endocytosis)
to Rab7 (late endosome), the phagosome matures to allow the
correct generation of the phagolysosome (Fratti et al., 2001;
Pereira-Leal & Seabra, 2001; Kelley & Schorey, 2003; Pfeffer,
2005; Rink et al., 2005). Normal Rab5 to Rab7 conversion is
modulated by the Rab5 modulator EEA1 (early endosomal
autoantigen 1) that associates with phosphatidylinositol
3-phosphate (PI3P) on organelle membranes, an interaction
that is essential for proper membrane trafficking within the
endosomal system (Sturgill-Koszycki et al., 1994; Fratti et al.,
2003). Invading mycobacteria have the ability to block the
conversion of Rab5 to Rab7 in a process known as the Rab
conversion block (Clemens et al, 2000a), utilizing two key
mechanisms unique to mycobacteria. The lipoglycan lipo-
arabinomannan (LAM,; Sturgill-Koszycki et al., 1994; Fratti et
al.,2003; Hmama et al., 2004; Kang et al., 2005) and the enzyme
SapM (a PI3P phosphatase; Saleh & Belisle, 2000; Vergne
et al., 2005) act to prevent the generation of PI3P within
the macrophage and to break down excess PI3P, respectively,
ensuring blocking of phagosome maturation (Deretic et al.,
2006). While we have a basic knowledge of mycobacterial
phagosome maturation blocking, it is likely that additional
mechanisms remain to be found. The identification and char-
acterization of the mechanisms of macrophage survivability by
pathogenic mycobacterial species will aid in further under-
standing mycobacterial pathogenesis, paving the way for the
development of novel treatments.

The saprophytic M. smegmatis has been exploited as a
model organism to investigate M. tuberculosis pathogenesis.
As such, M. smegmatis has been used to investigate host—
pathogen interactions in macrophages, as M. smegmatis has
been shown to be able to mimic the growth and survival of
M. tuberculosis within macrophages (Anes et al., 2006). To
investigate key factors in mycobacterial survival in macro-
phages, a random transposon mutant library of M. smegmatis

was screened for reduced growth in macrophages (Billman-
Jacobe et al., 1999; Patterson et al., 2000; Kovacevic et al., 2006;
Pelosi et al., 2012). One such mutant, denoted Mycol32,
resulted in accelerated cell death of M. smegmatis in J774A.1
macrophages within the first 8 h (Pelosi et al., 2012). The
defective gene in Mycol32 was identified as MSMEG_5817,
which encodes a conserved hypothetical protein of 128 amino-
acid residues with orthologues in a large variety of pathogenic
and nonpathogenic mycobacteria (Pelosi et al, 2012).
However, MSMEG_5817 is most likely not required for
normal growth, as Rv0807, the M. tuberculosis homologue of
MSMEG_5817, has been shown to be non-essential (Sassetti et
al., 2003; Griffin et al., 2011). Additionally, there was an up-
regulation of NF-«B activation in macrophages infected with
the MSMEG_5817 mutant compared with those infected with
wild-type M. smegmatis (Pelosi et al., 2012). NF-«B activation
plays key roles in driving host immune responses through the
production of cytokines, suggesting that MSMEG_5817 may
be involved in suppression of the NF-«B activation pathway to
promote survivability. In addition, other studies have shown
that Rv0807 is upregulated upon phosphate starvation owing
to the loss of the two-component senX3-regX3 regulatory
system, suggesting that Rv0807 may play a role in phosphate
metabolism (Parish et al., 2003).

Upon conducting a BLASTp similarity search utilizing the
nonredundant protein-sequence database, it was found that
MSMEG_5817 shared high sequence identity with a vast
number of orthologues within the Corynebacterineae sub-
order, each of unknown function. Significant homology was
also detected to a serine:pyruvate aminotransferase (SPT)
from Brevibacterium linens BL2 (accession No. ZP_00381195).
Upon comparing the SPT activities of wild-type M. smegmatis
and the Myco132 mutant, it was found that the relative rate of
pyruvate reduction was highly similar between the samples
tested, indicating that MSMEG_5817 does not encode a
functional SPT (Pelosi et al., 2012).

We have previously cloned and expressed MSMEG_5817 as
a recombinant protein from Escherichia coli, including the
production of a selenomethionine derivative, and have
performed purification, crystallization and preliminary X-ray
diffraction studies to 2.40 A resolution (Shahine et al., 2013).

As a means of ascertaining its function, we set out to solve
the crystal structure of MSMEG_5817. This structure would
provide valuable insight into the structural characteristics of
the protein, as well as to gauge a potential functional role
through structural homology searches. Here, we describe the
structural features of MSMEG_5817 and present preliminary
evidence for its functional role.

2. Materials and methods

2.1. Cloning, expression and purification of recombinant
MSMEG_5817 protein

2.1.1. MSMEG_5817 and alanine-scanning mutagenesis
mutants for E. coli expression. The gene encoding
MSMEG_5817 was cloned and overexpressed in E. coli, and
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both native and selenomethionine-derivative recombinant
proteins were purified as described previously (Shahine et al.,
2013). MSMEG _5817 mutants were generated from the
parental pET-28c-MSMEG_5817 plasmid DNA through site-
directed mutagenesis. The mutants were PCR-amplified using
Pfu DNA polymerase (Promega) in 10x Pfu buffer with
specific sense and antisense primers. The PCR-amplified
product was digested with Dpnl (BioLabs) for 2 h at 37°C
before being transformed into chemically competent E. coli
XL1 Blue cells. Successfully cloned transformants were
confirmed by DNA sequencing. The expression and purifica-
tion of recombinant MSMEG_5817 and its variants were
conducted as described previously (Shahine et al., 2013).

2.1.2. Homo sapiens sterol carrier protein (SCP). The
expression vector pQTEV-SPC2 cloned into E. coli DH5«
cells was purchased from Addgene (ID 31336). The sterol
carrier protein from H. sapiens was expressed with an
N-terminal hexahistidine tag with a TEV protease cleavage
site. The pQTEV-SCP2 vector was transformed into E. coli
BL21 (DE3) cells for recombinant protein expression, with
successful transformants selected on LB-agar in the presence
of 100 ug ml™* ampicillin. Recombinant protein was expressed
and purified in the same manner as described previously
(Shahine et al., 2013).

2.2. Crystallization, data collection and data processing of
MSMEG 5817

Crystals of both native and selenomethionine-derivative
MSMEG_5817 were obtained as described previously, with
data collection and data processing conducted as described
previously (Shahine et al., 2013).

2.3. Structural determination of MSMEG_5817

The structure of MSMEG_5817 was determined as follows.
Using anomalous differences, two selenium positions were
identified and refined using AutoSol as part of the PHENIX
program package using experimentally determined f” and f”
values (Terwilliger et al., 2009) that were obtained previously
(Shahine et al.,, 2013) with default settings. The top solution
resulted in a FOM value of 0.59 and an estimated CC x 100
value of 66.7 £ 12.9. Upon density modification the final R
factor was 28.32%. The resultant density-modified Fourier
map, based on the three selenomethionine-derivative
MSMEG_5817 data sets, was used for automated model
building with the AutoBuild program of the PHENIX
program suite (Terwilliger ez al., 2008) with default settings.
210 of 256 residues were successfully built, with two molecules
in the unit cell with an Ry, of 24.68% and an Ry, of 29.11%.
The model built by AutoBuild was used as a molecular-
replacement model for a 2.40 A resolution native data set
using Phaser-MR in the PHENIX program suite (Adams et al.,
2010), with the top solution solved with a TFZ value of 10.0.
For cross-validation, a random set of 5% of the total reflec-
tions were kept aside from the refinement and used for the
calculation of Ry, (Briinger, 1992). The model was manually
adjusted using the interactive graphics program Coot (Emsley

Table 1
Structural refinement and validation of MSMEG_5817.
Resolution range (;\) 40.42-2.40
Completeness (%) 98.00
Ryont (%) 18.92
Rireet (%) 22.52
Rms.ds A
Bond lengths (A) 0.010
Bond angles (°) 1.04
Ramachandran plot
Favoured (%) 98.20
Allowed (%) 0.90
Outliers (%) 0.90
No. of modelled residues 230
No. of water molecules 71
Average B factors (A?)
Protein atoms 61.05
Water molecules 60.93
PDB code 4nss

T Ruork = Yt |1Fobs] = [Featel |/ paa [ Fos| for all data excluding the 5% that comprise
the Ry. set used for cross-validation.

et al., 2010) and refined using BUSTER (Bricogne et al., 2011)
until no further improvement could be made, resulting in a
final Ry Of 18.92% and Ry, of 22.52% (Table 1). The final
round of BUSTER refinement was conducted with the
-TLSBasic and -autoncs refinement settings. Atomic coor-
dinates and structure factors have been deposited in the
Protein Data Bank under accession code 4nss.

2.4. Structural analysis of MSMEG_5817

Refinement validation was conducted using MolProbity and
the POLYGON tool in the PHENIX program suite (Adams et
al., 2010). All structural superpositions were achieved using
the SSM Superpose feature of Coot (Emsley et al, 2010).
Secondary structure was confirmed using the STRIDE plugin
in PyMOL (Zhu, 2011). Surface-area calculations were
performed using the APBS plugin for PyMOL (Baker et al.,
2001). H. sapiens sterol carrier protein-2 (PDB entry likt;
Haapalainen et al., 2001), Aedes aegypti sterol carrier protein-
2 (PDB entry 1pz4; Dyer et al., 2003) and Oryctolagus cuni-
culus sterol carrier protein-2 domain (PDB entry 1c44; Choi-
nowski et al., 2000) were used for all structural alignments.

2.5. Circular-dichroism spectra

Circular-dichroism spectra of MSMEG_5817 and variants
were recorded on a Jasco J-815 circular-dichroism spectro-
polarimeter at 20°C with a data pitch of 0.1 nm and a scan
speed of 100 nm min~". Briefly, all MSMEG_5817 samples
were prepared at a concentration of 30 pM, with the exception
of the M109A and L121A mutants, which were prepared at a
concentration of 10 pM, in 50 mM sodium phosphate pH 6.0,
100 mM NaCl buffer. Far-ultraviolet circular-dichroism
spectra (260-200 nm) were recorded with five data accumu-
lations in a quartz cell with a path length of 0.1 cm. The
resultant spectra were visualized using Graphpad Prism.

2.6. Thermal stability analysis via RT-PCR Thermofluor

Thermal stability assays of MSMEG_5817 and variants
were performed using a real-time detection instrument
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(Corbett Rotor-Gene 300). Briefly, all MSMEG_5817 samples
were prepared at a concentration of 30 pM in 50 mM sodium
phosphate pH 6.0, 300 mM NacCl buffer. The fluorescent dye
SYPRO Orange (LifeTechnologies) was added to each sample
at a 10x concentration to enable monitoring of the protein-
unfolding process. Samples were heated from 30 to 90°C at
a rate of 1°C min~" and the changes in fluorescent intensity
were recorded accordingly with an excitation wavelength of
530 nm and an emission wavelength of 660 nm.

2.7. Phospholipid binding of MSMEG_5817 by
chemiluminescent enzyme-linked immunoassay (ELISA)

The phospholipid-binding capabilities of MSMEG_5817
and variants were determined by immunoassay. Selected
phospholipids (Avanti), fatty acid and cholesterol (Sigma)
stocks were created by dissolving 1 mg in chloroform and

C-terminus

al

B2 N-terminus

Residues /\’ =

72-76

il

(a)
Figure 1

freeze-drying under a stream of nitrogen gas before resus-
pension in 1:1 chloroform:methanol at a final concentration of
100 pM. Briefly, for direct plating assays lipids were diluted
1:10 in 10 mM phosphate-buffered saline (PBS) to yield a final
concentration of 10 pM in 100 pl and were plated on Nunc-
Immuno MicroWell Maxisorp 96-well solid plates overnight at
293 K. Excess phospholipids were washed in PBS + 1% (v/v)
Tween 20 before blocking in PBS + 1%(v/v) Tween 20 +
3% (w/v) bovine serum album (BSA) for 2h and washing
again. MSMEG_5817 and variants were titrated between 10
and 100 pM and allowed to bind for 1 h before washing. The
presence of bound MSMEG_5817 protein was detected by
HRP anti-hexahistidine antibody (R&D Systems) at a 1:2000
dilution. SureBlue TMB Microwell Peroxidase Substrate
(KPL) was used to detect the presence of antibodies, with the
reaction stopped by 0.1 M HCIl. Absorbance was detected by
FLUOstar Omega (BMG Labtech) at a wavelength of 450 nm.
All experiments were conducted
in triplicate, with data visualized
and statistical t-tests conducted
using GraphPad Prism.

3. Results and discussion

3.1. Structural determination of
MSMEG_5817

To gain insight into the func-
tion of MSMEG_5817 and its
orthologues, the crystal structure
of the MSMEG_5817 protein was
determined. As no significant
structural homologue was avail-
able, the crystal structure of
MSMEG_5817 was determined
via multiple-wavelength anom-
alous dispersion (MAD) using
data collected at three experi-
mentally  determined
lengths. Initial  experimental
phases were obtained with
AutoSol as part of the PHENIX
(b) program package (Terwilliger et
al., 2009), using experimentally

wave-

Overall crystal structure of MSMEG_5817. (a) Cartoon representation of the 2.4 A resolution
MSMEG_5817 crystal structure. The structure is colour-coded by secondary-structure element, with
a-helices, B-strands and loops coloured blue, yellow and pink, respectively. The structure comprises a single
antiparallel S-sheet consisting of four S-strands, B1 (residues 55-60), B2 (residues 63-68), 83 (residues 81—
84) and p4 (residues 108-110), with a classical B-bulge occurring between the 2 strand and the $3 strand.
Two B-hairpin structures are present, with the first spanning between the 3 strand and the 4 strand and
the second occurring through the B1 strand sandwiched between the 3 strand and the $4 strand. The latter
contributes to a Y-loop spanning residues 64-85. Residues 72-76 missing from the crystal structure
contribute to the formation of the y-loop. The B-sheet is stacked by a layer of five a-helices: a1 (residues
11-24), o2 (residues 33-50), a3 (residues 87-95), a4 (residues 87-95) and o5 (residues 100-104). A highly
hydrophobic cavity is formed between the B-sheet and the o3, o4 and o5 helices. The quality of the final
density is visualized (inset) around residues 66-70, centred on Ile69, which are visualized in ball-and-stick
representation and colour-coded based on their secondary structure. The o-weighted (2m|F,| — D|F,)
electron-density maps are contoured at 1.00. (b) Topology diagram of the MSMEG_5817 structure colour-
coded by secondary-structure element, with a-helices, B-strands and loops coloured red, pink and blue,
respectively.

determined f and f” values. The
highly symmetrical primitive
tetragonal P432,2 space group,
with unit-cell parameters a = 50.5,
b = 505, ¢ = 20557 A, could
accommodate two polypeptide
molecules in the asymmetric unit
(molecules A and B), corre-
sponding to a Matthews coeffi-
cient of 22 A>Da~! at 15kDa
per molecule (Matthews, 1968).
The structure of MSMEG_5817
was determined to a resolution of
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2.40 A, with final Ryoy and Ry statistics of 18.92 and 22.52%,
respectively. The refinement statistics are summarized in Table
1. The construct utilized in crystallization included residues 1—-
128 of MSMEG_5817 with ten vector-derived residues and an
N-terminal hexahistidine purification tag. Of this construct,
residues 9-128 in molecule A and residues 8-128 in molecule
B were modelled from the electron density. Electron density is
missing for one segment, consisting of residues 72-76 of
molecule A and 72-77 of molecule B, which could not be
traced in the electron-density map and therefore was not
included in the final model. Molecules A and B can be
superimposed with a core root-mean-square deviation
(r.m.s.d.) value of 0.40 A. There was no evidence of higher
order oligomerization within the crystal lattice, which coin-
cides with the purification of MSMEG_5817 as a monomer by
size-exclusion chromatography (Shahine et al., 2013). The final
model of MSMEG_5817 consisted of 230 amino-acid residues
and 71 water molecules. A Ramachandran plot analysis of the
final model using MolProbity (Chen et al., 2010) showed that
98.20% of the residues are in the most favoured regions, while
0.90% of the residues are in the allowed region and 0.90% of
the residues are in the outlier region. The outlier residues are
Ile69 in both molecules Aand B.

3.2. Crystal structure of MSMEG_5817

The 2.40 A resolution MSMEG_5817 crystal structure
(Fig. 1a) reveals a single B-sheet comprised of four antiparallel
B-strands surrounded by five a-helices, adopting an ol-o2—

Val49 /
LA._\V

Val107

\<Val82

(a)

Figure 2

B1-B2-B3-a3-ad—p4—a5 arrangement (Fig. 1b). The overall
tertiary structure of MSMEG_5817 exhibits a Rossmann-like
fold a/B two-layer sandwich (Rao & Rossmann, 1973; Garcia
et al., 2000; Sillitoe et al., 2013). A tightly packed cavity exists
at the interface between the a-helical layer and the p-sheet,
which may provide an interface for ligand binding. The four
antiparallel B-strands form the first layer of the protein
structure, arranged in a —1 2 1 topology. A single antiparallel
classic B-bulge occurs between Val60 on the £3 strand and
Phe63 and Val64 on the B2 strand across a S-turn. This type IV
hydrogen-bonded p-turn is comprised of residues Val60-
Pro61-Pro62-Phe63-Val64, with an i to i + 3 C* distance of
58A. A large B-hairpin structure is formed between B3 and
B4 with a hairpin class of 19:21, which includes «3 and o4 that
form part of the structural architecture over the fB-sheet. A
secondary S-hairpin structure is present in the form of a -
loop, in which the 81 strand is sandwiched in between the B2
and B3 strands, forming hydrogen bonds between the two
strands. The y-loop, which is generally considered to be rare
in protein structures (Hutchinson & Thornton, 1996), results
in a 12-residue loop including an extended conserved residue
patch spanning residues 74-83. The architecture of the y-loop
is stabilized by hydrogen-bond formation between the C*
atom of Ile69 with Ser55 on the 81 strand and Ala51 at the C-
terminal end of «2, with bond distances of 2.7 and 2.9 1&,
respectively. Owing to the rarity of y-loops within protein
structures, the presence of Ile69 as a Ramachandran outlier is
explained. The Cys68 residue is situation at the C-terminal end
of B2 before the y-loop and faces into the core of the protein.

Leu23

Leu36

(b)

Hydrophobic residue content. (a) Stick representation of valine residue side chains comprising the hydrophobic core of MSMEG_5817 (yellow). Black
dashed lines represent cross-valine hydrophobic interactions that stabilize the hydrophobic cavity of the protein, with bond distances ranging between
3.7and 4.3 A. (b) Coordination of the conserved Leu91 residue positioned on the o3 helix. Hydrophobic interactions between Leu91 and Leu23 on the
a1 helix and Leu36 on the o2 helix are denoted by black dashed lines, with bond distances of 3.7 and 3.6 A, respectively.
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MSMEG_5817 is comprised of a high percentage of
hydrophobic residues, predominantly alanine, valine and
leucine, which make up 39.1% of its amino-acid sequence.
The valine residues, which contribute 11.7% of the amino-acid
sequence, are predominantly positioned on the S1-f3 strands,
with side chains facing the interior of the structure (Fig. 2a).
The valine residues act to contribute to the overall hydro-
phobicity of the protein core. Interestingly enough, Val82,
located on the B3 strand, is the only valine residue with a
solvent-exposed side chain within the structure (Fig. 2a). The
11 leucine residues, comprising 8.6% of the total amino-acid
sequence, contribute to stabilizing the «-helical architecture

a4-helix
Electronegative patch

aS-helix
Electronegative patch

()

Figure 3

Arg33, Argdl, Arg45
Electropositive patch

surrounding the B-sheet (Fig. 2b). These helix-helix inter-
actions are primarily driven by a stretch of three leucine
residues, Leu89, Leu90 and Leu91, positioned in the o3 helix.
Leu91 acts to stabilize helix-helix interactions between the o3
helix and the ol and o2 helices through hydrophobic inter-
actions with neighbouring leucine residues (Fig. 2b). Addi-
tional hydrophobic interactions are made between Leu91 and
Leu23 in the ol helix and Leu36 in the @2 helix, with bond
lengths of 3.7 and 3.6 A, respectively (Fig. 2b).

Despite the highly hydrophobic nature of the
MSMEG_5817 structure, the recombinant protein was
successfully purified as a soluble protein. This is aided by the

Leucine
hydrophobicity patch

Valine hydrophobicity
pocket

180°

B-bulge

@

Surface electrostatic and hydrophobic properties of the MSMEG_5817 crystal structure. () Front and (b) rear views of the solvent-accessible surface
representation coloured by electrostatic potential as calculated by APBS (Baker et al., 2001). The potential contours are shown on a scale from
+5.0ksT e™" (blue) to —5.0kpT ™" (red); white indicates no change. (a) The positions of two electronegative patches involving residues Asp99 and
Asp102 on the o4 helix, as well as residues Glu116 and His119 on the &5 helix. (b) The position of an extended electropositive patch involving residues
Arg33, Argdl and Arg45. (c) Front and (d) rear views of a surface representation coloured by hydrophobicity according to the normalized consensus
hydrophobicity scale (Eisenberg et al., 1984). Colour representation with a colour gradient of most hydrophobic to least hydrophobic ranging from white
to green, respectively. Indicated are the positions of (c) the leucine hydrophobic patch and valine hydrophobic pocket and (d) the solvent-exposed Val82
residue and the classical S-bulge.
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high percentage of solvent-exposed arginine residues, which
make up 9.4% of the amino-acid sequence and are positioned
throughout the surface of the protein. The localization of
three arginine residues, Arg33, Arg4l and Arg45, situated in
the o2 helix contributes to a highly electrostatically positive
region facing the rear of the structure (Fig. 3b).

In addition, there is an extended negative electrostatic
patch spanning between the «-helical layer across the S-sheet,
comprised of a3, 4 and «5. This primarily involves Asp99 and
Aspl02 in the o4 helix and Glu116 and His119 in the 5 helix
(Fig. 3a). In each case, the residues are poorly conserved
throughout the orthologues analysed, save for Glul16, which
is substituted by an aspartic acid in M. leprae. In each case, the
side chains of these negatively charged residues face away
from the core of the structure and, if this is indeed a ligand-
binding cavity, would not be involved in direct ligand contacts.

A differing trend was observed upon comparing electro-
static potential with hydrophobic content. The highest locali-
zation of hydrophobicity is situated within the cavity
sandwiched between the «-helical layer and the B-sheet
(Fig. 3c). This region of hydrophobicity primarily involves the

valine residues spanning the p-sheet, combined with the
leucine residues linking the o3 helix to the o1 and o2 helices,
as described previously. The rear of the protein structure
reveals a small hydrophobic patch indicative of the anti-
parallel B-bulge spanning between the B2 and B3 strands
(Fig. 3d). This localization of hydrophobicity at the cavity
interface, coupled with the lack of electrostatically charged
residues facing inwards, may suggest that if this is indeed a
binding cavity then MSMEG_5817 may be involved in facil-
itating the binding of nonpolar ligands.

3.3. Comparison of MSMEG_5817 to structural homologues

Owing to the lack of conserved domains, and the absence
of characterized proteins with amino-acid sequence identity,
the function of MSMEG_5817 is presently unknown. In order
to gain functional insight based on the crystal structure of
MSMEG_5817, a DALI search of the Protein Data Bank was
conducted (Holm & Rosenstrom, 2010). The closest structural
homologues identified from the search results were a number
of sterol carrier proteins (SCPs), the function of which is to

Corerm.s.d. =22 A

Core rm.s.d. =2.4 A

Core rm.s.d. =22 A
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Figure 4

Cartoon structure superposition of MSMEG_5817 and sterol carrier proteins (SCPs). MSMEG_5817 (grey) is overlayed with (a) H. sapiens SCP (hSCP;
wheat), (b) A. aegypti SCP (AaSCP; magenta) and (c) O. cuniculus SCP (OcSCP; green), with core r.m.s.d. values of 2.2, 2.4 and 2.2 A, respectively. The
presence of bound Triton X-100 (a) and palmitic acid (b) in the SCP structures is shown in orange stick representation. (d) Sequence alignment between
MSMEG_5817 and identified SCPs. The alignment was prepared with ClustalW2 and visualized using ESPript v.2.2. Strict sequence-identical residues are
denoted with a red background, while similar residues are visualized in red text with a white background. Sequence similarities in groups are denoted by
blue boxes. Gaps are represented by dots.
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bind and transport sterols (Avdulov et al, 1999) and lipids
(Schroeder et al., 1995) across cellular membranes (Kernstock
& Girotti, 2007). Three SCPs were identified from H. sapiens
(PDB entry likt; Haapalainen et al., 2001; Szyperski et al.,
1993), A. aegypti (PDB entry 1pz4; Dyer et al., 2003) and
O. cuniculus (PDB entry 1c44; Choinowski et al., 2000), with
core r.m.s.d. values of 2.2, 2.4 and 2.2 A, respectively (Figs. 44,
4b and 4c). The SCPs exhibit a Rossman-like fold o/8 two-
layer sandwich, structurally similar to MSMEG_5817. The
crystal structures of the H. sapiens SCP (hSCP) and A. aegypti
SCP (AaSCP) were solved in the presence of a lipid bound
within the binding groove: Triton X-100 (Haapalainen et al.,
2001) and palmitic acid (Dyer et al., 2003), respectively. The
sequence identities between MSMEG_5817 and the SCPs are
very low, with AaSCP having the highest percentage identity
at 15.7% (Fig. 4d). Despite this, the secondary-structure
elements overlay tightly between MSMEG_5817 and the
SCPs, with the overall protein architecture being predomi-
nantly retained.

While the similarities between the tertiary structures of
MSMEG_5817 and the SCPs are apparent, there are some
subtle differences in their secondary-structure compositions.
The SCPs exhibit a larger binding cleft arranged in a —1 —1
3X —1 topology comprised of a five-stranded antiparallel
B-sheet with a slight curvature. In comparison, the

ol
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MSMEG_5817 B-sheet is arranged in a —1 2 1 topology
comprised of a flat four-stranded antiparallel B-sheet (Figs. 44,
4b and 4c) The larger B-sheets present in the SCPs accom-
modate a larger lipid-binding interface. In addition, the
MSMEG_5817 structure contains a N-terminal helix that is
not conserved in other SCPs (Figs. 44, 4b and 4c) that results
in r.m.s.d.s that are larger than normal between conserved
proteins. However, the N-terminal helix is conserved across
other Corynebacterineae orthologues (Fig. 5), suggesting a
conserved function within this family.

The previously determined crystal structures of hSCP and
AaSCP both contain a bound lipid within their respective
binding cavities. Upon comparison, the residues involved in
contacts between the SCPs and the respective lipid differ
between the two proteins. In the case of the AaSCP, the basal
a-helix unravels to accommodate binding against the polar
carboxylic acid head group. The residues binding the lipid tail
are predominantly conserved with respect to hSCP, principally
comprising large aliphatic residues situated on the a-helices
surrounding the B-sheet. This supports the function of the
SCPs as nonspecific lipid-binding proteins exhibiting a large
binding cavity accommodating a broad range of lipids both in
functionality and size.

In comparison, the positions of the lipid-binding residues
are poorly conserved between MSMEG_5817 and the SCPs.
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Figure 5

Amino-acid sequence alignment of members of the MSMEG_5817 protein family. This list includes the following: Mycobacterium smegmatis
(YP_890045.1), M. tuberculosis (NP_215322.1), M. leprae (NP_302448.1), M. bovis (NP_854488.1), M. avium (WP_003875797.1), Corynebacterium
glutamicum (NP_601783.1), C. diphtheriae (YP_005138847.1), C. efficiens (WP_006769165), Rhodococcus equi (YP_004005639.1), R. jostii
(YP_704781.1), Gordonia sputi (WP_005204186.1) and Nocardia brasiliensis (YP_006805579.1). The alignment was prepared with ClustalW2 and was
visualized using ESPript v.2.2. The secondary-structure elements correspond to the structure of MSMEG_5817. Strict sequence-identical residues are
denoted with a red background, while similar residues are visualized in red text with a white background. Sequence similarities in groups are denoted by
blue boxes. The green line indicates the position of the y-loop.

Acta Cryst. (2014). D70, 2264-2276 Shahine et al. + MSMEG_5817 2271

108



Chapter 5: Structure & Function of MSMEG 5817

research papers

The only conserved residue present within the binding groove
of MSMEG_5817, assuming a similar binding mechanism to
the SCPs, is Leul21. The Leul21 side chain faces the binding
groove situated on the &5 helix and may be involved in direct
contact with a bound ligand.

3.4. Sequence similarity of MSMEG_5817 to other
Corynebacterineae orthologues

In order to gain insight into the functional role of
MSMEG_5817, we compared the sequence of MSMEG_5817
with those of its orthologues from the closely related myco-

120 =
Il MSMEG 5817

1 3 nscp
100 - I l

80
60 -

40 4

Relative binding (%)

20 4

;1 1 1 |

T T T
Sphingomycelin ~ Oleic acid Palmitic acid Cholesterol

(a)

160 1

I Rv2971

140 1 =3 MSMEG 5817, 50 uM
B MSMEG 5817, 75 uM
120 { mmnscp

(=3
=3
1

(=)
(=]
1

Relative binding (%)
o®©
(=}

'S
=1
1

PA PC PE PG PI PI3P PS
(b)

Figure 6

Comparative lipid-binding capabilities of MSMEG_5817 and H. sapiens
SCP (hSCP) as determined by ELISA. (a) The lipid-binding capabilities
of MSMEG_5817 were assessed against lipids previously determined to
be bound by hSCP with high affinity (Schroeder et al., 2007). Data were
normalized against the results of hSCP binding to cholesterol as a positive
control. Limited to no binding was observed for MSMEG_5817,
indicating a difference in lipid specificity compared with hSCP. (b) A
range of biologically relevant phospholipids were selected to probe the
lipid-binding capabilities of MSMEG_5817. Data were normalized
against hSCP as a positive control and the M. tuberculosis aldo—keto
reductase Rv2971 as a negative control. The results indicate binding to a
number of phospholipids in a dose-dependent response manner. The
ELISA experiment was conducted as described in §2.7. Data are
represented as relative percentage binding against the controls. Results
were visualized using GraphPad Prism, with error bars representing the
mean percentage == SEM of triplicate experiments.

bacterial species M. tuberculosis and M. leprae, as well as those
from other representatives of the suborder Corynebacterineae
(Fig. 5). The sequences are highly conserved, with a minimum
of 53% pairwise sequence conservation. A BLASTp search
was unable to detect any putative conserved domains. The
longest stretch of conserved residues is located from residues
74 to 83. A high degree of variation is observed in residues 97—
105 that represent the a4 helix. The highly conserved valine
residues Val56, Val66, Val82 and Val83 in MSMEG_5817
maintain the potential hydrophobic binding pocket. The
conservation of these valine residues across all orthologues,
as well as the presence of additional hydrophobic residues
replacing the other valine positions in MSMEG_5817, suggests
that all orthologues may bind nonpolar ligands.

3.5. Phospholipid-binding capabilities of MSMEG_5817 by
ELISA

Owing to the conservation of the hydrophobic binding
pocket and the structural similarities of MSMEG_5817 to the
SCP class of proteins, we hypothesized that MSMEG_5817
and its orthologues may be involved in the binding of bio-
logically relevant lipids. SCPs have previously been char-
acterized to bind to cholesterol, a range of phospholipids and
saturated and unsaturated fatty acids of varying lengths (van
Amerongen et al., 1989; Wirtz & Gadella, 1990; Schroeder et
al., 1995; Avdulov et al., 1999; Kernstock & Girotti, 2007).

The lipid-binding capabilities of MSMEG_5817 were
probed by immobilized lipid ELISA (enzyme-linked immuno-
assay). hSCP has previously been observed to bind tightly to
cholesterol, with a reported affinity of 4.0 nM (Stolowich et al.,
1999). The lipid-binding capabilities of MSMEG_5817 was
initially probed against cholesterol, as well as a number of
highly prevalent biological fatty acids, including palmitic acid,
which was present in the crystal structure of AaSCP (Dyer et
al., 2003). Recombinant hSCP was found to bind oleic acid,
palmitic acid and cholesterol, as observed previously (Fig. 6a;
Dyer et al., 2003; Kernstock & Girotti, 2007). In comparison,
MSMEG_5817 was found to not bind any of the initially tested
lipids. In addition, no growth defects were observed upon
growing MSMEG_5817 mutant on minimal medium where
oleic acid, palmitic acid and cholesterol were the only carbon
sources (data not shown). This observation is in keeping with a
recent study looking at genes that are essential for cholesterol
catabolism in M. tuberculosis, with Rv0807, the M. tuberculosis
homologue of MSMEG_5817, being shown not to be required
for growth that is dependent on cholesterol as sole carbon
source (Griffin et al., 2011).

Further experiments exploring the potential lipid-binding
capabilities of MSMEG_5817 were performed using
commercially available lipid strips (Echelon). It was shown
that MSMEG_5817 bound to a range of biologically relevant
phospholipids; however, no binding was observed to choles-
terol (data not shown). It has previously been reported that
hSCP is capable of binding phosphatidylcholine (PC) as well
as a range of phosphatidylinositols with varying specificities
(Gadella & Wirtz, 1991; Avdulov et al., 1999; Zhou et al., 2004).
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Verification of phospholipid binding by MSMEG_5817
was also performed wusing immobilized lipid ELISA.
MSMEG_5817 was found to bind a number of phospholipids

with a dose-dependent response, with the strongest binding
observed to phosphatidic acid (PA), phosphatidylserine (PS)
and phosphatidylinositol 3-phosphate (PI3P) (Fig. 6b). Weak
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Figure 7

Mutant analysis of MSMEG_5817 by alanine-scanning mutagenesis. (a) Stick representation of the positions of the residues mutated to alanine. Residues
for mutagenesis studies were selected based on sequence identity between MSMEG_5817 orthologues and conservation with SCP ligand-binding
residues. Inset: stick representation of amino-acid residue contacts with Met109 positioned in the B4 strand. The C° atom of Met109 forms two
hydrophobic interactions with Ile100 with bond distances of 3.5 A, as well as a single hydrophobic interaction with Val107 with a bond distance of 3.8 A,
represented by the black dashed line. In addition, the S® atom of Met109 forms van der Waals interactions with the main chains of Ala114 and Alal15 in
the o5 helix, with bond distances of 3.7 and 3.9 A, represented by magenta dashed lines. (b) Circular-dichroism spectra of MSMEG_5817 and mutants.
Far-UV CD spectra were recorded of wild-type MSMEG_5817 (filled circles) and the S17A (filled squares), V58A (triangles), V82A (filled diamonds),
V83A (circles), M109A (squares) and L121A (diamonds) mutants between wavelengths of 200 and 260 nm. Spectra were visualized using GraphPad
Prism. (c) Thermal stability assay of MSMEG_5817 mutants compared with the wild type, as measured by Thermofluor. The greatest reduction in
thermal stability was observed for the V58A and V63A mutants. Results are represented as the mean temperature £ SEM in triplicate experiments. (d)
Lipid-binding capabilities of MSMEG_5817 mutants by ELISA. Binding capabilities to PI3P of MSMEG_5817 mutants compared with wild-type
MSMEG_5817 as measured by ELISA as described in §2.7. The greatest reduction in binding capabilities was observed for the V82A and M109A
mutants. Results were normalized against the wild type (100%) and a PBS blank (0%). Results are represented as mean percentages == SEM in triplicate
experiments. All graphs were visualized using GraphPad Prism.
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binding was observed with phosphatidylglycerol (PG) and
phosphatidylinositol (PI) and minimal or no binding was
observed with phosphatidylcholine (PC) and phosphatidyl-
ethanolamine (PE). Stronger binding was observed with PI3P
compared with PI, indicating substrate specificity for the
additional phosphate on the PI3P head group. No binding was
observed for the saturated and unsaturated fatty acids tested,
which contribute to phospholipid fatty-acid tails, indicating
substrate specificity for the larger phospholipid head groups of
PI3P and PS. In contrast, recombinant hSCP was found to bind
to a range of the phospholipids, with the highest binding to
PG, while the aldo-keto reductase (Rv2971) from M. tuber-
culosis showed no binding to phospholipids (Fig. 6b). These
results indicate a difference in substrate specifies between
MSMEG_5817 and hSCP, with MSMEG_5817 binding
preferentially to phospholipids with predominantly electro-
negative head groups.

3.6. Probing the putative MSMEG_5817 binding pocket

In the absence of a crystal structure of MSMEG_5817 with
a bound ligand, the potential ligand-binding residues were
probed by utilizing alanine-scanning mutagenesis. The lipid
ELISA indicated differences in binding mechanisms and
substrate specificities between MSMEG_5817 and hSCP. The
mutated residues were selected based on sequence identity
within the MSMEG_5817 orthologue family and the SCP
family, along with positional conservation of residues involved
in ligand contacts within the SCPs (Fig. 7a).

The mutants were expressed and purified as soluble protein,
with the exception of WI0A and C68A, which were expressed
as insoluble protein, indicating essentiality in maintaining the
structural integrity of MSMEG_5817. No expression of I100A
was detected by Western blotting. Each of the mutant proteins
was purified by size-exclusion chromatography, revealing a
strong peak relating to monomeric protein. In the case of
M109A and L121A, a high degree of soluble aggregate was
present and was successfully removed by size-exclusion
chromatography.

In order to ascertain the effects of the mutants on the
overall secondary-structure composition of MSMEG_5817,
circular dichroism (CD) in the far-UV range was conducted.
The CD spectra measured between wavelengths of 260 and
200 nm indicated conservation of a-helical content between
wild-type MSMEG_5817 and each of the purified mutants,
with the exception of M109A (Fig. 7b). The changes within the
M109A mutant may indicate destabilization of the B4 sheet,
resulting in a stronger a-helical representative trace, with a
prominent dip at 220 nm observed in the CD spectra. Met109
forms hydrophobic interactions with Ile100 present on the o4
helix, as well as van der Waals interactions between the S atom
and the C* atom of residue Alall5 in the o5 helix (inset in
Fig. 7a), which is conserved amongst the orthologues (Fig. 5).
This could be an indication as to the lack of expression of
I100A, as well as the high degree of soluble aggregate
observed for M109A. However, Met109 is poorly conserved
between orthologues and is only present in M. leprae (Fig. 5).

Within mycobacterial species a leucine residue is predomi-
nantly present at position 109, with smaller residues present
amongst the broader Corynebacteria orthologues.

The structural integrity of each of the mutants was analysed
by RT-PCR Thermofluor using the fluorescent dye SYPRO
Orange to determine thermal stability (7,,) values (Ericsson et
al., 2006). A significant drop in the T}, value was observed for
each of the mutants, with the exception of S17A, which acted
as the control mutant. The greatest decrease in the T, value
was observed for the internal valine mutants V58 A and V83A,
with a decrease of ~15°C from ~70°C for wild-type
MSMEG _5817 to ~54°C for the mutants (Fig. 7c). These
results indicate that the internal valine residues tested are vital
for maintaining the hydrophobic integrity of the protein core,
stabilizing the overall protein fold (Fig. 4a).

To gain insight into the effects of the mutant binding
capabilities, an ELISA was conducted using PI3P as the
strongest binding lipid. The results of the ELISA indicated no
statistical differences in binding capabilities between the wild-
type and the internal V83A (p < 0.19) and L121A (p < 0.57)
mutants (Fig. 7d). The V58A (p < 0.05) mutation resulted in
a significant increase in lipid binding, suggesting that this
mutation affects the environment in the potential binding
pocket, thus increasing the affinity for the phospholipid PI3P.

The binding of PI3P by wild-type MSMEG_5817 and the
control S17A mutant was the same. There was a complete loss
of PI3P binding by the M109A mutant (p < 0.001), which
may be owing to alteration of the overall secondary-structure
composition of MSMEG_5817 or to direct residue binding.
Interestingly enough, there was a 60% reduction in binding of
PI3P by the solvent-exposed V82A mutant (p < 0.05), which
may indicate differences from the binding mechanism shown
by hSCP, which has a preference for cholesterol over phos-
pholipids.

4. Conclusions

Vital to the success of mycobacterial pathogenesis is the ability
of mycobacteria to parasitize the host macrophage phago-
some, creating a hospitable environment for survival and
replication. The key to controlling mycobacterial infection is
to identify the novel biochemical pathways utilized for this
process for the purposes of rational drug design. The recently
identified gene product of MSMEG_5817 from M. smegmatis
has been found to be vital for mycobacterial survival within
host macrophages (Pelosi et al., 2012). The MSMEG_5817
gene encodes a protein of 128 amino-acid residues of
unknown function that is highly conserved within the Coryne-
bacterineae suborder. In the present study, we have deter-
mined the crystal structure of MSMEG_5817. The crystal
structure revealed a Rossmann-like fold o/f two-layer sand-
wich forming a highly hydrophobic interface cavity and with
high structural homology to the SCP family. Coupled together,
this supports the hypothesis that MSMEG_5817 may be
involved in the interaction of apolar ligands through its
hydrophobic cavity.
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Investigation of the lipid-binding capabilities of
MSMEG_5817 revealed binding to a number of phospho-
lipids, with the highest specificities for those with predomi-
nantly negatively charged head groups, namely PA, PS and
PI3P. This specificity was in direct contrast to the lipid-binding
capabilities of hSCP. Alanine-scanning mutagenesis of the
hydrophobic cavity of MSMEG_5817 demonstrated that the
conserved Val82 residue plays an important role in ligand
binding, with the ligand-binding interface potentially located
at the base of the structure, centred on Val82 and the -loop,
in a similar position to the AaSCP binding site. The result
for the M109A mutant was surprising owing to changes in
secondary structure and the complete loss of ligand-binding
capability despite its poor conservation within the
MSMEG_5817 family. This suggests that the potential inter-
face has delicate architecture.

While binding to a number of phospholipids was observed,
further studies are required to identify the natural ligand and
identify the true function of the MSMEG_5817 family. Owing
to the binding of MSMEG_5817 to PI3P, we speculate that it
may have a potential role in processing host-cell PI3P, thereby
contributing to the block in phagolysosomal maturation;
however, confirmatory studies are required. Nevertheless, the
structural and functional characterization presented in this
report has paved the way for the further characterization of
this family of proteins and their functional role within the
Corynebacterineae 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 A 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 A. 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 A crystal structure were present, namely the missing residues belonging to the highly

conserved W-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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Abstract

The genus Mycobacterium comprises a number of deadly human pathogens, including
Mycobacterium tuberculosis, the causative agent of tuberculosis (TB). An urgent need has arisen
for drug development against TB due to the increasing prevalence of drug resistance. X-ray
crystallography has provided a pivotal platform for the structural characterization of
mycobacterial drug targets, proteins involved in pathogenicity, and essential proteins of
unknown function. Despite this, a major bottleneck exists in the production of soluble
recombinant protein and diffraction-quality crystals from M. tuberculosis. Mycobacterium
smegmatis, a fast-growing, saprophytic mycobacterial species, has provided a means for
overcoming this bottleneck; both as an effective expression system for mycobacterial proteins
themselves and as a source of orthologues with related functions. MSMEG 5817 is an M.
smegmatis protein implicated in bacterial survival within host macrophages and we have
determined its crystal structure to a resolution of 1.70 A utilizing recombinant protein produced
within a homologous expression system. The high-resolution structure reported here reveals
previously unresolved structural details from a previously determined MSMEG 5817 structure
(2.4A), such as the conformation of the usually disordered wy-loop that is highly conserved
throughout the protein family. The new MSMEG 5817 crystal structure allows for a higher

quality functional characterization of this poorly characterized protein family.

Key words: X-ray Crystallography, Mycobacterium tuberculosis, Mycobacterium smegmatis,

Native Expression Host, MSMEG_ 5817, W-loop.
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Introduction

Bacteria of the genus Mycobacterium include a number of devastating pathogens, such as
Mycobacterium tuberculosis, the causative agent of human tuberculosis (TB). Approximately
one third of the world’s population is currently infected with M. tuberculosis, resulting in 1.4
million deaths per year.! The emergence of drug resistant strains of M. tuberculosis in many
countries has made treatment substantially more difficult, resulting in an urgent need for the

development of novel drugs.

Structural biology has been valuable in the understanding of mycobacterial biology and drug
development. Of the 3,999 open reading frames present within the M. tuberculosis H37Rv
genome?, approximately 400 unique crystal structures have been deposited into the protein data
bank (PDB, http://www.rcsb.org/pdb/home/home.do). While this signifies considerable progress,
primarily driven by the formation of the TB Structural Genomics Consortium in 2000°, there still
exists substantial difficulty in expressing and crystallising recombinant TB proteins. As a means
of overcoming this bottleneck, suitable orthologues from Mycobacterium smegmatis are often
selected for structural analysis, with such orthologues making up 15% of deposited
mycobacterial structures. M. smegmatis is a saprophytic mycobacterial species with limited
capabilities for survival and growth within host macrophages, making it an suitable model

organism for the study of mycobacterial pathogenesis.”

The fast growing, non-pathogenic properties of M. smegmatis make it an attractive recombinant
mycobacterial protein expression system.’ In the absence of soluble recombinant protein
expression within Escherichia coli, M. smegmatis has been a useful replacement expression
system®, with 40 mycobacterial structures currently produced via this manner. Expression in
mycobacteria hosts causes minimal disruption to the post-translational and folding pathways of
TB proteins. Moreover it has previously allowed for the retention of native substrates to aid in

functional characterization’.

The preservation of a protein’s structural and functional integrity in this system makes it an
attractive mechanism for the characterization of novel proteins of unknown function. One such
example is a recently identified gene product from M. smegmatis, MSMEG_5817, implicated in
bacterial survival within host macrophages.® The M. muberculosis protein Rv0807 did not
crystallize readily in our hands, whereas we were able to obtain a structure of the M. smegmatis
orthologue at 2.40 A resolution, providing insight into the protein’s function’'’. It was found that
MSMEG 5817 shared structural homology with the sterol carrier protein (SCP) family'®, whose

role is to mediate the binding and transport of sterols and lipids across cellular membranes''™"?,
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The lipid binding capabilities of MSMEG_5817 were confirmed, revealing binding to a range of
phospholipids, with a potentially different binding mechanism to that of the SCPs."’

Here we describe the 1.70 A crystal structure of MSMEG 5817 produced within a homologous
expression system, revealing additional structural elements not observed within its previously
determined crystal structure. Our analysis of this higher resolution protein structure provides a

more in depth characterisation of MSMEG_5817.

Results

The construct included residues 1— 128 of MSMEG_ 5817 with 7 vector-derived residues and an
C-terminal hexahistidine purification tag was successfully produced in homologous M.
smegmatis expression system. Protein purification routinely yielded 10 — 12 mg.L™ of pure
MSMEG 5817, significantly higher than a similar construct produced from a heterologous E.
coli system’. High diffraction quality crystals of MSMEG 5817 grew in 16 % Polyethylene
glycol 6000, 0.1 M Tris-HCI pH 8.3, 0.2 M MgCl, at 20 °C. No crystals of the M. smegmatis
produced MSMEG_5817 were obtained in the crystallization condition used for the E. coli
produced MSMEG _5817.>'° The crystal structure was solved by molecular replacement, using
the M. smegmatis MSMEG 5817 produced in E. coli (PDB 4NSS). Crystallographic data

collection and refinement statistics are summarised in Table 1.

Two nearly identical copies of MSMEG_ 5817 were present within the asymmetric unit, with a
core RM.S.D. of 0.23 A upon structural overlay. Residues 1 — 128 of MSMEG 5817 were
crystallized; including 7 N-terminal vector derived residues and a C-terminal hexahistidine tag.
Of this construct, residues 8 — 126 in Molecule A [Fig 1(A)] and residues 1 — 126 in molecule B
[Fig 1(B)] were modelled from the electron density, with the inclusion of the 7 N-terminal vector
derived residues in molecule B, denoted as residues -6 to 0. Electron density is missing for one

segment, between residues 73-77, in molecule B [Fig 1(B)].
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Table 1: Crystallographic Data Summary Table

Values in parenthesis represent highest resolution shell

MS-MSMEG_5817

Space group

Temperature (K)
Resolution range (A)
Wavelength (A)

Unit-cell parameters (A, °)

Total No. of reflections

No. of unique reflections

Multiplicity

Completeness (%)

CC (172)

Rmerge (%) 2

Ryim (%) "

Mean I/ o(]) €

Ruvork (%)

Rfree (%) ¢

Number of non-hydrogen atoms
Macromolecules
Ligands
Water

Protein residues

R.M.S deviations from ideality
Bond Lengths (A)
Bond Angles (°)

Ramchandran Plot
Favoured Region (%)
Allowed Region (%)
Outliers (%)

B-factors (A7)
Wilson B-factor
Average B-factors
Average Macromolecule
Average Ligand
Average Water

P22,2,
100

30.22 — 1.70 (1.79 - 1.70)
0.9357

a=42.6, b=70.5, c=100.4
0=90.0, $=90.0, y=90.0
342332 (430235)

33747 (4709)

10.1 (9.1)

99.2 (97.2)

0.999 (0.901)

5.8 (33.7)

2.9 (18.6)

20.9 (4.8)

17.52

20.95

2190

1874

40

276

247

0.008
1.08

98.0
1.2
0.8

15.71
28.4

26.50
51.30
38.50

a Rierge = Zhkl Zi | Thkl, i - <IhkI> |/ Zhkl <Ihkl>

b Ryim = ShkI [1/(N — 1)]1/2 i | Thkl, i - <IhkI> | / Shkl <IhkI>

¢ I is the integrated intensity and o(J) is the estimated standard deviation of that intensity

d Ryorc = (X | [Fo| — [Fc||) / (2| [Fol) - for all data except as indicated in footnote e.

€ Reee = 5% of data were used for the Rfree calculation. ##
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[14NSS: E. coli
[14zY7: M. smegmatis

Figure 1: Overall crystal structure of MSMEG 5817 solved to 1.70 A. Cartoon representation of the
MSMEG_5817 crystal structure of (A) Chain A and (B) Chain B, highlighting secondary structure elements. The a0
helix is visible only in Chain B (outlined). (C) Structural overlay the MSMEG_5817 crystal structures as produced
in M. smegmatis (pink) and E. coli (green). The two crystal structures overlay with a core R.M.S.D value of 0.26 A.
The N-terminal (G71) and C-terminal (T78) residues surrounding the gap in the y-loop presented in the E. coli
produced crystal structure are also highlighted.
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The structure of MSMEG 5817 consists of a four stranded antiparallel 3-sheet stacked by a layer
of five a-helices in a Rossman-like two-layer o/f sandwich fold [Fig. 1]. Crystals of
MSMEG 5817 grew in the orthorhombic space group P22,2;, which contrasts with the primitive
tetragonal space group P432,2 of the MSMEG 5817 used as the search model for molecular
replacement’. The two structures overlay closely, with a core R.M.S.D value of 0.26 A obtained,
showing a virtually identical fold [Fig 1(C)]. The higher resolution of the M. smegmatis-derived
structure allowed an additional 14 residues to be modelled, which corresponded to the previously

101415 that spans residues 55-85, including all secondary structure elements

described wy-loop
[Fig 2]. The y-loop in MSMEG 5817 adopts a type 1 topologym’15 [Fig 2(i)], which is common
in a wide variety of protein families'®?. The y-loop sits on two flexible hinges: residues S70-
G71 at the C-terminal end of the 32 strand, and P79-P80 at the N terminal end of the 33 strand.
The residues in between these hinges were disordered in the previous structure whereas they are
visible in the M. smegmatis y-loop and do not appear to be influenced by crystal packing
interactions in either crystal form'®. The hinge residues contribute to the flexibility of this loop
region and the intervening residues are highly conserved amongst Mycobacterial orthologues; 23
of the 30 residues within the y-loop loop are strictly conserved. Compared to the M. tuberculosis

orthologue, Rv0807, the only residue difference within the y-loop is K73, which is substituted

.. . . 1
for an arginine at this position'.

The main stabilizing features of the MSMEG 5817 y-loop are contacts made by residue 169,
which is characterized as a Ramachandran outlier on both chains in the M. smegmatis [Table 1]
and E. coli' crystal structures. 169 is the C-terminal residue of the B2 strand and sits at the
interface between the core of the domain and the flexible y-loop, making contacts with both [Fig
3]. This includes van der Waals interactions with the side chains of E116, V117 and Y120 within
the central core of the fold, found on the a3 helix [Fig 3]. The p-branched character of 169 is
conserved amongst all Mycobacterial orthologues of MSMEG 5817.
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Figure 2: Overview of the W—loop. Cartoon representation of the f1-f2-B3 strand organization in MSMEG_5817
characteristic of a type 1 W—loop (i) Topology map of MSMEG 5817 W—loop strand organization. The 23 strictly
conserved residues (green) within the W—loop are highlighted in stick-and-ball representation. Residue S55 exists as

two alternate confirmations.
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In addition to the newly resolved wy-loop, the N-terminal residues 1 — 7 are visualized within
molecule B. These residues are unobserved within the previously determined structure of
MSMEG_5817 and reveal an additional a-helix (denoted as a0), spanning residues 1 — 5 [Fig
1(B)]. The architecture of the N-terminal region is influenced by the 7 residues derived from the
pJAM2 vector, with the sequence PEVVFGS. The vector-derived serine is included within the
a0 helix, indicating that the additional secondary structure element may not be biologically
relevant. In the case of this structure, the vector-derived residues aid crystallization by acting as
an inter-asymmetric unit locking mechanism, stabilized predominantly through hydrogen bond

and salt bridge formation [Sup Fig 1].

Discussion

Identifying the phospholipid-binding site of MSMEG 5817 is central to characterizing the
function of this protein family, but has remained elusive'’. Understanding the role of the y-loop,
which is highly conserved amongst MSMEG 5817 orthologues, will aid in characterizing this
function. Not all SCPs contain y-loop equivalents, but for proteins in which it is present the
equivalent residues are often seen to be essential for maintaining structural integrity and protein
function'’. Tt is unclear whether the hydrophobic core of MSMEG 5817 opens to allow
phospholipids to enter in a manner similar to that of other proteins within the SCP family. A lack
of sequence or motif similarities between the y-loops of different protein family members
suggests substrate binding by MSMEG 5817 may have some unique features. In addition, the
presence of the y-loop in MSMEG 5817 and not in the SCP family supports the role that
MSMEG 5817 binds phospholipids in a differing manner to the SCPs'°.

The improved diffraction resolution compared to the previously determined MSMEG_ 5817
structure appears to be fortuitously driven by the presence of additional crystal packing residues
derived from the M. smegmatis expression vector, no additional post-translational modifications
were observed. Thus, producing MSMEG 5817 utilizing the homologous expression system
yields one major advantage: mainly a much-improved yield when compared to heterologous
expression system such as an E. coli system. Previous alanine-scanning mutagenesis studies had
shown that mutation of V82 within this y-loop reduces the protein’s affinity for phospholipids'®,
leading to the hypothesis that this region of MSMEG_ 5817 is part of the phospholipid-binding
site. As the y-loop was not ordered in the previous structure, the role of V82 could not be

confirmed. In the present structure, vector derived residues appear to limit the movement of the
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R113

Figure 3: Stabilization of the W-loop. Hydrogen bond formation between the backbone of 169 and neighbouring
residues of the ¥—loop are shown in pink, with bond distances ranging between 2.7 A and 3.4 A. Hydrophobic and
Van Der Waals interactions between 169 and residues on the a3 helix are shown in black, with bond distances
ranging between 3.4 A and 4.1 A. Secondary structure elements are also highlighted. The c,-weighted (2m|Fo| -

D|Fc¢|) electron-density map in blue for 169 are contoured at 2.0 c.
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B1 and B3 hinges locking the y-loop into a single conformation that facilitates its visualisation,

confirming that V82 is orientated towards the potential lipid binding site.

In conclusion, the crystal structure of MSMEG 5817 derived from recombinant protein
produced in its native host has produced a higher quality crystal structure, revealing previously
unobserved structural elements. The complete visualization of the y-loop allows for a more in
depth characterization of the protein structure, which exhibits differences with protein families
that also contain this structural motif. Aided by crystal contacts with the vector-derived sequence,
a more complete structural model was derived, allowing for visualization of the y-loop and an

additional a0 helix, which will aid in further biological characterisation of this class of protein.

Materials and Methods

MSMEG_5817 expression and purification

The MSMEG 5817 gene was cloned into the pJAM2 vector, containing a C-terminal
hexahistidine purification tag, and transformed into wild type mc*155 M. smegmatis cells for
expression. Cell cultures for overexpression of recombinant protein were grown as previously
described, with minor alterations.” Pre-inoculum cultures were grown for 4 d at 37 °C in 7H9
Middlebrook medium containing 100 pg.ml” kanamycin and supplemented with 0.025 % (v/v)
Tween 80 and 10 % (v/v) ADS enrichment (11 mM glucose, 14.5 mM NaCl, 76 uM Bovine
Serum Albumin). The starter culture was used at a dilution of 1:50 to inoculate 500 mL M63
medium (76 mM (NH4),SO4, 500 mM KH,POu, 5 uM FeSOa, pH 7.0) supplemented with 1 mM
MgSOs, 0.5 % (v/v) Tween-80, 2 % (w/v) succinate, 2 % (w/v) acetamide, 0.008 % (w/v)
glucose and 100 pg.ml’l kanamycin. Cultures were grown at 37 °C for 3 d. Cells were harvested
by centrifugation and stored at -80 °C until use. Recombinant protein was purified to
homogeneity as previously described”'’, with yields of 10-12 mg.L" routinely obtained.
Crystallization

Initial crystallization conditions for MSMEG 5817 were found through commercially available
screens (Hampton Research and Qiagen). Crystals were produced by the hanging drop method in
24-well Linbro plates (Hampton Research), with each crystallization drop consisting of 1 pL
protein solution (15 — 20 mg.mL" in 20 mM MES pH 6.0, 100 mM NaCl) mixed with 1 pL
mother liquor and a 500 pL reservoir volume. Thin plate crystals of poor diffraction quality
appeared within 12 — 24 hours in 20 % (v/w) PEG 8000, 0.1 M Tris-HCI pH 8.5, 0.2 M MgCl, at
20 °C. Optimal crystals for diffraction data collection were obtained in 16 % (v/v) PEG 6000, 0.1
M Tris-HCI pH 8.3, 0.2 M MgCl, at 20 °C after 24 — 48 hours. For x-ray diffraction data

collection, crystals were transferred into a CryoLoop and soaked in a cryoprotectant of 20 %

11
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(v/w) PEG 6000, 0.1 M Tris-HCI pH 8.3, 0.2 M MgCl,, 10 % (v/v) Ethylene Glycol before flash

freezing at -173 °C in a stream of nitrogen gas.

Data collection, structure solution and refinement
X-ray diffraction data for MSMEG 5817 plate crystals was collected at the Australian

Synchrotron MX1 beamline using the ADSC-Quantum 210r CCD at -173 °C and A = 0.9537 A,
The data was processed in the orthorhombic space group P22,2, to 1.70 A using iMOSFLM**
and processed using SCALA as part of the CCP4 suite”. The unit cell parameters were a = 42.61
A, b=7049 A, c =100.37 A, and o/p/y = 90.0°. There were two molecules in the asymmetric
unit, corresponding to a Matthews coefficient of 2.47 A® D™'.** The structure was determined
using molecular replacement as implemented by Phaser-MR as part of the PHENIX protein
suite’®. The search model used was MSMEG 5817 as produced in Echerichia coli (PDB entry:
4NSS), yielding the final ensemble model. Resultant TFZ and LLG values obtained were 9.7 and
27.9 respectively. Model building and refinement were performed using the programs Coot™ and
Phenix-refine as part of the Phenix program suite’’. Figures were prepared using PyMOL.
Secondary structure was confirmed using the DSSP/STRIDE plugin for PyMOL”. Model
quality was evaluated by PROCHECK™ and Molprobity®'.

Atomic coordinates

Atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB

code 4ZY7).
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Supplementary Figure 1: Inter-asymmetric unit interactions between two units, with the two molecules (Molecule
A and Molecule B) highlighted in each unit. Indicated is the a0-helix observed on Molecule B. (Insert) Crystal
contacts between the vector-derived residues (pink) and neighbouring asymmetric unit molecule residues (grey).
Insert is rotated 45° to the right. Black dashes indicate Van Der Waals and hydrophobic interactions, whereas the

green dashes indicate salt bridge formation. Distances range between 2.9 A and 4.0 A.
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Chapter 7: Discussion

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 large-
scale 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
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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 ef 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
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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 Rv3802¢ 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
09 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 a/B-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 parasite-
based 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 o/ 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 ef 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 7. 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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Cell Wall and Cell Processes
General Metabolism and Respiratior
Lipid Metabolism

W Regulatory Pathways

B Information Pathways

W PE/PPE

B Virulence and Detoxification

M Insertins and Phages

B Hypothetical Proteins

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 ef 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 Rv3802¢
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

Rv3802¢ 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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The highly complex and unique mycobacterial cell wall is crit-
ical to the survival of Mycobacteria in host cells. However, the
biosynthetic pathways responsible for its synthesis are, in gen-
eral, incompletely characterized. Rv3802c from Mycobacterium
tuberculosis is a partially characterized phospholipase/thioes-
terase encoded within a genetic cluster dedicated to the synthe-
sis of core structures of the mycobacterial cell wall, including
mycolic acids and arabinogalactan. Enzymatic assays performed
with purified recombinant proteins Rv3802c and its close
homologs from Mycobacterium smegmatis (MSMEG_6394) and
Corynebacterium glutamicum (NCgl2775) show that they all
have significant lipase activities that are inhibited by tetrahy-
drolipstatin, an anti-obesity drug that coincidently inhibits
mycobacterial cell wall biosynthesis. The crystal structure of
MSMEG_6394, solved to 2.9 A resolution, revealed an «/f8
hydrolase fold and a catalytic triad typically present in esterases
and lipases. Furthermore, we demonstrate direct evidence of
gene essentiality in M. smegmatis and show the structural con-
sequences of loss of MSMEG_6394 function on the cellular
integrity of the organism. These findings, combined with the
predicted essentiality of Rv3802c in M. tuberculosis, indicate
that the Rv3802c family performs a fundamental and indispen-
sable lipase-associated function in mycobacteria.

The genus Mycobacterium contains a number of medically
significant species, most notably the devastating human patho-
gen Mycobacterium tuberculosis that causes around 2 million
deaths each year, the most by any single infectious agent.
Despite the availability of a vaccine, the number of infected
individuals worldwide continues to increase, as does the prev-
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alence of drug-resistant forms of M. tuberculosis (1). A key vir-
ulence factor is the unique mycobacterial cell wall that consists
of a core structure as follows: peptidoglycan covalently linked to
arabinogalactan esterified with mycolic acids to form the myco-
lyl-arabinogalactan-peptidoglycan or “mAGP” complex and a
series of free glycolipids, including trehalose monomycolates,
trehalose dimycolates, phosphatidylinositol mannosides, and
lipoarabinomannans (2), that facilitate vital interactions with
host cells to initiate and maintain an infection. The essentiality
of the core for mycobacterial growth and survival leads to the
biosynthetic enzymes involved and being considered as ideal
targets for drug development (3).

A subset of genes required for the late steps of mycolic acid
and arabinogalactan biosynthesis are located in proximity to
the genomes of mycobacteria and corynebacteria. These
genes include a well characterized cell wall biosynthesis clus-
ter encoding enzymes required for the activation (AccD4 and
FadD32) and condensation (Pks13) (4) of mycolic acid interme-
diates prior to the final reduction step (5), and transfer of
mature mycolic acids (6). Also within the cluster are genes
required for arabinogalactan biosynthesis (atfB, glf, glfT, and
Rv3806¢) (7-10) which, like the mycolic acid biosynthesis
genes, are essential for growth of M. tuberculosis (10).

Despite extensive functional characterization of this cluster
over the last decade, the in vivo function of the product of one
gene, Rv3802c, remains unknown, although mycolyltransferase
(11) or Pks13-associated thioesterase (12) functions have been
suggested. Although its genomic location strongly suggests a
role in cell wall biosynthesis, definitive proof of such a role is
lacking. The putative product of Rv3802c has a predicted signal
sequence that contains a possible transmembrane domain, and
it has been expressed to assess immunological responses (13)
and enzymatic activities. The enzyme is one of seven cutinase-
like proteins in M. tuberculosis and is retained in the cell wall,
following translocation across the cell membrane (14). Previous
studies have shown it to have phospholipase A and thioesterase
activities (12), consistent with a role in mycolic acid biosynthe-
sis, and significant lipase activity completely dependent on its
Ser-Asp-His catalytic triad (14). A very recent study has sug-
gested a role for Rv3802c¢ in regulation of outer lipid compo-
sition in response to stress because the induction of the
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Corynebacterium glutamicum ortholog triggered an increase
in mycolic acid biosynthesis as part of an outer membrane
remodeling response to heat stress (15).

Recently, Rv3802c was identified as a major target of tetra-
hydrolipstatin (THL)® (12). THL is a well characterized and
irreversible inhibitor of serine esterases (16), originally identi-
fied for its specificity for pancreatic lipases, and thus was devel-
oped as an anti-obesity drug. THL has been reported to bind
covalently to the catalytic serine residue of pancreatic lipase
(17) and was found to have similar affinity for human fatty-acid
synthase (18). In addition to its actions in humans, THL inhibits
and disrupts cell wall formation in several mycobacterial spe-
cies, with the exception of the nonpathogenic model species
Mycobacterium smegmatis (19). Rv3802c was strongly inhib-
ited by THL, whereas the nonorthologous but cutinase motif-
bearing M. smegmatis lipase MSMEG_1403 was not inhibited
at up to a 500:1 inhibitor to enzyme molar ratio (12).

To better understand the enzymology of Rv3802c, we ex-
pressed and purified the M. tuberculosis enzyme, its homolog
in the nonpathogenic model species M. smegmatis, and the
ortholog from a related species, C. glutamicum, and we assessed
their inhibition by THL. We report here that the closest M.
smegmatis homolog to Rv3802c, MSMEG_6394, is inhibited by
THL. The crystal structure of MSMEG_6394, along with direct
evidence of the essentiality of MSMEG_6394 in M. smegmatis,
indicates a fundamental role of this lipase in Mycobacteria.

MATERIALS AND METHODS

Growth and Manipulation of Escherichia coli and M.
smegmatis—E. coli DH5a was used for plasmid preparations
during cloning experiments, although BL21-DE3 was used for
protein expression. Bacteria were routinely cultured at 30, 37,
or 42 °C in solid and liquid Luria Burtani (LB) medium supple-
mented with kanamycin (Kn, 20 pg/ml), streptomycin (Sm, 20
pg/ml), ampicillin (100 wg/ml), and sucrose (10% w/v), as
appropriate. Tween 80 was added to 0.05% (v/v) to reduce
clumping in mycobacterial liquid cultures. Competent M.
smegmatis mc*155 cells were prepared as described previously
(20) and electroporated using a Bio-Rad Gene Pulser with the
following settings: 2.5 kV, 1000 ohms, 25 microfarads.

DNA Manipulations—PCRs were performed using ProofStart
DNA polymerase (Qiagen) according to the manufacturer’s
instructions. Reactions consisted of a hot start (95 °C, 5 min)
followed by 35 cycles of denaturation (95 °C, 1 min), annealing
(55°C, 1 min), and extension (72°C, 2 min). Restriction
enzymes and T4 DNA polymerase were from Roche Applied
Science or New England Biolabs. Genomic DNA was pre-
pared from mycobacteria as described previously (21). South-
ern blots (22) were performed using digoxygenin-labeled
probes (Roche Applied Science) according to the manufactur-
er’s instructions. M. tuberculosis H37Rv genomic DNA was
obtained from Colorado State University (Fort Collins, CO).

Protein Expression and Refolding—Rv3802c was produced as
described previously (14). Briefly, Rv3802c¢ was amplified from

®The abbreviations used are: THL, tetrahydrolipstatin; Kn, kanamycin; Sm,
streptomycin; PDB, Protein Data Bank; r.m.s.d., root mean square devia-
tion; Bistris propane, 1,3-bis[tris(hydroxymethyl)methylamino]propane;
TEM, transmission electron microscopy.
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H37Rv genomic DNA and cloned into an E. coli expression vec-
tor (pET19b; Merck). Cytoplasmic, N-terminally His-tagged
recombinant protein was expressed in E. coli BL21-DE3 and
accumulated in cytoplasmic inclusion bodies following induc-
tion with isopropyl 1-thio-p-p-galactopyranoside (0.5 mm).
Recombinant protein was solubilized in urea and purified by
immobilized metal ion affinity chromatography before refold-
ing by dialysis into Tris (50 mm, pH 8.0).

The MSMEG_6394 gene was amplified by PCR from AM.
smegmatis genomic DNA using primers A (5'-GGAATTGCA-
TATGCGCCGTCCGGACACCCC)and B (5'-CCCCAAGCT-
TCAACCGTGTTTCGGATGGG) and cloned into pET28b
(Merck) using Ndel and HindIII (underlined). Recombinant
MSMEG_6394 was expressed in B834 E. coli, and inclusion
bodies were prepared as in Kjer-Nielsen et al. (23). The recom-
binant protein was solubilized in buffer A (20 mm Tris-HCl,
0.5 M NaCl, 8 M urea, pH 8.0) and purified by immobilized metal
ion affinity chromatography. The bound protein was eluted
with buffer A + 0.2 m imidazole. The eluted protein was diluted
8-fold with buffer A and refolded by dialysis against 16 liters of
buffer B (10 mm Tris-HCI, pH 8.0, 150 mm NaCl, 2 mm EDTA,
7 mMm 2-mercaptoethanol) for 16 h. The refolded protein was
further dialyzed against 16 liters of buffer C (10 mm Tris-HCI,
pH 8.0, 20 mm NaCl, 2 mm EDTA). The refolded protein was
concentrated using DEAE-cellulose (Sigma) and further puri-
fied by size-exclusion and ion-exchange chromatography.

The NCgl2775 gene was PCR-amplified from C. glutamicum
ATCC 13032 genomic DNA using primers C (GGAATTGCA-
TATGTCCGATGACTCAGATTTCATTG) and D (GCCCA-
AGCTTATCCGTTGTCGATGAGGTTG), digested with Ndel
and HindIII (underlined), and cloned into Ndel/HindIII-di-
gested pET28b (Merck). Primer C was designed to bind down-
stream of the putative signal sequence such that the first codon
after the ATG start codon encoded Ser’® of NCgl2775. A
sequenced clone was transformed into E. coli BL21 (DE3), and
protein expression was induced at 30 °C with 1 mm isopropyl
1-thio-B-p-galactopyranoside. The recombinant NCgl2775
was found to be soluble and was purified by immobilized metal
ion affinity chromatography using Talon metal affinity resin
(Clontech).

Activity Assays—The esterase and lipase potentials of
MSMEG_6394, Rv3802c, and NCgl2775 were determined as
described previously (14, 24) with minor adaptations. The ser-
ine esterase substrate p-nitrophenyl butyrate was obtained
from Sigma and was prepared in isopropyl alcohol at a range of
concentrations between 200 and 1.875 mm. The substrate solu-
tions were mixed 1:9 with a solution containing 50 mm sodium
phosphate, pH 8.0, 2.3 mg/ml sodium deoxycholate, and 1
mg/ml gum arabic. To 20 ul of enzyme solution (100 ug/ml),
240 pl of the above reaction mixture was added in a 96-well
microwell plate, mixed, and incubated at 37 °C for 30 min. To
quantify inhibition by THL, the assay was carried out with a
final p-nitrophenyl butyrate concentration of 5 mm, close to the
measured K, value for each enzyme. THL was solubilized in
DMSO and diluted in water to concentrations ranging between
100 um and 400 nm. Each enzyme was preincubated with inhib-
itor at a 1:1 ratio for 30 min at room temperature before the
addition of the substrate mixture. The accumulation of p-nitro-
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TABLE 1
Details of structural data collection and refinement
Dataset Inflection Peak Remote
Data collection . . .
Wavelength 0.97941 A 0.97930 A 0.96411 A
Symmetry 14,22 14,22 14,22
Cell dimensions a=b=1304,c=2095 a=b=1304,c=2095 a=b=1304,c=209.5
Resolution 50t02.9 A 50t03.1 A 50t03.1 A
Unique observations 20,363 (2909) 14,375 (2100) 16,769 (2412)
R,.“ 0.025 (0.420) 0.034 (0.305) 0.017 (0.336)
Nrean((I)/S.D.([)) 11.3(1.8) 9.9(2.2) 15.2 (1.8)
Completeness 99.8% (100%) 87.0% (88.6%) 99.7% (100%)
Redundancy 6.4 (6.3) 4.1 (4.1) 6.4 (6.5)
Refinement
M,,.f" 0.213
free 0.250
Residues
Chain A 71-293, 298-334
Chain B 71-334
Total protein atoms 3924
Total waters 32
Bond lengths 0.016 A
Bond angles 1.508°
Ramachandran analysis
Favored 91.89%
Allowed 7.34%
Outlier 0.77%
Average total B factor .
Protein atoms 102.5 A?
Average isotropic B factor .
Non-protein atoms 459 A?

“Riim = V(1 (1 = D) Z(L; — Lean)/ZAL).

" Ruork = ZpidlFol = [FJ/ZlF,| for all data excluding the 5% that comprised the Ry, used for cross-validation.

phenol was measured spectrophotometrically at 405 nm, and
concentrations were calculated by comparisons to a p-nitro-
phenol standard curve. All assays were performed in triplicate.
K, Vo K and IC;, values for each enzyme were calculated
using GraphPad Prism (GraphPad Software, version 4.03).

Crystallization and Data Collection—Crystals of selenome-
thionyl MSMEG_6394 were produced by the hanging-drop
vapor diffusion method. Three ul of protein solution compris-
ing MSMEG_6394 at 30 mg/ml, 10 mm Tris, pH 8.0, and 0.2 m
NaCl were mixed with 1 ul of reservoir solution containing
2.1 M sodium formate and 0.1 M Bistris propane, pH 6.8. Crystal-
lization trials were incubated at 21 °C. Crystals appeared after 5
days and typically grew to dimensions of 0.4 X 0.3 X 0.2 mm.

Prior to data collection, the crystals were soaked in reservoir
solution with an additional 20% glycerol and flash-cooled to
—173°C in a stream of liquid nitrogen. X-ray diffraction data
were collected from a single crystal mounted 300 mm from a
Quantum-210 CCD detector at the BioCARS 14-BMD beam-
line of the Advanced Photon Source, Chicago. X-ray diffraction
data were collected at wavelengths corresponding to the peak
and inflection of the selenium absorption edge and at a high
energy remote wavelength. The data were integrated with
MOSFLM (25, 26) and scaled with SCALA (25, 27). Details of
the data collection are summarized in Table 1.

Structure Determination and Refinement—The structure
was determined using three wavelength multiple anomalous
dispersion phasing. The positions of the 18 selenium sites, cor-
responding to two copies of MSMEG_6394 in the asymmetric
unit, were calculated using SOLVE (28), and subsequent elec-
tron density modification was performed with RESOLVE (27,
28). Into the resultant electron density map an initial peptide-
backbone trace was constructed with TEXTAL (29, 30). The
structure was built with iterative cycles of manual building in
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COOT (31) and maximum likelihood-based refinement with
TLS using REFMAC (25, 32). Strict noncrystallographic
restraints were maintained during refinement. The structure
was validated using MOLPROBITY (33). Details of the refine-
ment are summarized in Table 1. The coordinates and struc-
ture factors have been deposited in the Protein Data Bank
under accession code 3AJA.

Construction and Analysis of a Conditional Knock-out of
MSMEG_6394—MSMEG_6394 and flanking DNA were PCR-
amplified from M. smegmatis mc>155 genomic DNA as a 2-kb
fragment using primers E (5'-GATCAAGCTTACATGTCCG-
GTGAGCTGG-3") and F (5'-GATCGGATCCGCGCACCTT-
GGCCCAGCG-3'), digested at the underlined restriction sites
for HindIIl and BamHI, and cloned into HindIII/BamHI-
digested pUC18 (34). A nonpolar kanamycin resistance cas-
sette carrying the aphA3 gene was then inserted at a unique
Sphl site within MSMEG_6394 after T4 polymerase treat-
ment to form blunt ends. The 2.8-kb HindIII-BamHI frag-
ment containing MSMEG_6394::aphA3 was then trans-
ferred to BamHI-digested pPR27, following T4 polymerase
treatment of both insert and vector. To generate single
crossovers, this plasmid was introduced into M. smegmatis
mc?155 by electroporation and selecting kanamycin-resis-
tant clones at 30 °C. A 10-ml LB broth containing kanamycin
was inoculated with a single colony and grown for 5 days at
30 °C to saturation. Serial dilutions were plated onto LB +
Kn plates at 42 °C and incubated for 4 days to select for
potential single crossovers. Colonies were screened for in-
corporation of the plasmid into the chromosome by growing
10-ml LB + Kn cultures to saturation at 42 °C, extracting
genomic DNA, digesting with Xbal/BamHI, and perform-
ing a Southern hybridization with a probe specific for
MSMEG_6394. Out of nine colonies tested, one single cross-
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over, designated Myc46, was found and subjected to further
manipulation. To derive a double crossover (a conditional
knock-out), a complementing plasmid, containing MSMEG_
6394 carried on a 2.0-kb BamHI fragment cloned into the tem-
perature-sensitive plasmid pCG76, was introduced into Myc46
by electroporation. Transformants were selected on LB/Kn/Sm
plates at 30 °C, and a single colony was grown to saturation in
LB/Kn/Sm broth at 30°C. Serial dilutions were plated on
LB/Kn/Sm plates containing sucrose and incubated at 30 °C.
Potential conditional knock-out clones were grown in 10 ml
of LB/Kan/Sm to saturation followed by genomic DNA ex-
traction, digestion with Xbal/BamHI, and Southern blotting
using an MSMEG_6394-specific probe. A confirmed condi-
tional knock-out strain was designated 6394CKO. To derive
growth curves, strains were cultured in 10 ml of LB/kanamycin/
streptomycin at 30 °C for 3 days and then 5 ml was added to 200
ml of LB/Kan that had been pre-warmed to 30 or 42 °C. The
cultures were sampled daily and serial dilutions plated onto
LB/Kan at 30 °C. Following 5 days of incubation, colonies were
counted to determine colony-forming units per ml.

Electron Microscopy—Bacteria were grown at 30 or 42 °C for
5 days on solid media containing appropriate antibiotics and
fixed for 2 min with 2.5% glutaraldehyde in phosphate-buffered
saline (PBS). Cells were scraped gently, transferred to centri-
fuge tubes, left in glutaraldehyde/PBS for 30 min, and centri-
fuged for 1 min at 5000 rpm. The solution was replaced with
2.5% glutaraldehyde and 0.05% ruthenium red in PBS and fixed
overnight in the dark at 4 °C. Cells were rinsed in PBS three
times for 5 min, post-fixed in 1% osmium tetroxide for 2 h, and
then rinsed in water three times for 5 min. The cells were dehy-
drated in 10, 30, and 50% ethanol for 30 min in each concentra-
tion and then held in 70% ethanol for 4 days. Dehydration was
completed in 90% ethanol for 30 min and 100% dry ethanol
three times for 1 h.

Samples for TEM were then placed in propylene oxide for 1 h
and then infiltrated with 25% firm grade Spurr’s resin in pro-
pylene oxide for 3 days, followed by two times for 2 h in 50%
Spurr’s resin in propylene oxide, then 3 days in 75% Spurr’s
resin in propylene oxide, and 2 days in 100% Spurr’s resin.
Polymerization was completed at 60 °C overnight. Cells were
then sectioned at 90 nm using a Reichert Ultracut S ultramic-
rotome and picked up onto 300 mesh copper grids. Staining was
then performed with saturated uranyl acetate in 50% methanol
for 10 min followed by saturated lead citrate in carbonate-free
distilled water for 10 min. Sections were viewed with a Jeol
200CX TEM at 100 kV.

Samples for scanning electron microscopy were kept in 100%
dry ethanol for 7 days and then rinsed in hexamethyldisilizane
three times for 10 min. Drops of hexamethyldisilizane-contain-
ing cells were placed on a plastic film (unexposed, developed
Ektachrome photographic emulsion) and allowed to air dry.
The film was then mounted onto a double-sided carbon tape on
aluminum stubs. Sputter was coated with gold using Balzers
SCD 005 sputter-coating unit for 3 min at 25 mA. Cells were
viewed at 10 kV and a working distance of 3 mm using a Hitachi
$570 scanning electron microscope.
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FIGURE 1. Kinetics of p-nitrophenyl butyrate hydrolysis. Activity of

MSMEG_6394 (M), Rv3802c (A), and NCgl2775 (O) at pH 8.0 is shown. pNP
butyrate, p-nitrophenyl butyrate.

TABLE 2

Enzyme activity of MSMEG_6394, Rv3802¢, and NCgl2775 in
p-nitrophenyl butyrate hydrolysis

Data shown are the mean of three experiments. Errors shown are means * S.E.

Vinax Keae K, Specificity constant
nmol-min tmg™ ! 57! mm m st
MSMEG_6394 783 £ 26.7 0.448 5.22 + 0.45 86
Rv3802c 241 £7.8 0.143 4.52 = 0.38 32
NCgl2775 273 £ 11.8 0.146 4.71 = 0.52 31
RESULTS

Purification of Rv3802c, MSMEG_6394, and NCgl2775—
Rv3802c is very well conserved among the mycobacteria with
homologs present in all genomes sequenced to date, including
the minimal genome of Mycobacterium leprae (14). The M.
smegmatis homolog, MSMEG_6394, shares 69% sequence iden-
tity with Rv3802c, whereas the ortholog in C. glutamicum,
NCgl2775, shares 60% sequence identity with Rv3802c. The
genes encoding Rv3802¢c, MSMEG_6394, and NCgl2775 were
PCR-amplified from their respective genomes without their
putative signal sequences and cloned into inducible expression
vectors for production in E. coli. The construct for Rv3802c
expression had been used in an earlier study and was known to
yield insoluble protein that could be refolded to an active con-
formation (14). Expression of MSMEG_6394 in this study also
gave rise to insoluble material that was successfully purified and
refolded for enzymatic and structural studies. Surprisingly,
NCgl2775 was found to be soluble when overexpressed in E. coli,
and purified material was used directly for enzyme assays.

Enzyme Kinetics and THL Inhibition Studies—The kinetic
parameters of Rv3802c and its orthologs from M. smegmatis
and C. glutamicum were measured in functional assays based
on the hydrolysis of p-nitrophenyl butyrate at a range of
substrates. All three enzymes displayed activity under the
conditions tested (Fig. 1), with MSMEG_6394 demonstrat-
ing the highest activity, with a maximum enzyme velocity of
783 nmol'min~'mg ™' (£26.7) or more than three times that
of Rv3802c. The observed specificity constants for all three
enzymes were similar (Table 2).

Activity of all three enzymes was inhibited by THL with K; of
0.8 uM (with 95% confidence interval of 0.59 —1.27) for Rv3802c
(Fig. 2 and Table 3). Similar levels of inhibition were recorded
whether or not samples were preincubated with inhibitors,
indicating rapid and potentially irreversible inhibition. For each
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enzyme, 90% inhibition of activity was observed with THL con-
centrations less than 50 um. This inhibition was not observed in
either of the control enzymes tested, a lipase from Candida
rugosa and a liver esterase from Sus domesticus (data not
shown), indicating a level of specificity.

Three-dimensional Structure of MSMEG_6394—To gain
functional insight into the role of Rv3802c and its orthologs, we

900
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300
0
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200
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o 100
e | 0

20 30 40 50 05 05 15

[ THL] (uM) log [THL] (uM)
FIGURE 2. Inhibition of enzyme activity for p-nitrophenyl butyrate by
THL. Enzymes were preincubated with inhibitor for 30 min before the addi-
tion of 5 mm substrate. A, residual activity of MSMEG_6394 (O, dashed line),
Rv3802c (M, solid line), and NCgl2775 (¥, solid line). B-D, curve fitting of

enzyme activity for MSMEG_6394 (B), Rv3802c (C), and NCgl2775 (D) was used
to calculate K; and ICs, values.

>

V (nmol(S).min-1.mg-1)
. l//o l/ .

% activity

TABLE 3
Inhibition of p-nitrophenyl butyrate hydrolysis activity of
MSMEG_6394, Rv3802¢, and NCgl2775 by THL

Data shown are the mean of three experiments. Values in parentheses are 95%
confidence intervals.

1C5, K;
M M
MSMEG_6394 5.08 (3.42-7.55) 259 (1.74-3.86)
Rv3802¢ 1.82 (1.25-2.68) 0.87 (0.59-1.27)
NCgl2775 13.06 (6.69-25.53) 6.34 (3.24-12.38)

FIGURE 3. Crystal structure of MSMEG_6394. A, schematic representation of the MSMEG_6394 structure. The
structure includes «/p hydrolase fold with six-stranded, parallel B-sheets (81-36, yellow) bounded on both
sides by four a-helices (a1-a3 and a10, blue). A primarily helical “lid-like” domain (a5, a6, a8, and a9) sits atop
the active site. The two disulfides in the structure are represented by green spheres. The catalytic triad residues
Asp?®®, His*>*, and Ser'”® are shown as magenta spheres. B, topology diagram of MSMEG_6394 colored similarly

toA.
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determined the crystal structure of the M. smegmatis enzyme.
Initial crystallization trials of all three proteins resulted in crys-
tals for Rv3802c and MSMEG_6394; however, only diffraction
quality crystals were obtained for MSMEG_6394. The structure
of MSMEG_6394 was determined to a resolution of 2.9 A and
contained two copies of the molecule in the asymmetric unit
(chains A and B). The construct used in crystallization included
residues 36—-337 of MSMEG_6394 as well as 20 vector-derived
residues, including the His, purification tag. Of this construct, res-
idues 71-334 were modeled from the electron density. There
was no evidence of higher order oligomerization within the
crystal lattice, an observation that is consistent with the purifi-
cation of MSMEG_6394 as a monomer. The protein structure
confirmed that MSMEG_6394 is a member of the cutinase fam-
ily of /B hydrolases (Fig. 34). Indeed, the closest structural
homologs found with a DALI search of the Protein Data Bank
were the acetyl xylan esterase (PDB code 1BS9 (35), Z-score =
19.2, rm.s.d. = 2.6 A over 189 Ca positions), cutinase-like pro-
tein (PDB code 2CZQ (36), Z-score = 18.8, r.m.s.d. = 2.4 A over
185 Ca positions), lysin B (PDB code 3HC7 (37), Z-score =
18.5, r.m.s.d. = 2.9 A over 195 Ca positions) and cutinase (PDB
code 1CUS (38), Z-score = 16.1, r.m.s.d. = 2.8 A over 173 Ca
positions). All of these structural homologs shared ~20%
sequence identity with MSMEG_6394.

The canonical «/B hydrolase domain of MSMEG_6394
included a six-stranded, parallel B-sheet (81-£6) bounded on
both sides by four a-helices (a1-a3 and «10) (Fig. 3B). Inserted
into this domain between the 85- and 6-strands and between
the B6-strand and «10-helix lie a second, primarily helical
domain (a5, a6, a8, and «9) atop the proposed active site. This
second domain is reminiscent of the “lid” domains found in
other esterase and lipase members of the /B hydrolase super-
family and is most often associated with substrate binding spec-
ificity and interfacial activation (39).

The four cysteine residues in the protein formed two
disulfide bonds, Cys”>~Cys'®® and
Cys®**~Cys®”? (Fig. 3A). Both of
these disulfides were structurally
conserved with the acetyl xylan
esterase and cutinase proteins (PDB
codes 1BS9 and 1CUS), yet neither
was found in lysin B (PDB code
3HC?7). The first disulfide stabilizes
the «/B-sandwich domain, link-
ing the N terminus of the protein
with the C-terminal region of the
a2-helix. The second disulfide formed
an intra-loop bridge in the B-turns
spanning the B6-strand and a8-he-
lix and is likely to be important in
maintaining the conformation of
the residue Asp®®® from the cata-
Iytic triad.

Serine esterases typically have an
active site comprising a catalytic
triad of serine aspartate and histi-
dine. The position of the catalytic
triad of residues is strictly conserved
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FIGURE 4. Analysis of the active site of MSMEG_6394. A, view of the active site of MSMEG_6394 shown in the orientation depicted in Fig. 3A. The secondary
structure elements are shown in schematic representation, colored gray, and labeled. Residues that are strictly conserved in the sequence alignment shown in
D are represented in stick format. The catalytic triad is colored magenta, and the other conserved residues are colored cyan. B, surface representation of
MSMEG_6394 orientated similarly to Fig. 3A. Residues that are strictly conserved in the sequence alignment shown in D are colored cyan and labeled. The patch
of sequence conservation leading to the active site cavity may be involved in substrate recognition. C, schematic representation of MSMEG_6394 rotated 90°
from the orientation shown in Fig. 3A. The solvent-accessible surface of the active site cavity is shown in magenta (analyzed with CASTp (43)). The catalytic
residue Ser'”® is labeled. D, sequence alignment of MSMEG_6394 homologs from related species. MSMEG_6394 is from M. smegmatis; Rv3802 is from M.
tuberculosis; ML0099 is from M. leprae; MAP_0218 is from Mycobacterium paratuberculosis; NCgl2775 is from C. glutamicum, and DIP2191 is from Corynebacte-
rium diphtheriae. The strictly conserved residues are colored cyan, and conserved residues (44) are colored red. Residues of the catalytic triad are indicated by

an asterisk. Sequences were aligned with ClustalW (45) and annotated with ESPRIPT (46).

between all the members of the cutinase family and coincides
with the positions of Ser'”®, Asp®®®, and His**° in MSMEG_
6394 (Fig. 4A). The nucleophilic Ser'”® is located at the bend of
the tight turn between the B3-strand and a3-helix, a feature
known as the “nucleophilic elbow” that is conserved among all
members of the a/B hydrolase superfamily (40). This nucleo-
philic elbow has the sequence Gly-Phe-Ser-GIn-Gly in MSMEG _
6394, conforming to the consensus of Gly-(Phe/Tyr)-Ser-Gln-
Gly with the other members of the cutinase family solved to
date. Asp®®® and His** are positioned adjacent to each other,
with Asp”* residing on the loop connecting the 86-strand and
a7-helix and His** within the linker between the 86-strand and
a10-helix within the cutinase fold (Fig. 44). Taken together, the
structural features of MSMEG_6394 indicate that it has a catalytic
mechanism akin to that of other serine esterases.

The catalytic Ser'”® O is positioned at the mouth of an 11-A
deep cavity that encloses the active site. This active site cavity is
composed of residues from both the cutinase and lid domains of
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the protein and has a solvent-accessible surface area of 80 A2
(Fig. 4, B and C). Of the residues that line the cavity, Thr®*,
PhelBl, Tyrl43, Ser176, Glnl77, VallSO} A1a208’ Gly210’ Ala229,
Glu®°, Met**®, 1le*”?, and His®** are all strictly conserved
across MSMEG_6394 homologs in other mycobacterial and
related species (Fig. 4, A and D). The exceptions are residues
291-293 that form the C terminus of the «9-helix and line the
upper part of the cavity (Fig. 4D). Similarly, there is strict con-
servation among mycobacterial species of the residues that
form surface-exposed patches about the mouth of the active
site cavity (Glu®®, Phe'”®, His*°, and Ala®**") and within a patch
leading to the active site (Trp®®, Ser®”, Thr'*%, Ala'*’, GIn'?°,
and Met'*") (Fig. 4B). The direct modeling of THL binding to
MSMEG_6394 is complicated by the lack of structural homol-
ogy of the lid domain between related proteins. However, the
proximity of these conserved patches to the active site suggests
that they, together with the residues lining the active site, may
determine substrate recognition.
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FIGURE 5. Construction of a conditional knock-out of MSMEG_6394. A, recombination plasmid contained a cloned copy of MSMEG_6394 interrupted by a
nonpolar kanamycin resistance cassette (MSMEG_6394::aphA3), a gentamycin resistance marker (Gm"), a temperature-sensitive replication origin for M. smeg-
matis (oriMs (ts)), a replication origin for E. coli (oriEc), and a counterselectable marker encoding sucrose sensitivity (sacB). The construct was introduced into M.
smegmatis at the permissive temperature (30 °C). Integration of the plasmid by a single crossover at the position indicated was detected by growing the cells
at the nonpermissive temperature (42 °C) in the presence of kanamycin. B, genetic map of the single crossover, showing key restriction sites. C, Southern blot
of Xbal/BamHI digests of genomic DNA from potential single crossover strains, probed with the fragment indicated in A. Lane 1, DNA molecular weight DNA
markers of the sizes indicated in kilobases; lanes 2-10, potential single crossover strains. Lane 9 shows the single crossover strain that was selected for further
manipulation. D, culturing the single crossover strain containing a complementation plasmid gave rise to a disrupted copy of MSMEG_6394 in the chromo-
some, producing the conditional knock-out (6394CKO). Because the disruption of MSMEG_6394 coincided with the loss of the sacB gene, the conditional

knock-out strain could be selected on sucrose plates. £, Southern blot of Xbal/BamHI digests of genomic DNA showing isolation of the conditional knock-out
strain. Lane 1, DNA molecular weight DNA markers of the sizes indicated in kilobases; lane 2, wild-type M. smegmatis mc*155; lane 3, single crossover strain; lane

4, conditional knock-out of MSMEG_6394 (6394CKO).

Conditional Disruption of MSMEG_6394 Proves Gene Essen-
tiality in M. smegmatis—T o gain insights into the function of
Rv3802c, we attempted to make a mutant strain of M. smeg-
matis in which the MSMEG_6394 gene was disrupted with a
drug resistance cassette. Despite several attempts, we were
unable to generate this mutant, indicating that the enzyme
might be essential to the viability of M. smegmatis and a
potential drug target in mycobacteria. To investigate this
further, we devised a genetic approach to assess the essenti-
ality of MSMEG_6394 (see under “Materials and Methods”).
Briefly, a homologous recombination strategy was used to
disrupt MSMEG_6394 in the M. smegmatis chromosome in
the presence of a rescue plasmid carrying an intact MSMEG_
6394 gene (Fig. 5). This involved isolation of a single cross-
over strain (Fig. 5, A-C) followed by initiation of a second
crossover event in the presence of a rescue plasmid encoding
the MSMEG_6394 gene (Fig. 5, D and E). Allelic replacement
of the chromosomal MSMEG_6394 by the disrupted copy
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was successfully achieved in the presence of the plasmid,
giving rise to a “conditional” knock-out strain that we desig-
nated 6394CKO (Fig. 5E, lane 4).

If MSMEG_6394 is essential, then 6394CKO should be
fully reliant on the rescue plasmid for its survival. This plas-
mid has a temperature-sensitive origin of replication and can
replicate at the permissive temperature (30 °C) but not at the
nonpermissive temperature (42 °C) and is cured from the
bacterial population when cells are grown at 42 °C (41). To
confirm that 6394CKO is reliant on the rescue plasmid, the
strain was cultured at 30 °C, then diluted into fresh medium
at 30 and 42 °C, and sampled regularly to determine the
number of viable bacteria as colony-forming units/ml. As
shown in Fig. 6, 6394CKO continued to grow at 30 °C (at
which the plasmid can replicate) but showed a dramatic loss
of viability at 42 °C (at which the plasmid cannot replicate).
By contrast, a culture of wild-type M. smegmatis mc*155
carrying the kanamycin resistance plasmid pMV261 grew
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FIGURE 6. MSMEG_6394 is essential to the viability of M. smegmatis. The
conditional knock-out strain 6394CKO was cultured at 30 °C in LB containing
kanamycin and streptomycin. At saturation, 5 ml was used to inoculate 200 ml
of LB/kanamycin medium that had been prewarmed at the permissive (@,
30 °C) or nonpermissive (M, 42 °C) temperature. Incubation was continued at
the two temperatures, and both cultures were sampled regularly with serial
dilutions plated on LB plates containing kanamycin to determine colony
forming units (CFUs) per ml. A wild-type M. smegmatis mc?155 strain contain-
ing the kanamycin resistance plasmid pMV261 was included as a control (V,
30°C; A, 42°C).

FIGURE 7. Scanning electron microscopy of an MSMEG_6394 conditional knock-out. Bacteria were cul-
tured on LB agarfor 5 days prior to processing for scanning electron microscopy (see “Materials and Methods”).
Wild-type M. smegmatis mc?155 strain containing the kanamycin resistance plasmid pMV261 was grown at
30 °C(A) or42 °C (B). Conditional knock-out strain 6394CKO was grown at 30 °C (C) or 42 °C (D). All panels are the

same magnification, and a scale bar is in the bottom right corner.
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well at both temperatures and at a similar rate as 6394CKO
at 30 °C, showing that the loss of viability of 6394CKO at
42 °Cwas not just due to the temperature shift. Overall, these
data confirmed that MSMEG_6394 is essential for the
growth and survival of M. smegmatis.

Electron Microscopy Analysis of an MSMEG_6394 Condi-
tional Knock-out—To examine the effects of the loss of
MSMEG_6394 on cell structure and integrity, 6394CKO was
examined by TEM and scanning electron microscopy following
growth at the permissive and nonpermissive temperatures.
6394CKO was cultured for 5 days on LB agar containing kana-
mycin and streptomycin and then subcultured onto LB/Kan
plates at 30 and 42 °C for a further 5 days to allow curing of the
rescue plasmid to occur from the 42 °C samples. The cells were
fixed in glutaraldehyde and then scraped from the plates and
processed for microscopy (see under “Materials and Methods”).
Scanning electron microscopy revealed that CKO6394 cells
grown at the nonpermissive temperature (Fig. 7D) were elon-
gated and had a rough surface relative to those grown at the
permissive temperature (Fig. 7C) and wild-type controls (Fig. 7,
A and B), and many appeared to
have lysed. TEM was then applied to
examine the cell walls and internal
details (Fig. 8). TEM revealed that
CKO6394 cells grown at the permis-
sive temperature were intact with
regular and typical internal com-
partments visible (Fig. 8C). How-
ever, CKO6394 cells grown at the
nonpermissive temperature fell into
one of two classes, and typical
examples of each are shown in Fig.
8, D—G. Members of class 1 were
elongated and showed a loss of cell
wall integrity and internal structure
(Fig. 8, D and E) and appeared to
have lysed. Class 2 had retained an
intact cell wall and internal struc-
ture (Fig. 8, F and G) but contained
several electron transparent zones
in their cytoplasm. In some cases,
these zones were huge and do-
minated most of the internal space.
In contrast, a wild-type strain car-
rying pMV261 included as a con-
trol appeared normal and intact at
both temperatures (Fig. 8, A and B),
showing that the cellular phenotype
was not just due to the temperature
shift. Combining all our findings, it
is clear that MSMEG_6394 is essen-
tial for survival, playing a critical
role in maintaining the cellular
integrity of the bacterium. Our re-
sults have important implications
regarding the role of the homolo-
gous proteins in pathogenic myco-
bacteria such as M. tuberculosis.
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FIGURE 8. Transmission electron microscopy of an MSMEG_6394 conditional knock-out. Bacteria were
cultured on LB agar for 5 days prior to processing for TEM (see “Materials and Methods”). Wild-type M. smeg-
matis mc?155 strain containing the kanamycin resistance plasmid pMV261 was grown at 30 °C (A) or 42 °C (B).
Conditional knock-out strain 6394CKO was grown at 30 °C (C) or 42 °C (D-G). Two classes of cells were observed
for CKO6394 at 42 °C as follows: class 1 cells had lost cell wall integrity and lysed (D and E) although class 2 cells
were intact but contained large electron transparent zones (F and G). Scale bars are shown at the bottom right
of each panel.

DISCUSSION

The unique and highly impermeable mycobacterial cell
wall is a key virulence factor that forms the interface between
host and pathogen. It enables the bacterium to resist de-
struction by the host and also contains unusual molecules
that promote uptake by host macrophages and modify host

30058 JOURNAL OF BIOLOGICAL CHEMISTRY

responses to create a favorable
environment for bacterial survival
and replication. As a result, the bio-
synthetic processes involved in the
synthesis of the mycobacterial cell
wall have been the subject of inten-
sive research, and many of the key
cell wall enzymes are now known.
For example, nearly all genes within
an ~20-kb genetic locus dedicated
to cell wall biosynthesis have now
been characterized. In this study, we
have focused on one incompletely
characterized gene of this cluster,
Rv3802c from M. tuberculosis.
Homology searches using M. tu-
berculosis Rv3802c revealed that this
gene is very well conserved in Actino-
mycetes genomes, and we chose to
focus on previously uncharacterized
homologs from M. smegmatis and
C. glutamicum. Previous studies us-
ing p-nitrophenyl butyrate sub-
strates had revealed a significant
lipase activity of Rv3802c¢ (14), and
THL-inhibited phospholipase A/thio-
esterase activities have also been
reported (12). Here, we have shown
that all three enzymes have signifi-
cant lipase activities with similar
affinity for the substrate and turn-
over rate. In addition, all three
enzymes are inhibited by micromo-
lar concentrations of THL. This
suggests that the active sites of all
three enzymes are relatively similar.
Although Parker et al. (12) reported
a lack of THL inhibition against an
M. smegmatis enzyme, the enzyme
tested (MSMEG_1403) is not the
homolog of Rv3802c but rather a
culture supernatant enzyme with
phospholipase A activity. They sug-
gested that a lack of MSMEG_1403
inhibition by THL is significant
given that M. smegmatis growth is
also not inhibited by the drug. How-
ever, our finding that MSMEG_
6394 is inhibited by THL as well as
being an essential enzyme in M.
smegmatis would suggest that
growth should be inhibited. We
propose that the lack of growth inhibition in this organism is
due to the inability of THL to reach its target(s) rather than a
lack of activity against any particular enzyme. Because THL is
active against M. tuberculosis, which shares a very similar cell
wall architecture with M. smegmatis (42), lack of cell entry
seems an unlikely possibility. We suggest that efflux of the drug
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via one of the many transporters in M. smegmatis is the most
likely explanation for the lack of activity against this organism.

The annotation of Rv3802c as a putative cutinase and the
observed enzyme activities of Rv3802c¢ and its orthologs are
entirely consistent with the three-dimensional structure that
showed MSMEG_6394 to be a member of the cutinase family
of a/pB hydrolases. Interestingly, one of the closest structural
matches was to mycobacteriophage lysin B (37), a novel myco-
lylarabinogalactan esterase that cleaves the mycobacterial cell
wall, releasing free mycolic acids from the arabinogalactan
layer. LysB has been proposed to facilitate mycobacterial lysis
by cleaving the outer mycolate-containing layer of the cell wall
from the peptidoglycan-arabinogalactan complex (37), pro-
moting bacteriophage release from its host. The structural sim-
ilarity raises the possibility of a similar function for Rv3802c,
and points to a degradative role for this enzyme during myco-
bacterial growth. Because the deposition of new cell wall mate-
rial requires cleavage and opening of the existing structure, a
lipase-like Rv3802c could theoretically fulfill this role. Indeed,
the unusual cell wall of members of the Actinomycetes would
require the presence of a dedicated enzyme restricted to this
group of bacteria. This role is consistent with the retention of
Rv3802c in the cell wall, although other cutinase-like proteins
are secreted into the culture filtrate of M. tuberculosis (14). This
function would also explain the proposed essentiality of
Rv3802c and the elongated nature of our conditional knock-out
in M. smegmatis grown at the nonpermissive temperature, as
described below.

Rv3802c is thought to be essential for life in M. tuberculosis
because of the failure of the Rv3802c gene to accumulate trans-
poson insertions in saturation mutagenesis experiments (10),
although direct evidence of essentiality is lacking. Our inability
to disrupt the homologous gene in M. smegmatis (MSMEG _
6394) suggested essentiality in this species as well, and we con-
firmed this by creating and analyzing CKO6394, a conditional
knock-out strain. CKO6394 was found to be reliant on the plas-
mid-encoded copy of MSMEG_6394, and curing the plasmid
correlated with the appearance of surface roughness, loss of cell
wall integrity, and appearance of large electron transparent
zones in the cytoplasm of otherwise intact cells. Our interpre-
tation of these observations is that the loss of the MSMEG_6394
gene results in cell death via the formation of the electron trans-
parent zones followed by progression to the lysis stage over
time. Given the suggested role of Rv3802c in mycolic acid bio-
synthesis (12), we tried to detect lipid bodies with a fluorescent
lipid stain, but the results were inconclusive. The composition
of these zones is not known, but they seem to be composed of
a hard substance that resists the resin added during process-
ing for EM. Interestingly, Kremer et al. (19) reported minor
surface changes and the presence of electron-translucent
bodies in THL-treated Mycobacterium kansasii, although
these were confirmed to be lipid bodies and were not as well
defined as the electron transparent zones described here. We
also attempted to extract cell wall components following loss
of the plasmid to try and detect an accumulating species, but
cell death resulted in a spectrum of cell wall changes, most
associated with cellular disintegration and not directly
related to the loss of Rv3802c.
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A recent study has suggested a role for Rv3802c and its
orthologs in regulating outer membrane lipid composition
under stress conditions (15). The authors found that the C.
glutamicum ortholog NCgl2775 could be disrupted to give a
viable mutant with no obvious alteration in cell wall composi-
tion, and we have confirmed these findings as our own mutant
of C. glutamicum NCgl2775 was viable (data not shown). This
study provided evidence of transcriptional induction of
NCgl2775 during heat stress leading to an increase in mycolic
acid biosynthesis and a decrease in phospholipid content (15).
However, this finding does not account for the essential nature
of MSMEG_6394 and Rv3802c in M. smegmatis and M. tuber-
culosis, respectively, under normal growth conditions. This dis-
crepancy strongly suggests that a more fundamental role for
Rv3802c and its orthologs remains unidentified. We propose a
degradative role for the enzyme that is essential for the deposi-
tion of new cell wall material during active mycobacterial
growth. The essentiality of Rv3802c and the fact its inhibitor,
THL, also kills M. tuberculosis (19) make Rv3802c an attractive
target to develop new antimicrobials to increase the arsenal
against drug-resistant M. tuberculosis (1).
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Appendix II: pET46 EK/LIC Vector Map and cloning site

PET-46 EK/LIC Vector TB397 0903

Cat. No. The pET-46 EK/LIC vector is prepared for rapid, directional cloning of PCR-amplified DNA for high-

PET-46 EW/LIC Cloning Kit 713353 level expression of polypeptides. Using specifically designed primers for amplification and the pET-46
PET-46 Ek/LIC sequence landmarks EK/LIC Cloning Kit (Cat. No. 71335-3), inserts can be efficiently cloned without the need for restriction
T7 pr"m"tf’r' 315-331 digestion or ligation. Fusion proteins contain an N-terminal cleavable HiseTag® sequence. Fusion to an
T? “a“scnp“f)“ start 314 optional C-terminal SeTag™ sequence can also be created for detection, purification and quantification
HiseTag" coding sequence 221238 f fusion proteins. Unique sit h the circle map. Note that th is numbered by th
EWLIC cloning site 186214 of fusion prof ms nique sites are s (I)wn on. e.cuc e map. Nof .a e sequence is num .ere . y the
SeTag™ coding sequence 125-169 PpBR322 convention, so the T7 expression region is reversed on the circle map. The f1 origin is oriented
T7 terminator 26-73 so that infection with helper phage will produce virions containing single stranded DNA that corre-
lacI coding sequence 722-1801 sponds to the coding strand. Therefore, single stranded sequencing should be performed using the T7
pBR322 origin 2998 Terminator Primer (Cat. No. 69337-3).
bla (Ap®) coding sequence 3759-4616
f1 origin 4741-5188

Ava | (176)

Xho | (176)

Avr Il (213)

Pml | (220
3{; I|I I t4958) rlr\]lco( ] (2«)11)
(4924)
Psi | (4830) XbaC II (zlam
Ssp | (4750) a | (349)
L (4T41-5188) S
Ahd | (4546) o lac operator Sph | (547)
Bsa | (4480) Q T7 promoter EcoN | (607)
Bgl | (4428)
BStAP | (755)
Fsp | (4323)

Pvu | (4177)

Sca | (4065) Miu | (1072)

Bcl I (1086)

BstE Il (1253)
PspOM | (1279)
Apa | (1283)

pET-46 EK/LIC
(5200 bp)

lact (700-1801)

Hinc Il (1578)
Hpa | (1578)

AlwN | (3352)

o,/-(e
‘9‘90) PpuM | (1942)

Bpu10 | (2042)

Pci | (2936)
Sap | (2820)
BstZ17 | (2707)
Tth111 | (2681)

T7 Promoter Primer
#69348-3
Clal T7 promoter lac operator Xba | rbs

GATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA
CTAGAGCTAGGGCGCTTTAATTATGCTGAGTGATATCCCCTTAACACTCGCCTATTGTTAAGGGGAGATCTTTATTAAAACAAATTGAAATTCTTCCTCT

EK/LIC Cloning Site

Nccl His'Tag _Pmll  enterokinase BseR | Xho | S'Ta
“Met Al affi sHi s Hi s Hi sHisHisVal AspAspAspAsplLys ProGlyPheSerSerAsnLeuGl uSer Gl yLysGl uThr
TATACCATGGCACATCACCACCACCATCACGTGGA CCGGGCTTCTCCTCAAATCTCGAGTCTGGTAAAGAAACCG
ATATGGTACCGTGTAGTGGTGGTGGTAGTGCACCTACTGCTGCTGTTCT TTTAGAGCTCAGACCATTTCTTTGGC
S+Tag Pac |
Al aAl aAl alysPheGl uAr gGl nHi sMet AspSerSerThrSer Al aAl a Awrll Blp| T7 terminator

CTGCTGCGAAATTTGAACGCCAGCACATGGACTCGTCTACTAGCGCAGCTTAATTAACCTAGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCT
GACGACGCTTTAAACTTGCGGTCGTGTACCTGAGCAGATGATCGCGTCGAATTAATTGGATCCGACGACGGTGGCGACTCGTTATTGATCGTATTGGGGA

AS S+Tag 18mer Primer
#71262-3
pET-46 Ek/LIC cloning/expression region
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