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Abstract

Mycobacterium tuberculosis, the causative agent of tuberculosis is one
of the most successful pathogens that has adapted to the hostile environment
of the human host. When the pathogen gains entry, the innate immune
response of the host initially aims to control the pathogen, followed by the
triggering of the cell-mediated immune response that involves several
components of the host immune system and the production of cytokines and
chemokines. If however, the pathogen adapts itself to the hostile environment
and overcomes the efforts of the host, it establishes itself and causes disease.
There are several reports on host-pathogen interactions that involve nutrient
acquisition, oxidative stress and the immune response in response to the
bacterial antigens. The successful adaptation of the pathogen to the
mammalian host has made tuberculosis a disease of great public concern
today. The latency of the mycobacterium, when it is able to persist within the
human host in a dormant state with the potential to be activated and cause
disease has contributed significantly to the vain efforts of man to contain the
pathogen, as the currently available anti-tubercular drugs cannot target latent
bacilli.

An important micronutrient needed for the successful growth and survival
of the pathogen is iron. Upon entry into the human host, the pathogen faces
iron-limiting conditions because of ‘iron withholding’, an important facet of host
innate immunity that lowers the availability of iron by a process termed
‘nutritional immunity’. The pathogen, like all mycobacteria has adapted to iron
deprivation by elaboration of two siderophores, the intracellular mycobactin
(Mb) and extracellular carboxymycobactin (CMb). It lacks the biosynthetic
machinery for the synthesis of exochelin, the major extracellular siderophore
secreted by non-pathogenic mycobacteria. The CMb / Mb-based siderophore
machinery is essential for the pathogen, a disruption of which is lethal, as
specific knock out mutants, unable to express the siderophores do not survive
inside macrophages and in experimental animals.

Efforts to identify cell surface proteins as potential receptors for the
siderophores in M. tuberculosis have not been successful. In the non-

pathogenic Mycobacterium smegmatis, a 29 kDa iron-regulated envelope

Xi
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proteins (IREP) was first demonstrated as the ferri-exochelin receptor. In M.
tuberculosis, the IrtAB protein, localised in the cytoplasmic membrane is
established as an ABC transporter that mediates the internalisation of iron, a
process shown to be essential for the survival of the pathogen in vivo. Our lab
identified HupB as a 28 kDa protein in the cell wall fractions of M. tuberculosis
under conditions of iron limitation when it produced high levels of Mb and CMb.
While our initial interest was to study its role as a receptor for ferri-
carboxymycobactin (Fe-CMb), we unravelled its role as a positive
transcriptional regulator of mycobactin biosynthesis. This was made possible by
the generation of a hupB knock out mutant that did not express HupB.

Transcriptional profiling of the mutant strain by microarray analysis led us
to re-visit the possibility of exploring additional roles of HupB. Several genes
associated with iron transport and lipid metabolism were down-regulated in the
mutant strain. HupB binds ferric iron and preliminary studies showed it can bind
to ferri-siderophores. As these observations showed its possible role in iron
transport, in silico and experimental approaches were made to establish HupB
as an iron transporter. Additionally, its role in the biosynthesis of different lipids
were studied and the findings were correlated with changes in the colony
morphology of the mutant strain as cell envelope lipids contribute to the cell
integrity and susceptibility to drugs.

HupB is essential for the in vivo survival of the pathogen and it is
expressed in tuberculosis (TB) patients. A strong negative correlation of the
serum iron status with the circulating antibodies against the protein was
reported from our lab. This finding is of significance in EPTB patients, which not
only reflects the potential of the protein as a diagnostic marker but also
establishes the basis of the protein as an adherence factor. The diagnostic
potential of the protein was probed using serum samples from both pulmonary
and extrapulmonary TB patients and evaluated using different antigenic
fractions of the protein. In addition, as high levels of antibodies were observed,
the role of the protein in triggering a strong humoral response by way of shifting
the response to Th2 type was analysed.

Findings from our study here in M. tuberculosis and reports on the
homologous protein in other mycobacteria lead us to conclude that HupB is a

‘moonlighting’ protein with multiple roles.
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1.1 Introduction

Tuberculosis is an ancient disease and one of the major causes of human
affliction. In 1882 Robert Koch discovered Mycobacterium tuberculosis as the
causative agent of tuberculosis for which he was awarded the Nobel Prize in
1905. The generic name Mycobacterium was given due to its mould-like growth
in liquid medium (Lehman & Neumann, 1896). Despite the use of potent anti-
tubercular drugs, the pathogen has not been eradicated and due to various
factors has become a major concern globally. In 1993, due to the worldwide
high death rate and morbidity, tuberculosis was declared as a global emergency
by World Health Organisation (WHO). The genus Mycobacterium consists of
more than 100 species which belong to the family Mycobacteriaceae. Due to
high level of genetic relatedness, 0.01-0.03% synonymous nucleotide variation
(Gutacker et al., 2002; Hughes et al., 2002) M. tuberculosis, M. africanum, M.
bovis, M. canetti, M. microti, M. pinnipedii and M. caprae are grouped under
Mycobacterium tuberculosis complex (MTBC). Mycobacterium bovis infects
cattle and causes bovine TB. Mycobacteria, other than M. tuberculosis, causing
clinical disease are known by various names - non tuberculous mycobacteria
(NTM), mycobacteria other than tuberculosis (MOTT) and atypical
mycobacteria. NTM infections can also occur throughout the body (Johnson &
Odell, 2014), more common are pulmonary infections caused by M. avium, M.
kansasii and M. abscessus, lymphadenitis and skin & soft tissue infections
(Chan & Iseman, 2013). Mycobacteria that are not normally associated with
human tuberculosis but can cause disease in immuno-compromised individuals
such as HIV-infected individuals are called opportunistic pathogens. They
include M. avium-intracellulare complex (Girard et al., 2005) and M. kansasii
(Canueto-Quintero et al., 2003).

1.2. Mycobacteria

1.2.1. General features

Mycobacteria are aerobic, obligate intracellular, non-motile, non-capsulated,
non-spore forming bacilli. Although mycobacteria are aerobic, some of them, for
example M. bovis are microaerophilic and grow better at lower oxygen tensions.
The 4.41 Mb genome has a high G+C content (61-71%) with approximately
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4000 ORFs, 10% of which is dedicated to lipid metabolism (Cole et al., 1998).
These Gram-positive rods are unable to stain by the conventional Gram stain
due to the lipid-rich cell wall. Mycobacteria stain pink with basic dyes such as
carbol fuchsin that cannot be decolorized with acid-alcohol (95% ethanol and
3% hydrochloric acid). This unique property termed as ‘acid-fastness’ is the
basis of the Ziehl-Neelsen staining technique for the identification of
mycobacteria. Mycobacteria mostly require simple substrates for growth such
as ammonia or amino acids as nitrogen sources and glycerol as a carbon
source in the presence of mineral salts.
1.2.2. Classification
Taxonomically, mycobacteria belong to the Genus Mycobacterium, family
Mycobacteriaceae belonging to the Order Actinomycetales that include diverse
bacteria. Mycobacteria and other allied taxa are distinguished by their ability to
synthesize mycolic acids. Mycobacteria can be classified based on their growth
rates and pigment production. On the basis of generation time, they are
classified as rapid growers (generation time of 3 - 4 h) which include M.
smegmatis, M. neoaurum, M. kansasii, M. fortuitum and slow growers
(generation time of 20 - 24 h) which include pathogenic mycobacteria M.
tuberculosis, M. bovis, M. africanum, M. leprae. On the basis of pigment
production (Runyon classification, 1959), mycobacteria are classified as:
a) Scotochromogens that include mycobacteria producing yellow pigment in
the dark (M. scrofulaceum, M. gordonae).
b) Photochromogens that produce an orange pigment in the presence of
light (M. kansasii, M. marinum).
c) Achromogens that do not produce any pigment (M. avium, M.
intracellulare, M. ulcerans).
1.2.3. Mycobacterial cell envelope
Mycobacterial cell envelope is complex and intricately designed. It accounts for
~40% of the cell dry mass of the bacteria compared to less than 5% in other
Gram-positive bacteria and only 10% in Gram-negative bacteria (Goren &
Brennan, 1979) but this percentage is dependent on the species / isolate and
the growth conditions. The native structure of the mycobacterial cell envelope
as shown in Fig. 1.1 has been elucidated recently by cryo-electron microscopy

of vitreous section (CEMOVIS) of mycobacteria and cryo-electron microscopy

4
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(cryoEM) of whole mount mycobacteria (Hoffmann et al., 2008; Sani et al.,
2010; Zuber et al., 2008).

Fig. 1.1. TEM micrographs of mycobacteria. The plasma membrane and the outer
membrane elucidated by conventional preparation (Panel A) and CEMOVIS (Panel B)
are shown. The plasma membrane and the outer membrane bilayer are clearly visible
in B1, whereas the granular layer and the peptidoglycan / arabinogalactan layers are
clearer in B2. Panel C shows the whole cell cryoEM demonstrating the native capsule.
Abbreviations: ETL, electron-transparent layer; EDL, electron-dense layer; OL, outer
layer; GL, granular layer; Peri, periplasm; OM, outer membrane; PM, plasma
membrane; PG, peptidoglycan; AG, arabinogalactan. Panel A and B are adapted from
Zuber et al., 2008 and C is adapted from Sani et al., 2010.

The mycobacterial cell envelope comprises of many complex sugars and
lipids of exceptional structure (Fig. 1.2). First, the presence of very long chain
(Cr0-Co0) fatty acids called mycolic acids; second, the unusual organization of
these lipids into a Gram-negative-like outer membrane (mycomembrane) in
these Gram-positive bacteria and the presence of pore-forming proteins in the
mycomembrane and third, the covalent linkage of mycolic acids,
arabinogalactan and peptidoglycan to form the cell wall skeleton (CWS). In
slow-growing pathogenic mycobacterial species, this giant structure is

surrounded by a capsular layer composed mainly of polysaccharides, primarily
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a glycogen-like glucan. The CWS is separated from the plasma membrane by a
periplasmic space which is approximately 20 nm thick and contains a granular

layer, possibly representing membrane proteins.
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Fig. 1.2. Schematic representation of the cell envelope of M. tuberculosis. The
cell envelope of M. tuberculosis cells consists of a plasma membrane, a cell wall
composed of covalently linked mycolic acids, arabinogalactan and peptidoglycan and
non-covalently linked lipids and proteins and a capsule consisting of polysaccharides,
proteins and lipids. Abbreviations: PIM, phosphatidylinositol mannoside; PDIM,
phthiocerol dimycocerosate; DAT, diacyltrehalose; PAT, penta-acyltrehalose; SL-1,

sulfolipid-1; TMM, trehalose monomycolate; TDM, trehalose dimycolate.

1.2.3.1. Plasma membrane

The ultra-thin sections of the mycobacterial cell envelope revealed that the
plasma membrane is similar to other biological plasma membranes (Zuber et
al., 2008) both in chemical composition and metabolic functions. As far as lipid
composition of the plasma membranes is concerned, no obvious difference was
found between those of rapid- and slow-growing Mycobacterium species

examined. Polar lipids, mainly phospholipids, in association with proteins
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assemble into a lipid bilayer (Minnikin, 1982). Palmitic (C1e:0), octadecenoic
(C1s:1) and 10-methyloctadecanoic (or tuberculostearic acid) are the major fatty
acid constituents of the isolated plasma membranes. The main phospholipids of
the plasma membrane are phosphatidylinositol mannosides (PIM),
phosphatidylglycerol (PG), cardiolipin and phosphatidylethanolamine (PE) while
phosphatidylinositol (PI) occurs in small amounts. Lipoarabinomannan (LAM) is
composed of a phosphatidylinositol group (Hunter & Brennan, 1990) covalently
linked to arabinomannan. The non-covalently linked glycophospholipids
[phosphatidyl-myo-inositol mannosides (PIMs) and their more related
glycosylated end products, lipomannan (LM) and lipoarabinomannan (LAM)] are
abundant in the inner (interspersed within the mAGP framework) and outer
membranes of all Mycobacterium species (Gilleron et al., 2008; Ortalo-Magne
et al., 1996; Pitarque et al., 2008).

1.2.3.2. Cell wall skeleton

The intricate cell wall is the hallmark of mycobacteria which defines the shape
of the mycobacterial cell owing to its rigidity. It consists of a covalently linked
cell wall skeleton (CWS), an abundant variety of wall-associated lipids and a
few polypeptides. The CWS consists of the material remaining after removal of
all non-covalently bound wall-associated substances such as soluble proteins,
lipids and glycans (Daffé, 2008). It is a giant macromolecule surrounding the
entire cell and chemically composed of three covalently linked constituents:
peptidoglycan, arabinogalactan and mycolates known as mycolyl-
arabinogalactan-peptidoglycan (mAGP) complex.

Peptidoglycan

Peptidoglycan (PG) present in both Gram-negative and Gram-positive bacilli
provides shape, rigidity and osmotic stability (Schleifer & Kandler, 1972).
Although the backbone of PG is typically made up of N-acetylglucosamine
(GIcNAc) and N-acetylmuramic acid (MurNAc) linked via B(1—4) linkages,
mycobacterial PGs possess one notable structural modification: MurNAc is
oxidized to N-glycolylmuramic acid (MurNGlyc) (Mahapatra et al., 2005;
Raymond et al., 2005). This modification increases the overall strength of PG
by providing sites for hydrogen bonding and also decreases the susceptibility to

lysozyme (Brennan & Nikaido, 1995; Raymond et al., 2005). Tetrapeptide side
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chains of PG consist of L-alanyl-D-isoglutaminyl-meso-diaminopimelyl-D-
alanine (L-Ala—D-Glu-A2pm-D-Ala) with the Glu being further amidated. These
are attached to the muramyl components of the backbone that become cross-
linked to provide a mesh-like structure. Another unique feature of mycobacterial
PG is that it provides the site for AG attachment.
Arabinogalactan
The PG is covalently linked to the galactan chain through the C-6 of its muramyl
residues via a diglycosylphosphoryl bridge, L-Rhap-GIcNAc-1-phosphate.
Mycobacterial arabinogalactan (AG) comprises of D-galactofuranoses (Galf)
and D-arabinofuranoses (Araf), which are extremely rare in nature. AG has a
few defined structural motifs rather than repeating units as seen in all other
bacterial polysaccharides. The non-reducing end of the arabinan consists of a
branched hexa-arabino-furanosyl structure [BAraf- (1—2)-aAraf ] 2-3,5-aAraf-
(1—5)-aAraf and the back-bone of AG chain consists of 5-linked aAra residues
punctuated with 3,5-aAraf branching. The galactan consists of alternating 5-
and 6-linked B-D-galactofuranose (Galf) units and the arabinan chain is
attached to the galactan core through C-5 of some of the 6-linked Galf units
(Jankute et al., 2015). The link between the arabinan and the galactan is not yet
defined. In M. tuberculosis, mycolyl units were shown to cluster in groups of
four and occupy only about two-thirds of the available attachment sites on the
terminal hexa-arabinoside motif (McNeil et al., 1991).
Mycolic acids
Mycolic acids are long chain a-alkyl, B-hydroxy fatty acids (C7o0-90). The term
“‘mycolic acid” was given by Stodola et al. (1938) to designate the principal
ether-soluble fraction of the wax isolated from M. tuberculosis (Stodola et al.,
1938). They form an integral component of the mAGP complex or found as free
lipids esterified to trehalose or glucose in the cell wall. Three distinct types are
found (Fig. 1.3): a-mycolic acids are abundantly present (>70%) and exist in the
cis-cyclopropane configuration whereas the methoxy mycolic acids and keto
mycolic acids are the minor components (10 to 15%) and contain cyclopropane
rings in either a cis- or trans-configuration with an adjacent methyl branch
(Jankute et al., 2015; Takayama et al., 2005).

They have been shown to modulate cell wall fluidity and permeability,

protect mycobacteria against chemical compounds or stress, play a role in
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pathogenicity and persistence, and have diverse immunological functions
(Kremer & Besra, 2005; Liu et al., 1996). They also contribute to drug tolerance
owing to the ability of M. tuberculosis to form biofilms (Ojha et al., 2005; Ojha et
al., 2010; Sambandan et al., 2013). The cyclopropane rings in mycolic acids of
M. tuberculosis contribute to the structural integrity of the cell wall complex
(George et al., 1995) and protect the bacillus from oxidative stress (Yuan et al.,
1995). Mycobacteria have unique mycolic acid patterns. Using approaches
such as thin-layer chromatography (TLC), gas-liquid chromatography (GLC)
and high-performance liquid chromatography (HPLC), mycobacterial species

are identified based on their mycolic acid patterns (Tortoli, 2003).
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Cyclopropane ring

Fig. 1.3. Chemical structures of mycolic acids from M. tuberculosis. There are five
forms of mycolic acids in M. tuberculosis. The cyclopropane rings in a-mycolic acid
have cis configuration whereas either cis or trans configuration is present on the
proximal ring of both methoxy- and keto-mycolic acids. Adapted from Takayama et al.,
2005.

1.2.3.3. Capsule

The capsule, an outer layer of the mycobacterial envelope consisting of a
mixture of polysaccharide, protein and lipid can be always seen around
intracellular mycobacterial pathogens but not around non-pathogenic
mycobacteria or pathogenic mycobacteria grown in vitro in standard conditions
(Frehel et al., 1986; Ryter et al., 1983). Lipids such as PIM and PE are present

in very small amounts on the (capsular) surface of all the mycobacterial species
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examined (Ortalo-Magne et al., 1996). The main components of the outermost
capsular layer of slow-growing mycobacterial species (e.g. M. tuberculosis and
M. kansasii) are polysaccharides whereas the major components in rapid
growers (e.g. M. phlei and M. smegmatis) are proteins (Lemassu et al., 1996;
Ortalo-Magne et al., 1995). They consist mainly of a glucan, an arabinomannan
and a mannan. Small amounts of other, still uncharacterized oligo- and
polysaccharides are also present. The outermost part of the mycobacterial cell
envelope contains only a tiny amount of lipid (2-3% of the surface-exposed
material), and progressive removal of the capsular material shows that most of
the lipids are in the inner rather than the outer part of the capsule (Ortalo-
Magne et al., 1996). Some of the species- and type-specific lipids and
glycolipids, e.g. phthiocerol dimycocerosates (PDIM), phenolic glycolipid (PGL)
and glycopeptidolipid (GPL), can be found on the surface of the capsule.

1.2.3.4. Solvent extractable lipids in the mycobacterial cell wall
A variety of lipids are found interspersed in the mAGP complex. Some of these
lipids are common to all mycobacteria, for example trehalose dimycolates
(TDMs) while others like phthiocerol dimycocerosates (PDIM), sulfolipids (SLs),
phenolic glycolipid (PGL), glycopeptidolipids (GPLs) and lipooligosaccharides
(LOSs) are species / strain-specific. The possibility of a correlation between the
lipids of M. tuberculosis and TB pathogenesis led to the identification of TDM,
SL and PDIM and derivatives as factors that can likely modulate the immune
response (Bloch, 1950; Daffé & Draper, 1997). Structures of the above
mentioned lipids are depicted in Fig. 1.4.
a) Trehalose-based lipids
In mycobacteria, trehalose (a-D-glucopyranosyl-a-D-glucopyranoside), is found
either in the cytosol as free forms or in the cell wall as acylated forms (esterified
to various fatty-acyl groups). It plays the role of a carrier molecule. Based on
the esterifications, acylated trehaloses are grouped as:

e Mycolyl trehaloses - trehalose monomycolate (TMM) and trehalose

dimycolate (TDM)
e Sulfated acyl-trehaloses - Sulfolipids (SLs)
e Methyl-branched acyl trehaloses - Di-acyl (DAT), Tri-acyl (TAT) and
Penta-acyl (PAT)

10
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Trehalose dimycolate
Trehalose-6-6’-dimycolate (TDM), also known as ‘cord factor’ is the most
abundant lipid produced by virulent M. tuberculosis, responsible for the
characteristic serpentine morphology (Noll & Block, 1953; Noll et al., 1956).
TMM, the precursor of TDM is found intracellularly as well as extracellularly. It is
the mediator in the transport of mycolates across the membrane (Belisle et al.,
1997).

TDM essentially recruits cells for granuloma formation, apotosis and
regulates production of nitric oxide and cytokines conducive for antibody
production (Hunter et al., 2006; Lima et al., 2001; Perez et al., 2000). Loss of

TDM leads to reduced viability and loss of virulence.

Methyl-branched acyl trehaloses

Methyl-branched acyl trehaloses carry various methyl branched acyl chains
such as mycosanoic acids in diacyl trehaloses (DATs) and mycolipenic acids in
triacyl trehaloses and pentaacyl trehaloses (PATs). These molecules, being
amphiphillic, interact with the mycolic acid core and the capsule layer (Minnikin
et al., 2002). DATs are non-covalently linked to the peptidoglycan in the outer
layer of the mycobacterial cell wall (Ortalo-Magne et al., 1996).

Mycolipenic acids are potent inhibitors of leukocyte migration in vitro
(Husseini & Elberg, 1952). Antibodies against DATs and TATs are detected
with very high specificity and sensitivity (Mufioz et al., 1997). DATs also inhibit
the proliferation of murine T cells in vitro (Saavedra et al., 2001). They play an
important role in capsule attachment and their absence leads to cell

aggregation (Dubey et al., 2002).

Sulfolipids (SL)

Sulfolipids are found in virulent mycobacterial strains (Middlebrook et al.,
1959). They are composed of sulfated trehalose esters, acylated with three to
four fatty acyl groups which consist of one short chain saturated fatty acid (e.g.
palmitic acid or stearic acid) and different long chain multi-methyl branched fatty
acids (e.g., phthioceranic acid and hydroxyphthioceranic acids). The most
abundant SL in mycobacterial cell wall is SL-1 which is a 2,3,6,6’-tetraacyl 2’
sulfate (Goren et al., 1976).

11
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Fig. 1.4. Structures of surface exposed lipids from M. tuberculosis. In trehalose
dimycolate (TDM), the trehalose sugar which is a disaccharide is esterified to two
mycolic acid residues. In sulfolipid-1 (SL-1), trehalose is sulfated at the 2’-position and
esterified with palmitic acid and the multimethyl-branched phthioceranic and
hydroxyphthioceranic acids. In diacyl trehalose (DAT), trehalose is esterified with
palmitic acid and the multimethyl-branched mycosanoic acid. In penta-acyl trehalose
(PAT), trehalose is esterified with palmitic acid and the multimethyl-branched
mycolipenic acids. In phthiocerol dimycocerosates (PDIM), the long-chain (-diol
(phthiocerol moiety) is esterified with two mycocerosic acids; n = 10-11; R = -CH>-CHj3
or -CHs. The lipid core of phenolic glycolipid (PGL) is composed of phenolphthiocerol

esterified by mycocerosic acids; m = 7-8; R = -CH»>-CH3 or -CHs.
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SLs block the release of TNF-a from macrophages thereby inhibiting the
formation of granuloma. It also prevents phagosome-lysosome fusion, inhibits
mitochondrial oxidative phosphorylation and modulates oxidative response by
regulating cytokine secretion (Jackson et al., 2007). Both in vivo and in vitro
studies show that SLs play a significant role in persistence and pathogenicity of
M. tuberculosis (Rousseau et al, 2003). SLi27s was found to be an

immunostimulant in human tuberculosis patients (Gilleron et al., 2004).

b) Phthiocerol dimycocerosate (PDIMs) and Phenolic glycolipids (PGL)
PDIMs are composed of a long chain phthiocerol or phthiodiolone esterified with
two multimethyl-branched long-chain mycocerosic acids (Minnikin et al., 2002)
whereas in PGLs, the hydroxyl group of the phenol moiety is glycosylated by
species-specific mono-, tri- or tetra-saccharide units (Daffé et al., 1987). PGLs
are found in pathogenic mycobacterial strains such as members of the M.
tuberculosis complex, especially M. canettii, M. leprae, M. kansasii, M.
marinum, M.gastri, and M. ulcerans (Daffé et al., 1987).

PDIMs are essential for successful infection as their loss results in
attenuation of M. tuberculosis in mice lungs (Cox et al., 1999). PDIM provides
protection against reactive nitrogen intermediates (Rousseau et al., 2004),
arrests acidification of phagosome and alters the host cell membranes
(Simeone et al., 2007). PGL-1 from M. leprae has been used for serodiagnosis
of leprosy and TB (Gaylord et al., 1987). PGLs inhibit the release of pro-

inflammatory chemokines during infection (Reed et al., 2004).

1.3. Tuberculosis

1.3.1. Epidemiology

TB is airborne and contagious. It affects millions of people each year and ranks
alongside the human immunodeficiency virus (HIV) as a leading cause of death
worldwide. According to the year 2015 report of World Health Organization
(WHO, 2015), in 2014 there were an estimated 9.6 million new TB cases (5.4
million among men, 3.2 million among women and 1.0 million among children)
and 1.5 million deaths of which approximately 890,000 were men, 480,000 were
women and 140,000 were children (Fig. 1.5). TB and HIV co-infection occurs
when people have both HIV infection, and also either latent or active TB

disease. Globally there was an estimated 1.2 million new HIV-positive TB cases
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(12% of all TB cases) and 0.4 million deaths. Almost three-quarters of HIV-
positive TB cases were in the African Region. Drug-resistant TB is a major
threat to controlling the disease and is acquired either due to inadequate TB
treatment or due to direct transmission of drug-resistant TB from one person to
another. There were approximately 480,000 new cases of MDR-TB and about
190,000 deaths from MDR-TB worldwide. Most of the estimated number of
cases in 2014 occurred in South-East Asia and Western Pacific regions (58%)
and the African Region (28%) while smaller proportions of cases occurred in the
Eastern Mediterranean Region (8%), the European Region (3%) and the
Region of the Americas (3%) (WHO, 2015).

India with 23% of the global total of new cases stands top amongst the
22 high burden countries (HBCs). An estimated incidence figure of 2.2 million
cases of TB was in India out of a global incidence of 9.6 million. The estimated
TB mortality was 240,000 deaths. The incidence of HIV-positive TB cases was
120,000 cases where the mortality was estimated to be 38,000 deaths. In India,
MDR-TB levels are about 3% in new cases and around 12-17% in retreatment
cases. Most of the national TB statistics for India are collected by the
government Revised National Tuberculosis Control Programme (RNTCP) which
was started in 1997 and which was then expanded across the country. The aim
of the programme is to decrease mortality and morbidity due to this disease and
reduce transmission of infection until TB ceases to be a major public health

problem in India.
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Fig.1.5. Estimated incidence rate and mortality rate of TB. Panel A shows the
number of incident TB cases relative to population size (the incidence rate) varies
widely among countries. Incidence rates are falling globally after peak in 2004, but only
at the rate of <1% per year (WHO, 2015). Panel B shows countries (in red) for which
TB mortality is estimated using measurements from vital registration systems and / or

mortality surveys.

1.3.2. Control measures

Control measures for tuberculosis include timely diagnosis, anti-TB treatment,
check on the emergence of drug-resistant forms of M. tuberculosis and
preventive measures by vaccination.

1.3.2.1. Diagnosis

Diagnosis of TB involves clinical examination of the patient and investigations
including chest X-ray for identifying the granuloma formation, sputum smear
testing for acid-fast bacilli (AFB) done in three consecutive days, tuberculin skin
test (Mantoux test) and culture. Both Mantoux test and AFB smear test have
drawbacks such as non-specificity, less sensitivity and false positivity. A false
positive result could be due to non-tuberculous mycobacteria or previous
administration of BCG vaccine. The ‘gold standard’ for diagnosis is culture
confirmation. However, it takes 4-6 weeks to get the confirmation using the
conventional growth in Lowenstein-Jensen medium owing to the long
generation time of M. tuberculosis. Currently, a number of culture confirmation

systems that can monitor growth parameters using defined sensor systems are
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available, such as the BACTEC system (Becton Dickinson, NJ, USA) (Rohner
et al., 1997). The radiometric BACTEC 460 system uses '#*C-palmitic acid and
growth is determined by quantifying released '“COz2. The non-radiometric MB /
BacT Mycobacteria Detection System and the BacT / ALERT Microbial
Detection Systems utilize a colorimetric sensor and reflected light to monitor the
presence and production of carbon dioxide (CO:2) dissolved in the culture
medium (Thorpe et al., 1990) while the BACTEC MGIT 960 System utilises a
fluorescent compound sensitive to the presence of oxygen dissolved in the
Middlebrook 7H9 broth (Tortoli et al., 1999). However these systems are
economically not viable, especially for developing countries. Other diagnostic
tests include PCR amplification of the insertion element IS6770 (Torrea et al.,
2005) and assays that are based on cell-mediated immune response such as
QuantiFERON-TB Gold (Mori et al., 2004) and T SPOT-TB assays (Soysal &
Bakir, 2011). The immune response is recorded by measuring the stimulation
indices and / or production of IFN-y in response to mycobacterial proteins such
as ESAT-6. Line probe assay (LiPA) is used for the detection of rifampicin-
resistant TB among culture and clinical isolates (Morgan et al., 2005). MTB /
RIF is a recently developed automated molecular test, which provides sensitive
detection of TB and rifampicin resistance, directly from untreated sputum in less
than 2 hours with minimal hands-on time (Boehme et al., 2010).

Diagnosis of extrapulmonary TB (EPTB) is challenging as most forms of
EPTB are paucibacillary and have variable clinical presentations. Most reliable
method includes invasive procedures such as bronchoscopy and biopsy. Other
techniques such as Nucleic acid amplification tests (NAAT), BACTEC system,
MTB / RIF and culture.
1.3.2.2. Anti-TB treatment
Chemotherapy can cure tuberculosis in 95% of patients with active pulmonary
TB (Spigelman & Gillespie, 2006). The global TB control strategy of the World
Health Organization (WHO) involves a short term strategy known as Directly
Observed Treatment Short-course (DOTS). The program provides free of cost,
quality anti-tubercular drugs across the country through the numerous primary
health centres and the growing numbers of the private-sector DOTS-providers.
The treatment strategy involves two phases; first, intensive phase where three

or more drugs (isoniazid, pyrazinamide, rifampicin and streptomycin) are used
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for two months, aimed at killing the actively growing bacteria and second,
maintenance phase in which usually isoniazid and rifampicin are used for 4-7
months to remove any residual bacilli and prevent disease recurrence and
development of drug-resistant organisms. The other drugs used are known as
second-tier antibiotics that includes streptomycin, kanamycin, amikacin,
aminoglycosides, capreomycin, cycloserine, ethionamide, PAS, thioamides,
prothionamide and fluoroquinolones such as gatifloxacin, levofloxacin and

moxifloxacin.

Mode of action of front-line drugs

(a) Isoniazid (INH) or isonicotinic acid enters the pathogen as a pro-drug and is
activated by the catalase-peroxidase (KatG) expressed by the pathogen. The
peroxidase activity of KatG is necessary to activate INH to the active drug in the
bacterial cell (Zhang et al., 1992) that blocks mycolic acid biosynthesis, thereby

disrupting the cell wall synthesis.

(b) Rifampicin (RIF) is extremely effective against M. tuberculosis, (MIC 0.1-0.2
pg / mL) and its rapid bactericidal activity in combination with the other front-line
drugs helped to shorten the course of treatment against drug-susceptible
infections (Heifets, 1994; Mitchison, 1985). Rifampicin binds to the p-subunit of
DNA-dependent RNA polymerase and blocks transcription, thereby killing the

organism.

(c) Pyrazinamide (PZA), a nicotinamide analog, targets an enzyme involved in
fatty-acid synthesis and is responsible for killing persistent tubercle bacilli in the
initial intensive phase of chemotherapy (Somoskovi et al., 2001). Pyrazinamide
is a pro-drug, which is converted to its active form, pyrazinoic acid by the
pyrazinamidase elaborated by the pathogen. The activity of PZA is highly

specific for M. tuberculosis, as it has no effect on other mycobacteria.

(d) Ethambutol (ETH) is a front-line drug used in combination with other drugs
and is specific to mycobacteria. It inhibits arabinosyl transferase used for the
synthesis of arabinogalactan involved in cell wall biosynthesis (Takayama &
Kilburn, 1989). The inhibition of arabinogalactan biosynthesis by ethambutol
accounts for the accumulation of mycolic acids and their trehalose esters and

affects the permeability of cell wall.
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(e) Streptomycin (STM), an aminocyclitol glycoside, is an alternative front-line
anti-tubercular drug recommended by the WHO that interacts with the 16S
rRNA and S12 ribosomal protein (Finken et al., 1993), resulting in the

misreading of the mRNA and inhibition of protein synthesis.

1.3.2.3. Vaccine: BCG as vaccine

Mycobacterium bovis bacillus Calmette-Guerin (BCG) is the first vaccine for TB
developed by Albert Calmette and Camille Guerin of Pasteur Institute. The first
oral administration of BCG was in 1921, and since then many clinical trials in
different parts of the world have evaluated the efficacy of BCG in preventing
disease. The efficacy of BCG vaccination in preventing adult pulmonary
tuberculosis was found to be low, as concluded from the extensive 10-year
follow-up trial in Chingleput (Tamil Nadu, India) (Tuberculosis Prevention Trial,
1979). It was found that BCG conferred efficient protection against childhood
miliary TB and TB meningitis in contrast to adult pulmonary TB (Trunz et al.,
2006). Re-vaccination with BCG during adolescence in a population vaccinated
with BCG at birth does not improve protective efficacy as shown in large,
randomized controlled trial in Brazil (Rodrigues et al., 2005). All the new
vaccines in development are focused on inducing a strong and durable cellular
immune response, as cellular immunity is necessary for protection against
tuberculosis. To enhance the efficiency of BCG vaccination, efforts are being
made to develop a better recombinant BCG and a subunit boosting vaccine that

can be administered after BCG vaccination.

1.4. Pathogenesis of TB

1.4.1. Sequence of events

Tuberculosis is a disease that is transmitted by aerosolized droplets containing
infectious M. tuberculosis. The inhaled bacilli lodge in the terminal air spaces of
the lung where they enter and are engulfed by macrophages. In an immune-
competent individual, the bacilli are killed by the macrophages, with the
mycobacterial antigenic determinants sensitising the T lymphocytes. When the
macrophages fail to counter the bacilli, they infect new alveolar macrophages
and replicate within them. The onset of host immune response controls the

bacterial replication and dissemination. There is interplay between the
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macrophages and T Ilymphocytes that is mediated by cytokines and

chemokines.
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Fig. 1.6. Sequence of events upon entry of the pathogen into the mammalian

Alves et al., 2014. Nature Reviews|Microbiology

host. Inhalation of the aerosol droplets containing bacteria marks the initiation of
infection. The innate immune response recruits the inflammatory cells to the lung. The
recruitment of T cells, B cells, activated macrophages and other leukocytes leads to
the establishment of granulomas, which can contain M. tuberculosis. Most infected
individuals remain clinically asymptomatic known as the ‘latent state’. A small
percentage of these people, upon immuno-suppression, eventually progress and
develop active disease, which can lead to the release of M. tuberculosis from
granulomas. When individuals with active tuberculosis (TB) cough, they can generate

infectious droplets that transmit the infection.
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If a Th1 response is produced, it results in the production of pro-inflammatory
cytokines like IFN-y. The host attempts to control the pathogen with granuloma
formation by the differentiation of macrophages into ‘epithelioid” cells
surrounded by lymphocytes (Ehlers & Holscher, 2005). This solid necrotic mass
(granuloma) is thought to deprive oxygen to the pathogen and may over time,
became sclerotic and even calcified, commonly resulting in containment or
death of M. tuberculosis (Mack et al., 2009). Primary granulomatous lesion in
the lung and the dependent enlarged hilar lymph node is collectively called as
‘Ghon complex’ (Mack et al., 2009). The strength of the host cellular immune
system decides whether an infection is arrested here or progresses to the next
stage. Here, the pathogen as latent bacilli can persist throughout a person’s life
in an asymptomatic state and the only clinical evidence of M. tuberculosis
infection during latency is delayed type hypersensitivity against mycobacterial
antigens, demonstrated by a tuberculin skin test (Glickman & Jacobs, 2001). A
small percentage of these people (between 5 and 10%) will eventually progress
and develop active disease upon immunosuppression. The granuloma
becomes liquefied and uncontrolled replication of the pathogen results in their
spread within the lungs (active pulmonary TB) and even other tissues via
lymphatic system and the blood (miliary or extrapulmonary TB). This sequence

of events is depicted in Fig. 1.6.

1.4.2. Infection vs disease development

The bacterium faces adverse conditions after its internalization by the alveolar
macrophages. Macrophage activation leads to phagosomal maturation and
production of antimicrobial molecules such as reactive nitrogen intermediates
(RNI) and reactive oxygen intermediates (ROI), toxic peptides, oxygenated
lipids, lysosomal enzymes and fatty acids (Fenton & Vermeulen, 1996; Nathan
& Shiloh, 2000). TNF-a induces apoptosis in response to mycobacterial
infection while IFN-y kills and clears the mycobacteria. Despite the fact that
these phagocytes are usually very effective in internalizing and clearing most of
the bacteria, M. tuberculosis has evolved several mechanisms to circumvent
the hostile environment of the macrophage, its primary host cell. The ability of
the population of viable M. tuberculosis to survive and evade the host immune

surveillance (Boshoff & Barry, 2005) has been attributed to many factors:
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interference in immune signalling pathways subverting the local immune
response, phenotypic tolerance of immune-mediated effectors by the induction
of stress regulons, metabolic alteration or quiescence, detoxification or damage
repair mechanisms and the ability to adjust metabolic processes to varying
nutrient availability (Stewart et al., 2003).

1.4.3. Cell-mediated immune response and cytokine expression in
tuberculosis

The T cell-mediated acquired immune response to infection with M. tuberculosis
is a complex event involving a variety of T cell subsets that manifest themselves
in numerous functions, including protection, delayed-type hypersensitivity,
cytolysis and the establishment of a state of memory immunity. These functions
are dependent on the secretion of an array of cytokines by the monocytes,
macrophages, granulocytes and natural killer cells in containing or destroying
the bacilli. Cytokines are small, non-structural proteins with molecular weights
of up to 40 kDa without a consistent amino sequence motif or three-dimensional
structure. They act as a link between the innate and adaptive immune system
with the objective of promoting a powerful immune response against pathogens.
Cytokines promoting inflammation are called pro-inflammatory cytokines
whereas cytokines which block the signal cascade are called anti-inflammatory
cytokines. Chemokines attract circulating immune cells by chemotaxis so that
they accumulate around the source of chemokine production. The outcome of
an infection depends on the sum of various factors influencing each other (Fig.
1.7). Disturbances of the balance of this highly complex and intricate network of
cytokines and effector cells by genetic, environmental or microbial elements
might have harmful consequences (Westendorp et al., 1997).

In the case of infection with M. tuberculosis, the macrophages get
activated and start secreting cytokines stimulating the complex interacting
machinery of the host immune system. The inflammatory response is essential
for granuloma formation and long term survival of M. tuberculosis (Sasindran &
Torrelles, 2011). The various cytokines modulating host immune response

during M. tuberculosis infection are discussed here.
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Fig. 1.7. Inflammatory response of phagocytic cells upon activation with M.
tuberculosis. The recognition of M. tuberculosis by macrophages and dendritic cells
leads to an inflammatory response by the production of cytokines which may either
result in the early killing of the bacteria or containment of infection. Adapted from Van
Crevel et al., 2002.

1.4.3.1. Pro-inflammatory cytokines

Tumor necrosis factor-alpha (TNF-a): TNF-a, a prototype pro-inflammatory
cytokine is produced by monocytes, macrophages and dendritic cells when
stimulated with mycobacteria or mycobacterial products. It plays a key role in
granuloma  formation, induces macrophage activation and has
immunoregulatory properties (Van Crevel et al.,, 2002). TNF-a activated
macrophages release chemokines which attract additional immune cells to the
infection site (Algood et al., 2004). TNF-a induces apoptosis that helps in
confining intracellular pathogens and clearing some infections (Keane et al.,
1997). TNF-qa, if left unregulated may cause tissue damage and necrosis
making the balance of TNF-a production imperative. The anti-inflammatory
cytokine IL-10 helps in maintaining the levels of TNF-a (Byrd, 1997). TNF-a
knockout mice fail to induce granuloma formation and are unable to limit

bacterial dissemination leading to death (Saunders & Cooper, 2000).
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Interferon-gamma (IFN-y): IFN-y is secreted by T lymphocytes (type 1 helper
T cells and cytotoxic T cells) and natural killer (NK) cells and is responsible for
the activation of macrophages which in turn produce inflammatory cytokines.
IFN-y promotes the monocyte fusion and plays an important role in the
multinucleated giant cell formation in the tuberculosis granulomas (Most et al.,
1990). Patients with defects in IFN-y receptors are highly susceptible towards
mycobacterial infections and have a higher risk of recurrence of infection
(Ottenhoff et al., 2002). IFN-y knockout mice are particularly susceptible to M.
tuberculosis (Flynn et al., 1993). It has been shown that the macrophage-
activating cytokines IFN-y and TNF-a are important for the initial control of
tuberculosis (Cooper et al., 1993; Flynn et al., 1993).

Interleukin-1 beta (IL-1B): IL-1B is mainly produced by monocytes /
macrophages (Ward et al., 2010) and dendritic cells (Michelini-Norris et al.,
1992) after the recognition of mycobacterial lipoproteins which are potent
activators of the TLR2 (Aliprantis et al., 2000). TLR activation leads to an
increased production of the precursor molecule pro-IL-1B which co-localizes in
the cytosol with pro-caspase-1 (Andrei et al., 1999). A protein complex termed
‘IL-1B inflammasome’ converts the inactive procaspase-1 into active caspase-1
that activates IL-1B which promotes phagosome maturation (Martinon et al.,
2002). An IL-1a and -1 double KO mice displayed an increased mycobacterial
outgrowth and also defective granuloma formation after infection with M.
tuberculosis (Juffermans et al., 2000; Yamada et al., 2000).

Interleukin-12  (IL-12): IL-12, produced mainly by monocytes and
macrophages, plays a pivotal role in host defence against M. tuberculosis
(Fulton et al., 1996; Ladel et al., 1997). In tuberculosis, IL-12 has been detected
in lung infiltrates, in pleurisy, in granulomas and in lymphadenitis (Van Crevel et
al., 2002). IL-12 has a regulatory role connecting both the innate and adaptive
immune response to mycobacteria. It exercises its protective effects mostly
through the induction of IFN-y (Cooper et al., 1997). Patients with mutations in
the genes encoding IL-12p40 and IL-12R display a reduced capacity to
produce IFN-y (Ottenhoff et al., 1998).

Interleukin-18 (IL-18) : IL-18, produced by macrophages is an IFN-y inducing
factor, having similarity to IL-1B and works synergistically with IL-12 (O'Neill &

Greene, 1998). IL-18 induces the production of other pro-inflammatory
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cytokines, chemokines and transcription factors (Netea et al., 2000; Puren et
al., 1998). Mycobacterium tuberculosis-mediated production of IL-18 by
peripheral blood mononuclear cells is reduced in tuberculosis patients, and this
reduction may be responsible for reduced IFN-y production (Vankayalapati et
al., 2000).

Interleukin-6 (IL-6): IL-6 has both pro- and anti-inflammatory properties and is
produced early during mycobacterial infection by the macrophages and helper T
cells (Hoheisel et al., 1998; Law et al., 1996). A deficient IFN-y production in the
early stages of immune response was seen in IL-6-deficient mice that increased
the susceptibility to M. tuberculosis infection (Saunders et al., 2000). IL-6 has
been shown to inhibit the production of TNF-a and IL-1B (Schindler et al., 1990)
and stimulates in vitro growth of M. avium (Shiratsuchi et al., 1991).
Interleukin-8 (IL-8): IL-8 is a chemokine mainly secreted by granulomas
infiltrated by neutrophils, macrophages infected with M. tuberculosis and other
cells with TLR involved in the unspecific immune response. Its primary function
is to attract circulating leukocytes to invade inflammated tissues (Broaddus et
al., 1992). The IL-8 production is negatively regulated by IL-18 and TNF-a
(Zhang et al., 1995b). The importance of IL-8 for bacterial containment was
seen when it was totally blocked in rabbits whereupon the granuloma formation
was inhibited (Larsen et al., 1995).

1.4.3.2. Anti-inflammatory cytokines

Interleukin-10 (IL-10): The anti-inflammatory cytokine IL-10 is released by
macrophages, type 2 helper T cells, B cells, neutrophils, eosinophils, and mast
cells (Gerosa et al., 1999; Hickman et al., 2002; Shaw et al., 2000). The
secretion is promoted mostly by IL-12 and IL-6 (Saraiva & O'Garra, 2010). As
an antagonist to pro-inflammatory cytokines IL-10 alleviates the process of
inflammation in monocytes by limiting the IL-8, IFN-y, TNF-a and granulocyte-
macrophage colony-stimulating factor (GM-CSF) production (de Waal Malefyt et
al., 1991) that includes limiting the production of reactive oxygen intermediates
(ROIls) and reactive nitrogen intermediates (RNIs) (Gazzinelli et al., 1992) in
macrophages. IL-10 prevents an over-reaction of the inflammation promoting
factors, counteracts cell damage, leads to a balance between the pro- and anti-

inflammatory factors and is therefore essential for the outcome of disease. IL-10
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could effectively suppress the immune response as higher levels of IL-10 was
produced in anergic patients even after treatment (Smith, 2003).

Transforming growth factor-beta (TGF@): TGFf3 produced by monocytes and
dendritic cells at the site of disease (Toossi et al., 1995) counteracts protective
immunity in tuberculosis. TGFB suppresses cell-mediated immune response in
two ways: first by antagonizing antigen presentation, pro-inflammatory cytokine
production and cellular activation in macrophages and second by inhibiting
proliferation and IFN-y production in T cells (Toossi & Ellner, 1998). TGFB
selectively induces production of IL-10 and together they suppress IFN-y
production (Othieno et al., 1999).

Interleukin-4 (IL-4): IL-4 is secreted by both type 2 helper T cells and cytotoxic
T cells (van Crevel et al.,, 2000) and suppresses IFN-y production and
macrophage activation (Appelberg et al., 1992; Powrie & Coffman, 1993).
Increased production of IL-4 lead to disease progression and reactivation of

latent infection in M. tuberculosis infected mice (Howard & Zwilling, 1999b).

1.4.4. Adaptation to the environment in the human host

The growth and survival of the pathogen within the macrophages is determined
by its ability not only to overcome the oxidative stress and the immune
response but also its ability to acquire nutrients from the host. There is
increasing evidence that the pathogen preferentially utilises lipids as a carbon
source (Keating et al., 2005). Among the micronutrients, iron plays an important
role in the metabolism of the pathogen. The iron acquisition machinery is the

main focus of this study and is discussed in detail below.

1.5. Acquisition of iron

1.5.1. Role of iron

Iron, a divalent cation is a double-edged sword as it is essential for the survival
of an organism but in excess it can prove lethal. It is the second most abundant
metal after aluminium and the fourth most abundant element in the earth’s
crust. It is an requisite micronutrient for all bacteria with few exceptions;
lactobacilli which have a cobalt-containing reductase (Sritharan, 2000) and
Borrelia burgdorferi which have manganese in their metal-requiring enzymes
(Posey & Gherardini, 2000). Iron is important for mycobacteria including M.

tuberculosis as it is involved in vital cellular functions, electron transport, DNA
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replication, haem biosynthesis, amino acid biosynthesis and pyrimidine
biogenesis (De Voss et al., 1999; Sritharan, 2000). It acts as a co-factor for at
least 40 different enzymes encoded in the M. tuberculosis genome (Cole et al.,
1998) such as oxygenases, superoxide dismutases, hydroxylases and
ribonucleotide reductases. The ability of atomic iron to oscillate between two
oxidation states: ferrous (Fe?*) and ferric (Fe3*) with the oxidation-reduction
potential for the Fe?* / Fe3* couple varying between +300 mV to —500 mV,
enables it to serve as a catalyst in biological redox reactions.

The redox potential of iron also generates cellular toxicity under
conditions of iron overload. Reactive oxygen intermediates are generated
during the course of normal cellular homeostasis. In the presence of such
reactive oxygen species, iron can catalyze the Fenton reaction to generate
hydroxyl radicals that damage lipids, DNA, and protein. It is therefore critical to
maintain optimal levels of iron.

Availability of iron is indispensable for the growth of the pathogen but it
faces iron limitation in vivo. Poor availability of iron is due to the insolubility of
ferric iron (Fe3*) under aerobic, aqueous and neutral pH conditions and
existence as insoluble ferric hydroxides and oxyhydroxides. The solubility of the
predominant form of iron, Fe(OH)2*, is 1.4x10° M at pH 7 (Chipperfield &
Ratledge, 2000) which is considerably lower than the requirements for bacterial
growth (107 M). Another limiting factor is the withholding of the iron (~99.9%) by
the host proteins such as transferrin (in blood circulation), lactoferrin (in
leukocytes and mucosal secretions) and ferritin (in liver) (Bullen et al., 1999;
Ratledge & Dover, 2000; Sritharan, 2000), a process termed as ‘nutritional
immunity’ (Kochan, 1977). These host mechanisms usually keep free iron
below the level required for bacterial growth and are regulated by the hormone
hepcidin which orchestrates an innate immune response to further reduce
available iron and to slow or stop growth of bacterial pathogens (Drakesmith &
Prentice, 2012).
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1.5.2. Adaptation of mycobacteria to iron limitation: elaboration of the
siderophore-mediated iron acquisition machinery

Mycobacteria are able to evade the nutritional immunity by the elaboration of
the siderophore-mediated iron acquisition machinery (De Voss et al., 1999;
Sritharan, 2000). Siderophores are low molecular weight (500-1000 Da) Fe3*-
specific high affinity molecules with binding affinity constant Ks ranging from
1022 to 1050 and can remove iron from the insoluble Fe(OH)s and from host-iron
binding compounds, but not from heme proteins. Mycobacteria produce two
types of siderophores: mycobactin (Mb) produced by all mycobacteria are cell-
associated and carboxymycobactin (CMb) and exochelin secreted by
pathogenic and non-pathogenic mycobacteria respectively chelates iron from
immediate environment that is taken up by these organisms.

1.5.2.1. Mycobactins

Mycobactin was first identified in 1949 in M. phlei (Francis et al., 1949) and the
structures of several mycobactins were elucidated by Alan Snow and his group
(Snow, 1970). Mycobactins are essential for growth within macrophages (De
Voss et al., 2000) and have high affinity for Fe3* (~1030) with low binding to Fe2*
(Ratledge, 2004). Few mycobacterial strains such as M. paratuberculosis and
some strains of M. avium do not produce mycobactin under iron-limiting
conditions. Mycobactins belong to the mixed ligand type siderophores (Fig. 1.8)
and have a core nucleus that consists of a 2-hydroxyphenyloxazoline moiety
linked via an amide bond to an acylated e-N-hydroxylysine residue. This lysine
is, in turn, esterified at the a-carboxyl with a B-hydroxy acid that forms an amide
link with a second e-N-hydroxylysine which has cyclised to give a seven-
membered lactam. Within this core, a methyl group may or may not be present
at the 6 position of phenolic ring (R1) and / or at the 5 position of the oxazoline
(Rz2). Presence of both types of oxazoline has been reported in M. tuberculosis
(Gobin et al., 1995a). Alkyl substituents of the hydroxyl acid (Rs and R4) and the
acyl moiety Rs are highly variable in different species of mycobacteria (Snow,
1970) and can be used as chemotaxonomic markers for identifying
mycobacteria (Hall & Ratledge, 1984; Sritharan, 2000). Fe3* is chelated by the
two hydroxamic acids of the e-N-hydroxylysines, the nitrogen of the oxazoline

ring, and the phenolate oxygen atom.
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Fig. 1.8. The general structure of mycobactin from M. tuberculosis. The structure
consists of 5 amino acids including one salicylic acid, one serine, two lysines, and one
3-hydroxybutyric acid. A long alkyl chain extends from the side chain of the middle
lysine residue where the length of the R-group may vary amongst the mycobacteria
species. The asterisk (*) indicates the chelating group for the ferric ion binding.
Adapted from (Fang et al., 2015).

1.5.2.2. Carboxymycobactins

Carboxymycobactins are the extracellular siderophore expressed mainly by
pathogenic mycobacteria (Ratledge, 2004) but they have also been detected in
small quantities in the non-pathogen M. smegmatis (Ratledge & Ewing, 1996).
Carboxymycobactin and mycobactin share a common core nucleus but differ in
the length of the alkyl substitution. Carboxymycobactin lack the long alkyl chain
at R5, the substituents are acyl chains with a terminal carboxylic acid group or
its methyl ester form rendering it more hydrophilic (De Voss et al., 1999).
1.5.2.3. Exochelins

Exochelins are water-soluble, peptide siderophores produced by non-
pathogenic mycobacteria and well characterized in M. smegmatis and M.
neoaurum (Sharman et al., 1995a; Sharman et al., 1995b). They are small
peptides (5-10 aa) consisting of D-amino acids, predominantly ornithine and do
not contain conventional peptide bonds (Ratledge & Dover, 2000). The
exochelin MS from M. smegmatis is a formylated pentapeptide derived from

three molecules of &-N-hydroxyornithine, B-alanine and threonine. Exochelin
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MN from M. neoaurum is a hexapeptide with two &-N-hydroxyornithines, one
ornithine, two B-alanine residues and one B-hydroxyhistidine. The coordination
center with Fe3* is hexa-dendate; it is held in an octahedral structure involving

the three-hydroxamic acid groups donated by ornithine.

1.5.3. Iron-regulated envelope proteins (IREPs) / iron-regulated membrane
proteins (IRMPs)

1.5.3.1. 29 kDA IREP in M. smegmatis

In mycobacteria IREPs were first demonstrated in M. smegmatis (Hall et al.,
1987) grown under low iron condition (0.02 ug Fe / mL). The receptor for ferri-
exochelin was found to be a 29 kDa IREP and its specificity as a receptor was
substantiated by inhibiting the uptake of ferri-exochelin using antibodies against
the 29 kDa protein (Dover & Ratledge, 1996; Hall et al., 1987). Similarly, a 21
kDa IREP was shown to be co-ordinately regulated with the siderophores
mycobactin and exochelin MN in M. neoaurum (Sritharan & Ratledge, 1989).
Several other IREPs were identified in other mycobacterial species such as M.
avium and M. leprae, both under in vitro and in vivo conditions. IREPs of 180,
29, 21 and 14 kDa were identified in M. avium isolated from infected C57 black
mice, while the 21 kDa IREP was shown in the cell wall fraction of M. leprae
obtained from infected armadillo liver (Sritharan & Ratledge, 1990; Sritharan,
2000). The role of the 21 kDa IREP of M. leprae in iron acquisition as a possible
receptor of ferri-exochelin MN is worth exploring as M. leprae can take up only
ferri-exochelin MN (Hall et al., 1983) and not ferri-siderophores from other

mycobacteria.

1.5.3.2. IrtAB transporter in M. tuberculosis

The synthesis and regulation of M. tuberculosis siderophores have been well
studied but the molecules involved in transport of iron into this pathogen remain
unknown. There are several reports about iron-regulated proteins (Calder &
Horwitz, 1998; Wong et al., 1999) and further experimentation is required to
establish their role in iron acquisition. The first proteins identified to be involved
in iron acquisition in the membrane of M. tuberculosis were IrtAB encoded by
irtA (Rv1348) and irtB (Rv1349) (Rodriguez & Smith, 2006). IrtA and IrtB have

the motifs typical of ABC transporters, composed of four structural domains; two
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membrane-spanning domains and two cytoplasmic domains containing the ATP
binding cassette (Braibant et al., 2000). Amino acid sequence analysis of IrtA
and IrtB showed 34% identity that spans the transmembrane and carboxy-
terminal domains. IrtA has an N-terminal extension of 272 amino acids referred
to as IrtA-NTD that is not present in IrtB. The IrtA-NTD has been shown to bind
FAD and hypothesized to function as a flavin (FAD)-dependant reductase
(Ryndak et al., 2010a). The role of IrtAB as an iron transporter that mediated
the internalization of iron using ferri-carboxymycobactin as the source of iron
was established using irtAB KO mutant strain of M. tuberculosis (Ryndak et al.,
2010a) while the presence of FAD in the amino terminus implicated its role in
catalysing the reduction of Fe3* to Fe2*. The failure of the itAB KO strain to
survive inside human macrophages and in experimental mice emphasizes the

in vivo significance of this transporter.

1.5.3.3. Iron-regulated proteins in M. tuberculosis

Iron-regulated proteins were reported in M. tuberculosis grown under high and
low iron conditions (Calder & Horwitz, 1998). Irp15, 24 and 29 (based on their
approximate molecular mass in kDa) were abundant in cells grown under high
iron while Irp10, 13, 23, and 28 were expressed in low iron organisms. Irp10
and Mta72 with striking homology to metal transporting P-type ATPases were
predicted to function as a two-component metal transport system in M.
tuberculosis. At least 27 proteins were identified using 2D gel electrophoresis
and MALDI-MS whose expression was regulated by iron. 15 proteins were up-
regulated and 12 proteins were down-regulated under low iron conditions. Fur
and aconitase homologs, up-regulated under high iron condition suggests the
possibility that these proteins function as transcriptional regulators in M.
tuberculosis as in other bacteria. The up-regulated proteins under low iron
condition were homologs of GTP-dependent phosphoenol pyruvate

carboxykinase (PEPCK) and oxidoreductases.

1.5.3.4. HupB: 28 kDa IREP in M. tuberculosis
Studies in our lab (Yeruva et al., 2006), identified an IREP of 28 kDa in the cell
wall of low iron (0.02 ug Fe / mL) grown M. tuberculosis. The expression of this

28 kDa IREP increased with decrease in iron concentration, with maximal
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expression in 0.02 uyg Fe / mL in the medium of growth. It was co-ordinately
expressed with the siderophores mycobactin and carboxymycobactin and was
characterized by protein sequencing as HupB. HupB, encoded by the hupB
gene (Rv2986¢) was first reported in M. tuberculosis as a histone-like protein
(HLP) (Prabhakar et al., 1998). The protein is 214 amino acid long, the N-
terminal region of 90 amino acids are homologous to the E. coli histone-like
DNA-binding HU class of nucleoid proteins and the C-terminal region is rich in
basic amino acids arginine and lysine giving the protein a high pl value of 12.5.
HupB referred to by several synonyms is implicated with varying functions. In
M. leprae, in which it is conserved despite severe genome reduction (Cole et
al., 2001), is called as laminin-binding protein (LBP) and is thought to play a
role in adhesion (Shimoji et al., 1999; Soares de Lima et al., 2005). It also
participates in chromosomal organization in vivo, where it possibly plays an
architectural role (Kumar et al., 2010) and helps in recombination (Sharadamma
et al., 2011). Binding of HupB is reported at the AT rich region of chromosomal
DNA, which may occur at the regulatory regions of ORFs and the oriC region of
M. tuberculosis (Kumar et al., 2010). Referred to as MDP1 (Mycobacterial DNA-
binding protein 1), it was demonstrated to play a role in cell wall biogenesis
(Katsube et al., 2007). It has been demonstrated to belong to the ferritin
superfamily proteins and plays a role in iron homeostasis by storing iron; one
molecule of MDP1 was shown to capture upto 81 iron (Fe3*) atoms (Takatsuka
et al., 2011). Same study also reported the ferroxidase activity of the protein
that converts Fe?* to Fe3*.

HupB is expressed in vivo. Anti-HupB antibodies are seen in patients
with inflammatory bowel disease and Crohn’s disease (Cohavy et al., 1999b)
and TB patients (Yeruva et al., 2006). A strong negative correlation of anti-
HupB antibodies with serum iron levels in TB patients was observed when
compared to household contacts and healthy controls (Sivakolundu et al., 2013)
where the patients presented low serum iron and high ferritin values. The level
of anti-HupB antibodies was interestingly high in extrapulmonary TB patients,

higher than that seen in pulmonary TB patients.
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1.5.4. Iron as a regulatory signal: role of IdeR
Intracellular iron regulates the expression of the components of the iron-
acquisition machinery in several bacterial systems, with the best studied in E.
coli (Griffiths & Chart, 1999). Iron operates in association with a regulator
protein, which is identified as Fur protein in a majority of Gram-negative
bacteria and the DtxR and its homologue in Gram-positive bacteria. From the
genome sequence of M. tuberculosis four regulators, two belonging to the Fur
family (FurA and FurB) and two belonging to DtxR family (IdeR and SirR) were
identified.
1.5.4.1. Iron dependent Regulator (IdeR)
IdeR is the key regulator of siderophore biosynthesis (mbt operon) in M.
tuberculosis and M. smegmatis. It is an iron-responsive DNA-binding protein of
the DtxR family (Schmitt et al., 1995) and is present in pathogenic as well as
non-pathogenic mycobacteria. IdeR is a 230 amino acids protein sharing 59%
overall amino acid identity with DtxR from C. diphtheriae with 78% similarity in
the N-terminal 140 amino acid region. The N-terminal region (1-73 residues)
contains a helix-turn-helix motif that binds DNA. The dimerisation domain (74-
120 residues) bears the two metal-binding sites and a third domain in the
carboxy terminal (151-230 residues) is free and has a SH3-like fold suggesting
a possible interaction with other proteins. The preferred metal ion for binding is
Fe2* although other divalent metal ions such as Mn?*, Zn?*, Co?*, Ni¢* and Mg?*
can bind, but at higher concentrations. In the absence of metal ions, the SH3
domain prevents the formation of the stable dimer by binding to residues 125-
139, called the tether region. Four monomers of IdeR form two functional
dimers and metal binding activates the protein’s DNA binding ability by causing
conformational changes in the DNA binding domain (Pohl et al., 1999) The SH3
domain leaves the tether region when the metal binding sites are occupied by
the IdeR-Fe2* complex which can then bind DNA strongly (Feese et al., 2001).
In mycobacteria, IdeR functions as a pleiotropic regulator (Li et al.,
2013); it acts as a negative regulator repressing the synthesis of the iron
acquisition genes in M. smegmatis (Dussurget et al., 1999) and M. tuberculosis
(Gold et al., 2001) and positively regulates the synthesis of iron storage genes
bfrA and bfrB (Gold et al., 2001) and the oxidative stress defence genes
(Rodriguez et al., 2002) in M. tuberculosis.
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ideR is an essential gene in M. tuberculosis (Rodriguez et al., 2002) in
contrast to M. smegmatis where inactivation of ideR resulted in iron-
independent production of siderophores and salicylic acid (Adilakshmi et al.,
2000; Dussurget et al., 1996). IdeR functions in maintaining iron homeostasis
and virulence as a conditional ideR mutant of M. tuberculosis failed to survive in
macrophages and experimental mice (Pandey & Rodriguez, 2013).
1.5.4.2. FurA, FurB and SirR
Though studies with ideR mutants confirmed the role of IdeR in iron
homeostasis, it is not the sole iron regulator (Dussurget et al., 1999). FurA is an
additional iron regulator and studies in M. tuberculosis and M. smegmatis
showed that FurA negatively regulates the expression of catalase-peroxidase
encoded by katG, thereby playing a role in oxidative stress (Pym et al., 2001;
Zahrt et al., 2001). FurB acts as a Zinc uptake regulator (Zur) in M. tuberculosis
and it is co-transcribed with its upstream gene (Rv2358), which encodes
another zinc-dependent regulator. SirR (Rv2788), annotated as an iron-
dependent regulator belonging to the DtxR family in the M. tuberculosis genome

is yet to be characterized as an iron regulator.

1.5.5. Biosynthesis of mycobactin

Mycobacterium tuberculosis produces mycobactins via a polyketide synthase /
non-ribosomal peptide synthetase (NRPs) pathway encoded by mbt genes in
two loci, namely mbt-1 (Quadri et al., 1998) and mbt-2 (Krithika et al., 2006)
loci. The mbt-1 cluster spanning 24 kilo bases of the M. tuberculosis genome
consists of ten genes mbtA-J and the mbt-2 cluster consists of four genes
mbtK-N. mbt-1 cluster contains the components necessary for synthesizing the
core structure of mycobactin and mbt-2 cluster is involved in the incorporation
of lipophilic aliphatic side chain onto the mycobactin backbone (Fig. 1.9). The
functionality of eight of the genes in the mbt-1 cluster was established by

systematic mutational approach in M. smegmatis (Chavadi et al., 2011).
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Fig. 1.9. Proposed scheme for the biosynthesis of mycobactin of M. tuberculosis
(adapted from Quadri et al., 1998 and Krithika et al., 2006). The mbt-1 cluster
synthesizes the mycobactin core from chorismate. All reactions after formation of
salicylic acid involve the attachment of the intermediates to various carrier proteins:
MbtB, MbtE, MbtC/D and MbtF. The intermediate SSLB-(e-RHN)-lysyl-MbtF, must
undergo cyclization of the terminal lysine group. The product of mbt-2 cluster
synthesizes fatty acyl-ACP intermediates, which are transferred to the mycobactin core
to produce didehydroxymycobactin by MbtK. MbtL acts as an acyl carrier protein. The
final hydroxylation is carried out by MbtG to generate mycobactin. All the reactions are
shown during the conditions of iron limitation when the complete machinery is active.

In the biosynthesis of mycobactin, salicylate is synthesized from
isochorismic acid by Mbtl while MbtG mediates hydroxylation of lysine giving
N6- hydroxyl-lysine. Salicylate is activated as its acyl adenylate by MbtA and is
then covalently attached to a phosphopantetheine prosthetic group of MbtB.
MbtB is a NRP which activates serine by condensing it with the salicylate
moiety. MbtC and MbtD are polyketide synthases that help to produce the
required B-hydroxybutyrate. Two other NRPs MbtE and MbtF, have the
appropriate activation, condensation, and peptide carrier domains for donation

of the two lysine-derived moieties of mycobactin. A terminal domain of MbtF,
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which acts as either an epimerization domain or as a thioesterase, is
responsible for releasing the mycobactin from the enzyme by lactamization of
the terminal hydroxyl-lysine residue. The biological role of MbtH and MbtJ has
not been assigned clearly (De Voss et al., 1999). The core mycobactin is
acylated by a long chain fatty acyl group which is formed by MbtL, MbtM and
MbtN of the mbt-2 cluster. The MbtK protein has exclusive specificity to acylate
at the e-amino position. This protein acylated the &-position of ornithine and also
catalyzed transfer of acyl chains onto two ornithine residues (Card et al., 2005;
Krithika et al., 2006) to yield mycobactin.

Regulation of siderophore biosynthesis by IdeR and HupB

When sufficient iron is present, the IdeR-Fe2* complex is formed that binds
specifically to a 19 bp consensus sequence called the ‘iron box or IdeR box’ (5'-
TTAGGTTAGGCTAACCTAA-3’) in the mbtB promoter DNA (located at -32
position from the predicted start point of mbtB) that blocks the transcription of
the first gene in the biosynthetic pathway of mycobactin (Gold et al., 2001).
When the intracellular concentration of iron becomes low, transcription initiation
requires binding of HupB to a 10 bp sequence (5-CACTAAAATT-3’) called the
HupB box, located immediately upstream of the IdeR box (-40 bp from the
transcriptional start point) although IdeR-Fe2* complex is absent (Pandey et al.,
2014b; Sritharan, 2016). HupB box has also been identified in the promoter
region of hupB showing that HupB regulated its own synthesis (Pandey et al.,
2014a). The concentration of iron thus determines activation or repression of
the mbt machinery (Fig. 1.10). Electrophoretic mobility shift assays revealed
that IdeR required high concentration of iron (= 200 yM Fe) to bind the mbtB
promoter while HupB required < 25 uM Fe. It has been shown that at = 200 yM
Fe M. tuberculosis fails to produce both HupB and the two siderophores
whereas HupB was expressed much before the siderophores when the iron
levels were lowered. Thus, under low iron conditions, IdeR-Fe2* complex fails to
form rendering the IdeR box empty and HupB occupies the HupB box

promoting the transcription of mbtB.

35



Review of literature

(A) Repression of mbtgenes and hupB by IdeR- Fe?* complex formed under high iron conditions
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(B) Expression of mycobactin: in the absence of ldeR-Fe2* complex in iron-limiting conditions, HupB

functions as a positive regulator of mycobactin biosynthesis
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Fig. 1.10. Transcriptional regulation of mycobactin biosynthesis-a schematic
model. Panel (A) shows the repression of the mbt genes and hupB by |ldeR-Fe?*
complex. In the presence of iron, IdeR forms a stable dimeric IdeR-Fe?* complex with
two iron atoms in each of the monomeric units. This complex binds to the IdeR box /
iron box in the promoter DNA of the mbt genes and blocks their transcription. |deR-Fe?*
complex also binds to the two IdeR boxes in the hupB promoter region (positions -5
and -127) repressing the transcription of hupB. Panel (B) shows the sequence of
events under iron-limiting conditions leading to expression of mycobactin. Adapted
from Sritharan, 2016.

1.5.6. Storage of iron

Although iron is essential, excess free iron is potentially toxic for the cells
because it catalyzes the production of reactive oxygen radicals by a Fenton
reaction, leading to oxidative damage. Under conditions of iron sufficiency, M.
tuberculosis represses iron acquisition and induces iron storage, suggesting an
important role for iron storage proteins in iron homeostasis. Mycobacterium
tuberculosis synthesizes two iron storage proteins, a ferritin (BfrB; Rv3841) and
a bacterioferritin (BfrA; Rv1876). Bacterioferritin, located within the cytoplasm
donates iron to all the newly synthesized iron-requiring proteins of the
mycobacterial cell (Ratledge, 2004). It was first identified in M. paratuberculosis

(Brooks et al., 1991) and then in M. leprae (Pessolani et al., 1994). The crystal
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structures of M. tuberculosis bacterioferritin (Gupta et al., 2009) and ferritin
(Khare et al.,, 2011) show the highly conserved architecture of the ferritin
superfamily of a cage-like hollow shell (aggregation) formed by 24 monomers
with the characteristic fold of a four-helical bundle containing the ferroxidase
catalytic center and in bacterioferritin, a heme group in each subunit pair
interface. These aggregates can bind 600 - 2,400 iron atoms per molecule.

A double KO mutant of M. tuberculosis, H37RvAbfrAAbfrB had
significantly reduced growth, was vulnerable to oxidative stress, was attenuated
for growth in human macrophages and the reduced bacillary load in the lung
and spleen of infected guinea pigs was suggestive of the importance of these
proteins in pathogenesis (Reddy et al., 2012). When individual knock out
mutants of bfrA and bfrB in M. tuberculosis were studied for their role in iron
homeostasis and virulence, it was found AbfrB mutant suffers from iron-
mediated toxicity, is highly susceptible to oxidative stress and killing by
antibiotics and is unable to persist in mice (Pandey & Rodriguez, 2012). The
AbfrA mutant did not show any such phenotype.

The IdeR-Fe2* complex binds to the tandem iron boxes, contacts the
RNA polymerase and initiates transcription. In case of bfrA, it binds to tandem
operator sites located 100 bp upstream of the bfrA transcriptional start point
(TSP) while in bfrB, it binds to a double iron box located 106 bp upstream of the
TSP (Rodriguez & Smith, 2003). Iron availability is therefore dependent on the
IdeR-mediated regulation of expression of bacterioferritin and ferritin. Recently
it was shown that under low iron conditions bfrB expression is repressed by the
presence of a histone-like DNA-binding protein Lsr2. In the presence of iron,
IdeR-Fe2* complex is formed that binds to the four IdeR boxes that displaces

Lsr2 thereby relieving bfrB repression (Kurthkoti et al., 2015).

1.5.7. Transport of iron

1.5.7.1. Export of siderophores

The iron-regulated outer membrane proteins MmplL4, MmpL5 and the
associating MmpS4, MmpS5, with the help of specific knock out mutants, were
first shown to export siderophores carboxymycobactin and mycobactin across
the cytoplasmic membrane (Wells et al., 2013). While MmpS5 interacted only
with MmpL5, MmpS4 interacted with both MmpL4 and MmpL5. The double KO
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mutant AmmpS4/S5 failed to recycle the exogenously added siderophores
although it was able to take up the ferri-siderophores and utilize the iron.
Accumulation of desferri-siderophores lead to toxicity and growth inhibition
(Jones et al., 2014). These outer membrane proteins are very crucial for iron

acquisition and virulence of M. tuberculosis.

1.5.7.2. Uptake of iron in mycobacteria

Uptake of ferri-exochelin

Uptake of ferri-exochelin has been well studied in M. smegmatis (Ratledge,
2004). It involves the complete transfer of the molecule along with the metal
ligand (Stephenson & Ratledge, 1979). After solubilisation of Fe3* by the
extracellular exochelin, the ferri-exochelin is recognized by the 29 kDa receptor
(Hall et al., 1987). It is then taken up by the FxuD protein and then transferred
through the cytoplasmic membrane proteins FxuA, FxuB and FxuC which share
amino acid sequence homology with FepG, FepC and FepD and which are
involved in the uptake of ferri-enterochelin in E. coli (Ratledge, 2004). The
release of iron involves reduction of Fe3* to Fe2* involving an appropriate
reductase (a non-specific NAD(P)H-dependent siderophore reductase). The
exochelin, after releasing its iron into the cytoplasm, is transferred back into the
extracellular environment of the cells using a specific exiting protein, ExiT (Zhu
et al., 1998) that operates in conjunction with other proteins and involves the

input of energy (Pavelka, 2000).

Uptake of ferri-carboxymycobactin

The siderophore-mediated iron uptake by M. tuberculosis has been extensively
reviewed recently (Sritharan, 2016). The pathogen synthesizes siderophores
when faced with low iron conditions which are exported across the membrane
by membrane transport proteins MmpL4/MmpS4 and MmpL5/MmpS5 (Wells et
al., 2013). The extracellular desferri-CMb chelates Fe3* from insoluble or
protein-bound iron forming ferri-CMb which then interacts with a yet unknown
cell envelope protein. While it was shown that iron from Fe-CMb is transferred
to the Mb located within the cell envelope (Gobin & Horwitz, 1996a), conclusive
proof of this process is presented in this study. The ABC transporters IrtAB

present on the cytoplasmic membrane mediates the internalization of iron,
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possibly from the Fe-Mb by reduction of Fe3* to Fe?* catalysed by the FAD-
dependant reductase associated with IrtA (Ryndak et al., 2010b). The proposed

model for uptake of ferri-CMb from the information available till date is depicted
Fe3*.
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Fig. 1.11. Proposed model for the transport of iron in M. tuberculosis. Desferri-
carboxymycobactin produced by M. tuberculosis upon iron limitation is exported to the
outside, process facilitated by the MmpL4 & MmpS4 and MmpL5 & MmpS5 proteins
(Jones et al., 2014). It chelates Fe®* present as insoluble or protein-bound iron and
forms ferri-carboxymycobactin. The protein present on the cell envelope responsible
for the transfer of iron to mycobactin is yet unknown (blue oval). The IrtAB present on
the plasma membrane transports the Fe3* into the cytoplasm after reducing it to Fe?*
utilising the reductase activity of the bound NAD (Ryndak et al., 2010a).

ESX-3 mediated iron acquisition

Mycobacteria have several paralogous type VII secretion systems, ESX-1
through ESX-5. ESX-1 and ESX-5 are involved in virulence; they both affect the
cell-to-cell migration of pathogenic mycobacteria (Abdallah et al., 2007) and
conjugation in the non-pathogen M. smegmatis (Coros et al., 2008). The best
characterized is ESX-1 and its deletion is one of the main causes of M. bovis
BCG attenuation. In M. tuberculosis, ESX-3 is essential for growth in vitro and
has been shown to be involved in the mycobactin-mediated iron acquisition

pathway, but not the exochelin pathway in M. smegmatis (Siegrist et al., 2009;
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Siegrist et al., 2014). In M. tuberculosis the expression of the ESX-3 gene
cluster is regulated by the zinc uptake repressor (Zur) and by the iron-
dependent transcriptional repressor (IdeR) (Serafini et al., 2009). It has been
hypothesized that ESX-3 either encodes or is essential for the functioning of a
novel metal uptake / surface permeabilization system. This can function along
with the siderophores mycobactin and carboxymycobactin in iron uptake in M.
tuberculosis or can even function as the main iron uptake system as in M.
leprae (Serafini et al., 2009).

1.6. Oxidative stress

1.6.1. Environment within macrophages

Mpycobacterium tuberculosis survives a hostile environment within the host.
Such an environment is formed due to the production of reactive oxygen
intermediates (ROI) and nitrogen intermediates (RNI) by macrophages and is
an important mechanism of inhibition of mycobacterial proliferation in vivo
(MacMicking et al., 1997; Ng et al., 2004). Macrophages produce ROI and RNI
via NADPH oxidase (NOX2/gp91phox) and inducible nitric oxide synthase
(INOS / NOS2) (Ehrt & Schnappinger, 2009). The mechanism of action includes
generation of redox stress and bacterial killing by damaging biomolecules like
DNA, proteins and lipids. Damage mediated by these compounds leads to a
general inhibition in cellular metabolism by altering processes associated with
proton-dependent active transport, oxygen utilization and oxidative
phosphorylation (Zahrt & Deretic, 2002). Failure in ROl and RNI generation
renders the host sensitive to M. tuberculosis infection (MacMicking et al., 1997).
The importance of ROI in controlling M. tuberculosis infection in humans came
from the observation that children with defective oxidative burst mechanisms
are highly susceptible to TB and develop severe complications from BCG
vaccination (Lee et al., 2008). ROI partially control the M. tuberculosis pathogen
early in the infection process before the onset of specific immunity as was
observed in Phox-deficient mice (Cooper et al., 2000) while RNI is important to
control the pathogen; iINOS deficient mice are highly susceptible to M.
tuberculosis infection (Yang et al., 2009) (Yang et al., 2009). The presence of
nitric oxide (NO) within human granulomas could contribute to host resistance

since in vitro experiments demonstrate direct RNI-mediated bacteriostatic
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(Firmani & Riley, 2002; Voskuil et al., 2003) and bactericidal activity (Nathan,
2002).
1.6.2. Oxidative stress defence enzymes
Despite these redox-based bactericidal stresses, M. tuberculosis can persist for
decades in a non-replicative state in vivo suggesting an efficient role of M.
tuberculosis oxidative stress defence enzymes such as catalase-peroxidase
(KatG), superoxide dismutases (SODs) and alkyl hydroperoxidase (AhpC)
involved in resistance to oxidative or nitrosative stress and mycobacterial
persistence (Bartos et al., 2004; Manca et al., 1999). Mycobacterial KatG are
bifunctional enzymes possessing both catalase and peroxidase activities in the
same protein molecule. Different isoforms unique to each mycobacterial
species are present. They are classified into three types: T (typical), M
(manganese-dependent) and A (atypical) catalases. T catalases (KatG) are
grouped in the hydroperoxidase | (HPI) family of catalases and they are
inducible by H202 and are heat-labile. M catalases (KatE) belonging to the HPII
type catalase family are heat-stable (inactivated at temperatures of about 50°C)
and are constitutively expressed. Mycobacterium avium and M. intracellulare
express unique or atypical catalases (A type) that are identical to the KatE
family but are inactivated only at high temperatures (Wayne & Diaz, 1988).
Mycobacterium tuberculosis expresses only KatG (Wayne & Diaz, 1982). The
crystal structure of KatG reveals it is homodimeric or homotetrameric with
subunits of ~80 kDa or ~40 kDa respectively (Bertrand et al., 2004). KatG
activates the front-line anti-tubercular drug isoniazid (INH) by converting the
pro-drug INH to the reactive drug that targets InhA required for the synthesis of
mycolic acid, an important component of the cell wall (Lei et al., 2000). Catalytic
activity of KatG is associated with the N-terminal domain which contains a
heme-binding motif. KatG with missense mutations in N-terminal domain
resulted in the production of catalase-peroxidase with strongly reduced enzyme
activity (Heym et al.,, 1993). It was identified as a virulence determinant
(Middlebrook, 1954) as it is required to counter the oxidative stress within the
macrophages.

Superoxide dismutases (SODs) catalyze the conversion of superoxide
ions to hydrogen peroxide. SODs differ in their requirement for the metal ion co-

factor. The predominant SODs in M. tuberculosis are the Fe-containing SodA
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(Kusunose et al., 1976) and Cu / Zn-containing SodC (Dussurget et al., 2001).
The sodA mutant of M. tuberculosis was more susceptible to killing by H202
(Edwards et al.,, 2001) whereas the sodC inactivated M. tuberculosis was
unable to survive in IFN-y activated murine peritoneal macrophages (Piddington
et al., 2001) but could survive in murine bone marrow-derived macrophages
(Dussurget et al., 2001).

AhpC, an orthologue of bacterial alkyl hydroperoxidases catalyses the
reduction of peroxides and peroxynitrites with the help of its NADH-dependent
peroxidase and peroxynitrites reductase activity (Guimarédes et al., 2005).
Overexpression of AhpC in INH-resistant strains of M. tuberculosis harbouring
inactivated katG gene shows that AhpC compensates for the loss of KatG
(Sherman & Mdluli, 1996).

1.6.3. Regulation of oxidative stress

Oxidative stress response in several bacteria is regulated by OxyR, a tetrameric
protein. In E. coli and S. typhymurium, OxyR is required to induce the
expression of KatG and AhpC (Aslund et al., 1999; Christman et al., 1989) but
in M. tuberculosis, OxyR is absent as oxyR is a pseudogene (Deretic et al.,
1995). This silencing would results in the lowered expression of ahpC,
indicating the presence of other regulatory systems that respond to the
oxidative stress (Springer et al., 2001).

Fur proteins regulate genes induced by oxidative stress including the
genes encoding the superoxide dismutases, catalase and peroxidase, alkyl
hydroperoxidase, 8-hydroxyguanine endonuclease and the SoxRS and OxyR
regulators (Rodriguez & Smith, 2003). IdeR is thought to influence both KatG
and SodA as the ideR mutant of M. tuberculosis was more sensitive to
hydrogen peroxide and superoxide (Rodriguez et al., 2002). The role of IdeR as
a positive regulator of the oxidative stress response agrees with the up-
regulation of ideR detected in M. tuberculosis-infected macrophages (Hobson et
al., 2002).

1.6.4. Iron and oxidative stress
Catalase-peroxidase (KatG) has four heme-containing porphyrin groups, the
synthesis of which requires iron and the FurA protein. The furA-katG is

expressed as an operon with FurA autoregulating its own expression by binding
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to a unique sequence upstream of the furA gene (Sala et al., 2003) called pfurA
and has been reported in M. tuberculosis, M. smegmatis and M. bovis BCG
(Milano et al., 2001). pfurA is negatively controlled by the mycobacterial FurA
protein, which binds upstream of the furA gene and in turn auto regulates its
own expression. In high iron conditions, the pathogen can elaborate high levels
of KatG that can counter the free radicals generated within the macrophage.
The influence of limiting iron levels on the expression of the catalase-
peroxidases in M. tuberculosis and in several other mycobacterial species was
studied (Yeruva et al., 2005). It was observed that iron-replete organisms
expressed 10-13 fold higher catalase and peroxidase activity; the latter
dramatically reduced to negligible levels upon iron limitation. The effect of the
loss of peroxidase activity on INH activation was analysed that demonstrated
that activation of INH was attributed to the peroxidase activity and loss of the
latter resulted in the failure to activate INH. Using microplate alamar blue assay
(MABA), it was shown that low iron organisms were not killed by INH and only

high iron organisms were susceptible to the drug (Sritharan et al., 2006).

1.7. An overview of the basis for the objectives in this study

As detailed earlier, HupB was characterised a transcriptional regulator of
mycobactin biosynthesis in M. tuberculosis. This was made possible by the
generation of a hupB-deleted mutant strain of the pathogen by homologous
recombination (Pandey et al., 2014b). Transcriptional profiling of the WT and
the mutant strains grown in iron-replete and iron-limited conditions by
microarray analysis identified not only the mbt genes, but several other genes,
whose expressions were influenced by HupB protein and / or iron levels. Of
interest was the influence of HupB on genes involved in iron acquisition,
specifically on the export of siderophores such as mmpL4, mmpS4, mmpL5 and
mmpS5 and uptake of iron such as irtA and irtB, were influenced both by iron
and HupB. A down-regulation of >1.5-fold was observed in the low iron mutant
versus the low iron WT. The esx-3 operon which has been known to be
involved in mycobactin-mediated iron uptake was also influenced by iron and
HupB where all the genes eccA3 — eccE3 (Rv0282 — Rv0292) were down-

regulated (>1.5-fold) in the mutant.
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In addition, the transcript levels of several genes associated with lipid
biosynthesis were found to be altered. These genes were influenced by HupB
and not by iron levels. The genes involved in the FASI (fas) and FASII (fabD,
acpM, kasA, kasB, accD6, inhA, pks13 and fabD32) systems for the
biosynthesis of mycolic acids were down-regulated (>1.0-fold) in the mutant.
Similarly, genes involved in the biosynthesis of SL-1 (pks2, papA1 and mmpL8),
PDIM (fadD26, fadD28 and drrC) and DAT & PAT (papA3, pks4, chp2 and
mmpL10) were also down-regulated (>1.0-fold) in the low iron mutant versus
low iron WT.

Finally, of remarkable clinical significance is the analysis of the
diagnostic potential of HupB, particularly in extrapulmonary TB (EPTB) as our
earlier work showed the correlation of the host iron status and expression of
HupB as evaluated by the titre of circulating anti-HupB antibodies (Sivakolundu
et al., 2013; Yeruva et al., 2006). The presence of anti-HupB antibodies in
Crohn’s disease (Cohavy et al., 1999a) and in TB patients, particularly EPTB
cases led us to study the potential of HupB as a marker of the disease and also
study the immunological basis for the high levels of antibodies in TB patients,
specifically the cytokine profile in response to stimulation of host cells with
HupB.
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Objectives of the study

The focus of the study was to understand the role of HupB in M. tuberculosis

under the following objectives
a) Characterization of the hupB KO mutant M.tb.AhupB
b) Establishment of HupB as an iron transporter
c) Influence of HupB in lipid metabolism

d) HupB-mediated cell-mediated and humoral immune response studies in

TB patients
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Materials and Methods

2.1. Chemicals and Reagents

Bacterial grade media components were purchased from HiMedia (Mumbai,
India). Routine analytical reagents and solvents were from Qualigens
(Qualigens Fine Chemicals Pvt. Ltd., India). Fine chemicals (all molecular
biology grade) were from Sigma Aldrich Pvt. Ltd. (MO, USA). Culture media
Middlebrook 7H9 / 7H10 / 7H11, were from Difco (MD, USA), supplements
OADC / ADC from Becton and Dickinson (BD) (MD, USA), Lowenstein-Jensen
base from HiMedia (Mumbai, India) and iron-free chemicals from Puratronic
Alfa AESAR (Massachusetts, United States). All molecular biology chemicals
were from Thermo Fisher Scientific Corporation (MA, USA). Media for cell
culture were from Life Technologies (CA, USA). Ni-Sepharose resin was from
GE Healthcare (Little Chalfont, United Kingdom). TLC Silica gel 60 F2s4 plates,
nitrocellulose membrane and syringe filters were from Merck (NJ, USA). Anti-
IgG antibodies were obtained from Bangalore Genei (India). Oligonucleotide
primers were synthesized from Biosquare Technologies (India). ®°FeCls was
from American Radiolabeled Chemicals (MO, USA).

2.2. Growth and maintenance of mycobacterial strains

2.21. Mycobacterial strains: Mycobacterium tuberculosis H37Rv
(M.tb.H37Rv; ATCC 27294) and M. tuberculosis AhupB (M.tb.AhupB; lab
collection from previous study).

2.2.2. Growth in enrichment media

2.2.2.1. Lowenstein-Jensen (LJ) medium

5.8 g LJ base (HiMedia, India), 2 mL glycerol and 1.8 mL of Tween-80 were
dissolved in 90 mL of double-distilled water and autoclaved at 121°C, 15 Ibs/sq.
inch pressure for 20 min. 100 mL of egg white (3 eggs) were homogenized in a
sterile 500 mL conical flask with glass beads by shaking vigorously to form a
uniform homogenate. Egg homogenate and 1 mL of 2% malachite green
solution were added into the autoclaved LJ base medium and mixed thoroughly.
The medium was filtered and 8 mL was aliquoted into 30 mL McCartney bottles.
The slants were subjected to inspissation at 80°C for 90 min each for three
successive days.

Inoculation: 100 uL of liquid culture was dropped onto the slant, allowed to be
absorbed into the LJ media and incubated at 37°C for 2-3 weeks. After colonies

appear the slants were stored at 4°C for 2-3 months.
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2.2.2.2. Middlebrook 7H9 liquid medium

0.47 g of 7H9 Middlebrook base (Difco, MD, USA), 0.1 g of Bactocasitone
(Difco) and 0.2 mL of glycerol was dissolved in 90 mL of double-distilled water
in a 250 mL conical flask and autoclaved at 121°C, 15 Ibs/sq. inch pressure for
20 min. The media was cooled and filtered (0.2 pm filter) and 10 mL of ADC
enrichment (Becton and Dickinson, MD, USA) was added under aseptic
conditions, stirred well and stored at 4°C.

Inoculation: A colony from LJ slant was picked or 100 pL from glycerol stock
were inoculated in 7H9 liquid medium and allowed to grow at 37°C and 150 rpm
in a shaker.

2.2.2.3. Middlebrook 7H11 agar medium

2.1 g of 7TH11 Middlebrook base (Difco) and 0.5 mL of glycerol was added to 90
mL of double-distilled water in a 250 mL conical flask and autoclaved at 121°C,
15 Ibs/sq. inch pressure for 20 min. 10 mL of OADC enrichment (Becton and
Dickinson) was added under aseptic conditions after the media cooled to 50-
55°C and stirred well. Middlebrook 7H11 agar with different carbon sources
were prepared using either 0.2 mL glycerol or 0.442 g sodium pyruvate (Sigma)
and autoclaved.

Inoculation: The mycobacterial cultures were spread on the 7H11 plates and
incubated at 37°C for 3-4 weeks till the appearance of colonies. The plates

were stored at 4°C after growth by sealing them with parafilm.

2.3. Growth of mycobacteria under iron-regulated conditions

2.3.1. Preparation of glassware

All glassware were made iron free by soaking in 2% methanolic KOH o/n
followed by washing with double-distilled water and soaking o/n in 8 N HNOs.
Subsequent washings were done with glass double-distilled water.

2.3.2. Preparation of Proskauer and Beck (P & B) medium

5 g of L-asparagine and 5 g of potassium dihydrogen orthophosphate were
dissolved in 900 mL of glass double-distilled water. 20 mL glycerol was added,
the pH adjusted to 6.8 with 10 N NaOH and the volume was made upto1L.6g
alumina was added and autoclaved at 121°C, 15 |bs / sq. inch pressure for 20
min. The medium was cooled and filtered using Whatman grade 541 filter to

remove the alumina. After filtration, the medium was aliquoted as 100 mL

50



Materials and Methods

volume in 250 mL conical flasks and re-autoclaved at 121°C, 15 Ibs/sq. inch
pressure for 20 min. For iron-regulated growth on solid medium, 1 g noble agar
was added to 100 mL of the filtered medium before re-autoclaving.

2.3.3. Preparation of salt solution

567.75 mg ZnS04.XH20, 137.8 mg MnSO4.XH20 and 20.5 g MgS0O4.7H20
were dissolved in 200 mL glass double-distilled water in a 500 mL iron-free
volumetric flask. The volume was made up to 500 mL; 10 mL was aliquoted into
McCartney bottles and autoclaved.

2.3.4 Preparation of stock solutions of iron

497.8 mg of FeS04.7H20 (Merck) was dissolved in 5 mL of 1 N H2SO4in a 100
mL volumetric flask. 50 mL of glass double-distilled water was added for
complete dissolution and heated for 10 min. The solution was made up to 100
mL with glass double-distilled water. This stock contains 1 mg Fe / mL.
Preparation of high iron solution (800 pug Fe / mL): 80 mL of the above stock
solution was made up to 100 mL with 0.01 N H2SO4 in a 100 mL volumetric
flask. This was pipetted as 10 mL aliquots in McCartney bottles and autoclaved.
1 mL of the solution added to 99 mL of culture medium gives a final
concentration of 8.0 uyg Fe / mL.

Preparation of low iron solution (2.0 uyg Fe / mL): 0.25 mL of high iron
solution was made up to 100 mL with 0.01 N H2SO4 in a 100 mL volumetric
flask, aliquoted as 10 mL in McCartney bottles and autoclaved. 1 mL of the
solution added to 99 mL of culture medium gives a final concentration of 0.02
Mg Fe / mL.

2.3.5. Growth in P & B medium

For iron-regulated growth, 100 mL of P & B medium was supplemented with 1
mL of salt solution (16.8 mM Mg?*, 5.01 yM Mn2* and 17 uM Zn?*) and 8 ug Fe
/ mL (144 uM Fe) for high iron medium and 0.02 ug Fe / mL (0.36 uyM Fe) for
low iron medium. The cells from Middlebrook 7H9 medium were transferred to a
tube with glass beads, vortexed and re-suspended to McFarland# 4 with P & B
medium with no iron. 1 mL of this cell suspension was added to high and low
iron flasks. The organisms were maintained at 37°C with shaking at 150 rpm for
14 days.
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2.3.6. Extraction and assay of carboxymycobactin and mycobactin

The siderophores carboxymycobactin (CMb) and mycobactin (Mb) were
extracted from the culture filtrate (Gobin et al., 1995b) and cell pellet (Ratledge
& Ewing, 1996) respectively after harvesting the culture at 6000 rpm for 15 min.
2.3.6.1. Carboxmycobactin: 1 mL of saturated aqueous ferric chloride solution
was added to the culture filtrate, vortexed and incubated for 30 min. This was
centrifuged at 6000 rpm for 15 min and one and half volume of chloroform was
added to the collected supernatant. The ferri-carboxymycobactin (Fe-CMb)
extracted into the chloroform layer was washed three times with water and
dried. 1 mL ethanol was added to dissolve the CMb and OD4so nm was taken in a
spectrophotometer (UV-1800 Spectrophotometer, Shimadzu, Kyoto, Japan)
using ethanol as blank. The concentration of Fe-CMb was calculated using
extinction coefficient A'%450 nm = 48 and expressed as mg / g cell dry weight.
2.3.6.2. Mycobactin: 10 mL of ethanol was added to the cell pellet and
incubated o/n. This was centrifuged at 6000 rpm for 15 min and 1 mL of
saturated ferric chloride in ethanol was added to the supernatant and incubated
for 30 min. Equal volume of chloroform was added and the ferri-mycobactin
(Fe-Mb) extracted into chloroform was washed three times with water and dried.
The Mb was dissolved in 1 mL ethanol and ODa4so nm was noted. The
concentration of Fe-Mb was calculated using extinction coefficient A1%4s50 nm = 43

and expressed as mg / g cell dry weight.

2.4. Analysis of mycobacterial proteins
Reagents
a) Wash buffer: 10 mM Tris-HCI, pH 7.8
b) Pre-condensation of Triton X-114 (Bordier, 1981): 1 mL of Triton X-114
was mixed with 500 mL of 10 mM Tris-HCI pH 7.4 containing 150 mM
NaCl. It was kept o/n at 4°C for complete dissolution and the clear
solution was incubated for 1 h at 37°C. Condensation of detergent
occurred and mixture separated into aqueous and detergent phases. The
aqueous phase was discarded and replaced by the same volume of
above buffer. Condensation was repeated thrice and stored at 4°C.
c) Solubilising buffer: 2.5 mL stacking gel buffer pH 6.8, 6% SDS and 7.5

mL double-distilled water.
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2.4.1. Preparation of cell wall and cell membrane

The organisms were grown in high (144 uM Fe) and low (0.36 uM Fe) iron P &
B media for 14 days at 37°C and 150 rpm. The cultures were harvested, cell
pellets washed and re-suspended in 6 mL of wash buffer. The cells were
sonicated for 20 min at 30 s pulse with 30 s interval, amplitude 40 Hz, at probe
temperature of 4°C in Vibra Cell Sonicator (Sonics, CT, USA). The cell sonicate
was centrifuged at 6,000 rpm at 4°C for 15 min to remove the cell debris and
the supernatant was subjected to centrifugation at 18,000 rpm for 40 min at 4°C
to pellet the cell wall. The resulting supernatant was then centrifuged at 45,000
rpm for 2 h 30 min at 4°C to pellet the cell membrane. The cell wall and cell
membrane pellets were washed twice with 1mL of wash buffer. The pellets
were solubilised (Sinha et al., 2002) by adding an appropriate volume of 5%
pre-condensed Triton X-114 and incubating at 4°C o/n. The detergent and
aqueous phases were separated by incubating in 37°C water bath for 1 h
followed by centrifuging at 3000 rpm for 15 min at room temperature. The left-
over pellet was again extracted with 5% pre-condensed Triton X-114 and the
aqueous and the detergent phases were separated as described previously.
After three suitable washes of both aqueous and the detergent phases, the
proteins were precipitated by adding 5 volumes of chilled acetone and left o/n at
-20°C. The precipitated proteins were centrifuged at 12,000 rpm for 20 min and
pellet was re-suspended in 2 mL of chilled acetone and again centrifuged at
12,000 rpm for 10 min. The pellet was dried and dissolved in a minimal amount
(50-100 pL) of solubilising buffer and subjected to SDS-PAGE on a 5-20%
gradient gel.

2.4.2. Estimation of protein concentration by Bicinchoninic acid (BCA)
method

Protein estimation was done using Bicinchoninic acid (BCA) protein assay kit
(Sigma) as per manufacturer’s instructions. Standard curve was prepared using
known concentrations of BSA (200-1000 pg / mL). Appropriate volumes of BSA
and 5 uL of test protein samples were added to the microplate and the total
volume was made to 25 pL with double-distilled water. 200 yL of BCA reagent
(196 pL of BCA + 4 pL of 4% (w/v) CuSO4 5H20) was added to each well and

the plate was incubated for 30 min at 37°C. The colour developed was
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measured at 570 nm using an ELISA reader (Model 680XR; Bio-Rad, CA,
USA). The concentration of protein in the test sample was interpolated from the
BSA standard curve.
2.4.3. Separation of proteins by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) (Laemmli, 1970)
Reagents
a) Acrylamide and N, N’-bisacrylamide mix (30:0.8): Dissolved 30 g of
acrylamide and 0.8 g of bisacrylamide in 60 mL of double-distilled water,
filtered and volume made up to 100 mL

b) Resolving gel buffer: Tris-HCI (1.5 M, pH 8.8) with 0.4% SDS

c) Stacking gel buffer: Tris-HCI (0.5 M, pH 6.8) with 0.4% SDS

d) Ammonium per sulphate (APS): 10% APS solution in double-distilled

water was prepared fresh before use

e) Tetramethylethylenediamine (TEMED): Directly used as per the volume

mentioned

f) Sample buffer (2X): 0.125 M Tris-HCI, pH 6.8 containing 4% SDS, 20%

glycerol and 0.002% bromophenol blue
g) Running buffer: Tris-glycine buffer (25 mM Tris, 250 mM glycine and
0.1% SDS), pH 8.8

h) 0.25% Coomassie staining solution: 0.25 g Coomassie Brilliant Blue was
dissolved in a small volume of methanol. It was then made up to 100 mL
using methanol: glacial acetic acid: water (5:2:5)

i) Destaining solution: Methanol: glacial acetic acid: water (1:1:8 )
Gradient gel: The 5-20% resolving gel was prepared using the recipe given in
Table 2.1 and allowed to polymerize for 40 min. The stacking gel (Table 2.2)
was poured over it after positioning the comb. 60 ug of total protein was mixed
with 2X sample buffer (1:1 v/v), boiled for 10 min, centrifuged at 13,000 rpm for
10 min to remove any insoluble material and the clear supernatant was loaded
onto the gel (Hoefer electrophoresis unit, Amersham Pharmacia Biotech AB,
CA, USA). Electrophoresis was carried out initially at 90 V till the bromophenol
blue dye entered the resolving gel and then at 200-250 V maintaining a
constant current of 25 mA per plate. Gel was allowed to run till the dye

completely migrated off the gel followed by an additional run for 30 min for
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optimal resolution. The gel was stained with Coomassie Blue for 1-3 h and then
destained o/n.

Mini gel: The 10% resolving gel was prepared (Table 2.1), allowed to
polymerize and stacking gel was poured after placing the comb. Samples were
prepared in a similar manner as above using 30 ug total protein. The clear
supernatant were loaded onto the gel (Broviga electrophoresis unit, Balaji
Scientific Services, Chennai, India) and electrophoresis was carried out at a
constant current and initial voltage of 70 V and then at 100 V. Gel was run till
the dye migrated off the gel.

Table 2.1 Composition of resolving gel

Volume (mL)
Ingredients Gradient gel 10%
5% 20%

Acrylamide : bisacrylamide 2.75 10.6 10.6
Resolving gel buffer 4.0 4.0 8.0
Double distilled water 9.3 1.4 13.4
Ammonium per sulphate 0.08 0.08 0.16
TEMED 0.008 0.008 0.008

Table 2.2 Composition of stacking gel

Ingredients Volume (mL)
Acrylamide : bisacrylamide 1.5
Stacking gel buffer 2.5
Double distilled water 6.0
Ammonium per sulphate 0.03
TEMED 0.01

2.4.4. Western blot analysis
Reagents
a) Transblot buffer (10X): 250 mM Tris and 1.3 M glycine in 400 mL of
double-distilled water. Working solution was prepared by mixing 200 mL
10X stock solution, 400 mL methanol and 1.4 L double-distilled water.
b) Tris-buffered saline (TBS): 50 mM Tris-HCI pH 8.0 containing 150 mM
NaCl
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c) TBST: TBS containing 0.05% Tween 20.
d) Ponceau S stain: Ponceau S, trichloroacetic acid and sulfosalicylic acid
were mixed in 2:30:30 (w/v) ratio and the final volume was made up to
100 mL with double-distilled water. One part of stock solution was diluted
with 9 parts of deionized water to make a working solution.
Electrophoretic transfer of protein onto nitrocellulose membrane (Towbin
et al., 1979)
Proteins separated by SDS-PAGE were electrophoretically transferred onto
nitrocellulose membrane at 30 V and constant current o/n or 60 V for 2% h
using 1X transblot buffer in Broviga transfer apparatus (Balaji Scientific
Services, India).
Development of blot
After the transfer, the membrane was removed and stained with Ponceau S
stain to visualize the transferred proteins. The membrane was blocked for 2 h
using 5% non-fat milk solution (NFM) dissolved in TBS. The membrane was
washed thrice with TBST and incubated o/n with primary antibody diluted in
TBS (1:2500) containing 1% NFM at 4°C. The membrane was washed 4 times
with  TBST and incubated with appropriate enzyme-conjugated secondary
antibody at room temperature for 1%z h. Then, the blot was washed thoroughly
with TBST. A ready-to-use 5-bromo-4-chloro-3-indolyl phosphate nitroblue
tetrazolium solution (BCIP-NBT; Sigma) was used as the substrate when
alkaline phosphatase (ALP)-conjugated secondary antibodies was used; when
peroxidase-conjugated secondary antibodies was used, DAB
(diaminobenzidine)-H202 (10 mg DAB in 15 mL TBS with 0.08% H202) was

used as the substrate.

2.5. Cloning and expression of recombinant mycobacterial proteins

2.5.1. Bacterial strains and plasmids

pET22b (+) plasmid (Novagen, Madison, USA) was used for cloning and
expression of recombinant mycobacterial proteins. E. coli DH5a was used for
high-efficiency transformation to increase copy number of the cloned plasmid

and E. coli BL21 (DE3) (Novagen) was used as expression host.
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2.5.2. Preparation of Luria-Bertani (LB) media

1 g tryptone, 0.5 g yeast extract and 1 g NaCl were dissolved in 90 mL of

double-distilled water, pH was adjusted to 7.2 and volume was made up to 100

mL. It was autoclaved at 121°C, 15 Ibs / sq. inch pressure for 20 min and stored

at room temperature. For preparing solid medium, 1.5 g of bacteriological agar

was added to the above ingredients before autoclaving.

2.5.3. Isolation of genomic DNA from M. tuberculosis H37Rv

Reagents

a)

b)

d)

f)
9)

Tris-Cl (1M): Dissolved 121.1 g of Tris base in 800 mL of double-distilled
water, adding 42 mL of concentrated HCI, pH adjusted to 8.0 and made
up to 1L with double-distilled water and autoclaved

0.5 M EDTA (Ethylene diamine tetraacetic acid): Added 186.1 g of
disodium EDTA.2H2O to 800 mL of double-distilled water, stirred
vigorously on a magnetic stirrer and the pH was adjusted to 8.0 with
NaOH (~20 g of NaOH pellets). The volume was made up to 1 L with
double-distilled water and autoclaved. EDTA does not dissolve into
solution until the pH of the solution reached to ~8.0

TE buffer, pH 8.0 (10 mM Tris-HCl and 1 mM EDTA): Added 1 mL of 1 M
Tris-HCI buffer and 0.2 mL of 0.5 M EDTA and made volume up to 100
mL with double-distilled water

Lysozyme: 10 mg / mL in double-distilled water. Stored in -20°C
Proteinase K: 10 mg / mL in double-distilled water. Stored in -20°C

10% SDS: 10 g SDS in 100 mL double-distilled water

5 M NaCl: 29.2 g NaCl in 100 mL double-distilled water

Cetyl trimethylammonium bromide (CTAB) / NaCl (10% CTAB in 0.73 M
NaCl): 4.1 g NaCl dissolved in 80 mL double-distilled water. Added 10 g
CTAB and dissolved by heating to 65°C. Volume adjusted to 100 mL with
double-distilled water

Phenol: Chloroform: Isoamyl alcohol (25:24:1). Store at room
temperature

Genomic DNA from M. tuberculosis was isolated as per published

protocol (van Soolingen et al., 1994). Two loopful of mycobacterial cells were

washed thrice with TE buffer and re-suspended into 400 uL of the same buffer.
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Organisms were heat killed at 80°C for 1 h. The cells were treated with 50 uL
lysozyme for 1 h at 37°C. The solution was then treated with 5 pL of Proteinase
Kand 70 uL 10% SDS and incubated at 65°C for 10 min. 100 pL of 5 M NaCl
and 100 yL CTAB / NaCl was added; the mixture was vortexed till the liquid
turned milky white and then incubated at 65°C for 10 min. The sample was
allowed to cool to room temperature and to this an equal volume of phenol:
chloroform: isoamyl alchohol was added and kept for 20 min at room
temperature. The sample was centrifuged at 13,000 rpm for 15 min. The upper
aqueous phase was separated and DNA was precipitated by adding 0.6
volumes of isopropanol and kept in -20°C for 30 min. The DNA pellet obtained
after centrifugation at 13,000 rpm for 15 min was washed with cold 70%
ethanol, air dried and dissolved in an appropriate volume of sterile milliQ water
and stored at 4°C. The concentration and purity of DNA was determined

spectrophotometrically by measuring the absorbance at 260 nm and 280 nm.

2.5.4. Agarose gel electrophoresis
Reagents
a) Tris-acetate-EDTA (TAE) buffer: 4.84 g Tris, 1.14 mL glacial acetic acid
and 20 mL 0.5 M EDTA in a final volume of 1 L of double-distilled water.
The pH was adjusted to 8.0
b) Ethidium bromide: 1 mg / mL in double-distilled water
Genomic DNA and PCR amplified products were subjected to
electrophoretic separation using 0.8% and 1% agarose gels respectively. The
agarose was added to TAE buffer, dissolved by heating and after addition of
ethidium bromide (0.1 ug / mL) poured on trough and allowed to set. The DNA
samples were prepared by adding 6X gel loading buffer and loaded onto the
gel. The DNA size standards loaded onto gel included 1 uL of 1 kb ladder.
Electrophoresis was carried out in a horizontal agarose gel unit (Balaji Scientific
Services, India) at 100 V for approximately 1-1.5 h. After electrophoresis, the
DNA fragments were visualized in an UV trans-illuminator (UVP GelDoc,
Cambridge, UK).
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2.5.5. Cloning of full length hupB and its fragments (Sambrook et al.,
1989)

Full length hupB and the three hupB fragments, namely hupB- F1 (aa 1-71),
hupB-F2 (aa 63-161) and hupB-F3 (aa 164-214) were cloned into pET22b (+)
vector.

2.5.5.1. PCR amplification

The reaction mix, containing 200 yM dNTP mix, 0.5 U Taq DNA polymerase
(Fermentas, Thermo Scientific, Pittsburgh PA, USA), 10 pmoles of the
respective primers (Table 2.3) and 100 ng of M. tuberculosis genomic DNA in a
total volume of 20 yL was subjected to PCR in Master cycler (Eppendorf, CA,
USA) using the following program: initial denaturation for 5 min at 95°C, 30
cycles of amplification for 4 min at 68°C (annealing and extension) and
denaturation for 1 min at 95°C, followed by a final extension for 10 min at 72°C.
The PCR products were subjected to agarose gel electrophoresis using 1% gel.

Table 2.3 List of primers for cloning

Restriction
Gene Primer sequence Amplicon
. enzyme
size
huoB For: 5- CCCGGATCCGATGAACAAAGCAGAGCTCA-3' 645 BamHI
u
P Rev: 5-CCCAAGCTTTTTGCGACCCCGCCGAG-3 Hindlll
For: 5-GCGTGGATCCCATGAACAAAGC-3 BamHI
hupB-F1 213
Rev: 5-CCGCAAGCTTCACCTTTACTGTC-3 Hindlll
For: 5-GTTGGATCCACCGCGTACCG-3’ BamHI
hupB-F2 297
Rev: 5-CAGTAAGCTTCGTGGCCTTGAC-3 Hindlll
For: 5-CAATGGATCCACCCGCCAAGAA-3’ BamHI
hupB-F3 153
Rev: 5-GAAGAAGCTTTTTGCGACCCCG-3 Hindlll

2.5.5.2. Restriction digestion

1 pug of pET22b (+) plasmid DNA and 1 pg of full length hupB, hupB-F1, hupB-
F2 and hupB-F3 amplicons were individually subjected to double digestion with
10 units each of BamHI and Hindlll in a reaction mixture of 50 yL and incubated
at 37°C o/n. After heat inactivation at 65°C for 10 min, they were purified using

clean-up kit (Invitrogen) as per manufacturer’s instructions.
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2.5.5.3. Ligation

Ligation was done using vector and insert DNA in molar ratio of 1:3 using the
following formula.

Concentration of the insert (ng) = Kg of vector x Size of the insert (bp):| x3

Size of the vector (bp)

The ligation reaction mixture in a volume of 20 pL contained appropriate
volumes of vector DNA, 2 uL of 10X ligase buffer, 1 uL of T4 DNA ligase (5 U/
ML) and made up to 20 pL with sterile double-distilled water. This was incubated
at 16°C o/n, heat inactivated at 65°C for 10 min and stored at -80°C till used. 25

ng of ligation mixture was taken to transform E. coli DH5a.

2.5.5.4. Transformation

Single colony of E. coli DH5a was inoculated in 5 mL of LB medium under
aseptic conditions and incubated o/n at 37°C in an orbital shaker. 1 mL of the
culture was used to inoculate 100 mL of LB medium and incubated till ODs0o nm
reached 0.4. The cells were then harvested by centrifugation at 7000 rpm for 15
min at 4°C. The cell pellet was re-suspended in 20 mL of sterile, ice-cold 100
mM CaClz and incubated in ice for 30 min. The cell suspension was centrifuged
as before and the competent cells were finally re-suspended in 2 mL of ice-cold
100 mM CaClz and placed on ice.

5 pL of ligation mixture was added to 100 pyL of competent cells, mixed
gently and incubated on ice for about 30 min. The cells were then subjected to
heat shock at 42°C in a water bath for 90 sec and immediately chilled on ice.
800 uL of warm (37°C) LB medium was added to each tube, incubated with
shaking at 37°C for 1 h, then plated on LB agar plates supplemented with
ampicillin (50 ug / mL). The plates were incubated at 37°C o/n.

2.5.5.5. Screening of transformants
Plasmid DNA preparation (Birnboim & Doly, 1979)
Reagents
a) Solution I: 50 mM glucose in 25 mM Tris-HCI pH 8.0 containing 10 mM
EDTA. Adjusted pH to 8.0 with 1 N HCI and stored at 4°C
b) Solution II: 0.2 N NaOH solution containing 1.5% SDS
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c) Solution Ill: 60 mL of 5 M potassium acetate, 11.5 mL of glacial acetic
acid and 28.5 mL of double-distilled water. The resulting solution is 3 M
with respect to potassium and 5 M with respect to acetate. Stored at 4°C

A single colony was inoculated into 5 mL of LB medium supplemented with

ampicillin (50 pg / mL) and incubated o/n with shaking at 37°C. 1.5 mL of the
culture was centrifuged for 10 min at 13,000 rpm at 4°C, supernatant was
discarded and the cell pellet was re-suspended in 100 yL of Solution | by
vortexing and incubated on ice for 5 min. 200 pL of freshly prepared Solution I
was added, mixed well and incubated on ice for 5 min. The solution was
neutralized by adding 150 pL of ice-cold Solution Ill, mixed by gentle inversion
five times and after incubation in ice for 5 min it was centrifuged at 13,000 rpm
for 10 min at 4°C. The supernatant was carefully transferred to a fresh tube and
DNase-free RNase was added to a final concentration of 10 ug / mL and
incubated at 37°C for 30 min. The plasmid DNA was extracted into the aqueous
phase by the addition of equal volume of phenol: chloroform (1:1; v/v) followed
by centrifugation at 13,000 rpm for 10 min. The plasmid DNA was precipitated
with 2 volumes of isopropanol at room temperature for 10 min and centrifuged
at 13,000 rpm for 15 min. The pellet was washed with 70% ethanol, air-dried
and dissolved in 20 uL of TE buffer and stored at -20°C.

Screening and selection of recombinant clones

Six transformed colonies were picked and inoculated into 5 mL of LB medium
containing ampicillin (50 pg / mL) and incubated o/n at 37°C with shaking.
Plasmids were isolated as described above, subjected to restriction digestion
o/n at 37°C with BamHI and Hindlll and analysed by agarose gel
electrophoresis. A positive clone was confirmed by DNA sequencing of the
purified recombinant plasmid (Xcelris Labs Ltd., Ahmedabad, India). Sequence
data was analysed with ChromasPro (Version 2.4, Technelysium Pty. Ltd.,

Australia).

2.5.6. Expression and purification of rHupB

2.5.6.1. Full length rHupB: Expression studies were performed after re-
transformation of the recombinant plasmids into E. coli BL21 (DE3) (Novagen).
Log phase cultures (ODeoo nm = 0.4) were induced with 0.1 mM IPTG (Hi Media

Laboratories, Mumbai, India) for 15 h at 18°C. The cells were harvested,
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washed twice with 20 mM phosphate buffer pH 7.4, sonicated for 10 min (40 Hz
amplitude, 5 s on / 5 s off) in Vibra Cell Sonicator (Sonics), centrifuged at
12,000 rpm for 10 min and both supernatant and pellet were analysed by SDS-
PAGE on a 10% gel (Laemmli, 1970). The supernatant containing the soluble
protein was subjected to purification by affinity chromatography.
Reagents
a) 0.2 M phosphate buffer, pH 7.4: Prepared 0.2 M NaH2POg4 (stock A; 3.12
g in 100 mL double-distilled water) and 0.2 M Na2HPOu4 (stock B; 2.84 g
in 100 mL double-distilled water). Mixed 19 mL of A and 81 mL of B and
made up to 200 mL
b) 5 M NaCl — 29.22 g of NaCl dissolved in 100 mL double-distilled water
c) 5 M imidazole — 8.51 g imidazole dissolved in 25 mL double-distilled
water
d) Binding buffer: 20 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole
e) Wash buffer 1: 20 mM sodium phosphate, 0.5 M NaCl, 50 mM imidazole
f) Wash buffer 2: 20 mM sodium phosphate, 0.5 M NaCl, 100 mM
imidazole
g) Elution buffer: 20 mM sodium phosphate, 0.5 M NaCl, 200 mM imidazole
The supernatant was loaded on a Ni-Sepharose column (GE Healthcare,
India) that was pre-incubated with binding buffer. The column was washed
twice with wash buffers 1 & 2 to remove unbound proteins and rHupB was
eluted with elution buffer (collected as 1 mL aliquots). The purified protein was
confirmed by immunoblotting with both commercial His-probe Antibody H-3, a
mouse monoclonal 1gG1 (Santa Cruz Biotechnology, Texas, USA; 1:1000
dilution) and with rabbit anti-HupB antibody available in the lab (1:2500 dilution).
The purified protein was concentrated using the Amicon Ultra-15 Centrifugal
Filter Unit of 10 kDa cut-off (Millipore Corporation, Billerica, MA, USA). Protein
was dialysed with 20 mM phosphate buffer (pH 7.4) and 50 mM NaCl.
2.5.6.2. HupB fragments HupB-F1, HupB-F2 and HupB-F3: The respective
clones for the three fragments were confirmed by sequencing and re-
transformed into E. coli BL21 (DE3) cells for expression studies. Log phase
cultures (ODsoo nm = 0.5) were induced with 1 mM IPTG for 3 h at 37°C. The
cells were harvested, washed twice with 10 mM Tris-HCI (pH 7.8) and
sonicated for 10 min (40 Hz amplitude, 5 s on / 5 s off). The pellet and
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supernatant were separated by centrifugation at 12,000 rpom for 10 min and
analysed by Tris-Tricine electrophoresis on a 10% gel (Schagger & Von Jagow,
1987) as mentioned in Section 2.5.7.3. Purification was done by affinity
chromatography.
Reagents
(i) Purification of rHupB-F3
a) Binding buffer, pH 7.8: 10 mM Tris-HCI, 0.5 M NaCl, 5 mM imidazole
b) Elution buffer, pH 7.8: 10 mM Tris-HCI, 0.5 M NaCl, 100 mM imidazole
(ii) Purification of rHupB-F1 and rHupB-F2
a) Solubilising buffer, pH 8.0: 20 mM Tris-HCI, 0.5 M NaCl, 5 mM imidazole,
8 M urea
b) Binding buffer, pH 8.0: 10 mM Tris-HCI, 0.5 M NaCl, 5 mM imidazole, 8
M urea
c) Elution buffer, pH 8.0: 10 mM Tris-HCI, 0.5 M NaCl, 100 mM imidazole,
8 M urea
Soluble rHupB-F3 was purified by loading the supernatant onto a Ni-
Sepharose column (GE Healthcare, India) that was pre-incubated with binding
buffer, washed to remove unbound proteins and eluted with elution buffer.
Recombinant HupB-F1 and HupB-F2 obtained as inclusion bodies were first
dissolved in solubilising buffer for 1 h at room temperature and then subjected
to affinity chromatography as done for HupB-F3, except that 8 M urea was
included in the buffers. The purity of these proteins, by virtue of their low
molecular weight was confirmed by Tris-Tricine electrophoresis.
Immunodetection was done as mentioned in Section 2.5.7.1.
2.5.6.3. Tris-Tricine gel electrophoresis for the detection of the
recombinant HupB fragments (Schagger & Von Jagow, 1987)
Reagents
a) Acrylamide: bisacrylamide mix (49.5:3): 48 g of acrylamide and 1.5 g of
bisacrylamide were dissolved in 50 mL of double-distilled water and
made up to 100 mL
b) Gel buffer (for both stacking and resolving gel) - 3 M Tris and 0.3% SDS,
pH 8.5
c) Running buffer-
i) Anode buffer - 0.2 M Tris-HCI, pH 8.9
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i) Cathode buffer - 0.1 M Tris-HCI, 0.1 M Tricine and 0.1% SDS,
pH 8.0

Table 2.4 Preparation of 10% gel for Tris-Tricine gel electrophoresis

Volume (mL)
Composition Resolving gel Stacking gel
Acrylamide: bisacrylamide 6.1 1.0
Gel buffer 10.0 3.1
Glycerol 3.17 -
Double distilled water 10.8 8.4
10% Ammonium per sulphate 0.1 0.1
TEMED 0.01 0.01

The 10% resolving gel was prepared using the recipe as given in Table 2.4 and
allowed to polymerize for 40 min. The stacking gel was poured over it and the
comb was appropriately positioned. 30 pg of total protein was mixed with equal
volume of 2X sample buffer, boiled for 10 min, centrifuged for 10 min at 13,000
rom and the supernatant was loaded onto gel. Electrophoresis was carried out
at 30V initially till the bromophenol blue tracking dye entered the resolving gel

and then at 150V till the dye reached the bottom of the glass plates.

2.6. Characterization of the hupB KO mutant strain

2.6.1. Complementation of the M.tb.AhupB KO mutant with hupB

A hupB KO mutant was generated in a previous study (Pandey et al., 2014b).
The mutant was complemented with the full length hupB cloned into the shuttle
vector pSM96. It was done as follows: the full length 645 bp hupB was amplified
from M.tb.H37Rv chromosomal DNA using the respective forward (5'-
ACGGGATCCATGAACAAAGCAGAGCTC-3; BamHl) and reverse (5-
GATCTGCAGCTATTTGCGACCCCGCCG-3'; Pstl) primers. PCR was done
with an initial denaturation at 95°C for 5 min followed by 30 cycles consisting of
1 min at 95°C and 3 min at 68°C followed by 5 min of extension at 72°C. The
purified DNA fragment was cloned into pSM96 and then transformed into E. coli
DH5a. After screening and confirmation of the clones by double digestion with
BamHI and Pstl and sequencing, the recombinant plasmid pMS101 was
electroporated into M.tb.AhupB mutant. The M.tb.AhupB mutant was grown in
Middlebrook 7H9 media supplemented with 10% ADC and 250 pg hygromycin

till it reaches an ODsoo nm = 0.6. The cells were harvested, washed thrice in 1/50
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volume of cold 10% glycerol and re-suspended in 1 mL of 10% glycerol. 400 pL
of the mycobacterial cell suspension was taken in the electroporation cuvettes,
added 1 pg of pMS101 and subjected to electroporation at 2.5 kV
(Electroporator 2510, Eppendorf, NY, USA). 10 mL Middlebrook 7H9 media
was added to the cell suspension and incubated at 37°C o/n without shaking to
allow the cells to recover. The cells were harvested and the pellet was re-
suspended in 1 mL Middlebrook 7H9 medium. The cell suspension was plated
onto Middlebrook 7H11 agar plates supplemented with 25 ug / mL kanamycin
for selection of complemented strain. The complemented strains were verified
by PCR and by immunoblotting with anti-HupB antibodies.
2.6.2. Growth characteristics
2.6.2.1. Solid medium: Cultures were grown in Middlebrook 7H9 media
supplemented with ADC, washed, re-suspended and serially diluted in PBS
containing 0.05% Tween 80. 10 pyL samples of each 10-fold dilution were
spotted in four spots adjacently onto Middlebrook 7H11 agar plates using 0.5%
glycerol or 40 mM pyruvate as carbon source along with OADC. Control plates
were made without any carbon source except OADC and incubated for four
weeks at 37°C. Antibiotics, 250 pyg / mL hygromycin and 25 pg / mL kanamycin
were included as required.
2.6.2.2. High and low iron liquid P & B medium: The three mycobacterial
strains M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB /| pMS101 were grown under
iron-regulated conditions as mentioned in Section 2.3.5 with the addition of 250
Mg / mL hygromycin for KO strain and 25 ug / mL kanamycin for the hupB-
complemented strain.
2.6.3. Expression of mycobactin and carboxymycobactin
2.6.3.1. Assay of siderophore levels: The mycobacterial strains were grown
under iron-regulated conditions and the siderophores were assayed as
mentioned in Section 2.3.6.
2.6.3.2. Assay of transcript levels of mbtA and mbtB
Reagents
a) GTC solution: 294.5 g of GTC (Sigma) was dissolved o/n in 200 mL
autoclaved milliQ water. 2.5 g sodium NL sarcosin (Sigma), 3.5 mL B-
mercaptoethanol (Sigma), 12.5 mL 1 M sodium citrate pH 7.0 and 5.0 mL

Tween 80 were added to GTC solution and made up to 500 mL
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b) 3 M sodium acetate pH 5.2: 40.81 g sodium acetate.3H20 was dissolved
in 80 mL autoclaved milliQ water. The pH was adjusted to 5.2 with glacial
acetic acid and volume made up to 100 mL with milliQ water and
autoclaved
c) 1 M citric acid: 1.92 g citric acid in 10 mL autoclaved milliQ water
d) 1 M sodium citrate pH 7.0: Dissolved 29.41 g sodium citrate in 80 mL
milliQ water, adjusted pH to 7.0 using 1 M citric acid and made up to
100mL with milliQ water
Total RNA from the strains were isolated as follows: 100 mL of
M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB |/ pMS101 strains grown in high and
low iron media were harvested on the tenth day after the addition of 60 mL
guanidine thiocyanate solution (GTC) to each culture. The cell pellet was re-
suspended in 1 mL of Trizol reagent (Invitrogen, CA, USA) and subjected to
ribolysis (ZR Bashing Bead Lysis Tubes, Zymo Research, CA, USA). 400 uL of
chloroform was added, centrifuged, the aqueous phase was transferred into a
new tube and RNA was precipitated by the addition of 0.1 volume of 3 M
sodium acetate and 0.8 volumes of isopropanol and kept at -20°C o/n. The
tubes were centrifuged at 13,000 rpm, 4°C for 30 min. The RNA pellet was
washed with 70% ethanol, dried at room temperature, dissolved in 100 uL of
RNase-free water and purified using the RNeasy mini kit (Qiagen, Hilden,
Germany). The contaminating genomic DNA was removed using TURBO DNA-
free kit (Ambion, Texas, USA). The concentration of the RNA was determined
using the NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies,
DE, USA) and an aliquot was analysed for the integrity of 16S and 23S RNA by
agarose gel electrophoresis.

gRT-PCR analysis of mbtA and mbtB were done using 1 ug of the total
RNA that was first converted to cDNA using the SuperScript Ill First-Strand
Synthesis System for RT-PCR (Invitrogen, CA, USA) according to the
manufacturer’s instructions. A suitable dilution of the cDNA was used as the
template for the amplification of the mbtA and mbtB genes and 16S rRNA
(internal control) using the primer sets given in Table 2.5. The reaction mixture,
consisting of 4 uL of 1:10 dilution cDNA, 5 pmol of each primer and 5 pL of 2X
SYBR Green (Applied Biosystems, Warrington, UK) in a total volume of 10 uL

was subjected to amplification in the ABI 7500 Fast Sequence Detection
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System (Applied Biosystems, CA, USA) using the following program: 95°C for 5
min followed by 40 cycles at 95°C for 15 sec and 60°C for 1 min. The difference

in gene expression, expressed as fold-change, was calculated using the 2-4ACT

method.
Table 2.5 List of primers for mbtA, mbtB and 16S rRNA

Gene Primer sequence
For: 5-TTCCGGCACTGGCCAAACTG-3

motA Rev: 5-TCTAGCTTGGACCCGCCAAC-3’
For: 5-TGACGCTGTTCGGCCATTGC-3'

mots Rev: AAGCCCACAGTGCACGTACC-3

165 IRNA For: 5-GTGGACTACCAGGGTATCTAATCCT-3

Rev: GGGTCTCTGGGCAGTAACTG-3’

2.6.3.3. Chromatin immunoprecipitation (ChlIP) assay for validation of
HupB-regulated genes: DNA enrichment of hupB, mbtA and mbtB
Reagents
a) Lysis buffer: 50 mM Tris-HCI pH 8.0, 140 mM NaCl, 1 mM EDTA pH 8.0,
1% Triton X-100, 0.1% Sodium deoxycholate, 0.1% SDS and freshly
prepared protease inhibitors
b) Radio-immunoprecipitation assay (RIPA) Buffer: 50 mM Tris-HCI pH 8.0,
150 mM NaCl, 2 mM EDTA pH 8.0, 1% NP-40, 0.5% Sodium
deoxycholate, 0.1% SDS and freshly prepared protease inhibitors
c) Wash Buffer: 20 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA pH
8.0, 1% Triton X-100, 0.1% SDS
d) Final wash buffer: 20 mM Tris-HCI pH 8.0, 500 mM NaCl, 2 mM EDTA
pH 8.0, 1% NP-40, 0.1% SDS
e) Elution buffer: 100 mM NaHCOs, 1% SDS
f) Proteinase K: 20 mg / mL in double-distilled water and stored at -20°C
M.tb.H37Rv and M.tb.AhupB were grown under iron-regulated conditions
till ODsoo nm = 0.6. For ChIP assay, the protocol from Abcam
(http://www.abcam.com/ps/pdf/protocols/x_chip protocol.pdf) was followed.

Briefly, formaldehyde was added dropwise to the culture to a final concentration
of 0.75% and kept at room temperature for 10 min at 150 rpm. Glycine was then
added to a final concentration of 125 mM and incubated with shaking for 5 min

at room temperature. The cells were harvested at 2000 rpm for 15 min and
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washed twice with 10 mL cold 1X PBS. The supernatant was carefully aspirated
and the pellet was re-suspended to get 1 x 107 cells / 300 uL lysis buffer. The
cells were sonicated (Bioruptor Plus, Diagenode, NJ, USA) for 20 min,
centrifuged for 1 min at 4°C and 13,000 rpm and the supernatant transferred to
a new tube. The DNA in the supernatant was quantified. For obtaining INPUT
DNA concentration, 10% of the desired concentration of each sample was kept
separately. 70 ug of each sample was taken in triplicate (out of which one would
be used as beads only control) and diluted 1:10 with RIPA buffer. 30 ug of anti-
HupB antibody (i.e., 3 uL) was added to the tubes except the beads only control
and incubated with rotation at 4°C for 5 h. 20 pL of protein A/G beads (Protein
A/G PLUS-Agarose, Santa Cruz Biotechnology, Texas, USA) was added to all
samples and immunoprecipitated o/n with rotation at 4°C. The protein A/G
beads were centrifuged for 1 min at 2000 rpm and the supernatant removed.
The beads were washed three times with 1 mL wash buffer and finally once
with 1 mL final wash buffer. 150 pL of elution buffer was added to the protein
A/G beads, incubated with rotation at 30°C for 15 min and then centrifuged to
elute the DNA. Reverse cross-linking of the protein and DNA was done by
adding 5 pL of Proteinase K (20 mg / mL) for 5 h at 65°C. The DNA was
extracted with phenol: chloroform (1:1; v/v), ethanol precipitated in presence of
10 pL glycogen (5 mg / mL) and taken up in 50 pyL nuclease-free water. The
samples were stored in -80°C till further use.

In silico analysis was done to find the hupB-box in the upstream regions
of the genes whose transcript levels were altered in microarray (multiple
sequence alignment; Clustal Omega). Using primers designed for the upstream
region (Table 2.6), the genes were amplified in a 10 uyL reaction mixture
containing 1 uL extracted DNA, 5 pmol of each primer and 5 pL of 2X SYBR
Green (Applied Biosystems, Warrington, UK). Real time PCR was done in the
ABI 7500 Fast Sequence Detection System (Applied Biosystems, CA, USA)
using the following program: 95°C for 5 min followed by 40 cycles at 95°C for 15
sec and 60°C for 1 min. The ChIP-qPCR data was analysed using the Percent
Input Method where both the background levels and the input chromatin in the
ChIP are normalized. Negative controls, the genes that are not altered by HupB

were also taken to demonstrate the specificity of ChlP assay (Table 2.7).
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Table 2.6 List of primers for genes regulated by HupB

Upstream region of the gene Primer sequence

For: 5-AAACCAGTGGTCCTCGTTTG-3

Rev: 5-AACCGGTCGTTGGCTCAGTG-3’
For: 5-CGTAGCATGCACCACAAACC-3
Rev: 5-GCATGTGGGCTCCTTAACAG-3’
For: 5-CGTAGCATGCACCACAAACC-3

Rev: 5-GCATGTGGGCTCCTTAACAG-3’

hupB

mbtA

mbtB

Table 2.7. List of primers for genes not influenced by HupB

Upstream region of the gene Primer sequence
For: 5-CGTTGCGCTGGCTACTTCCT-3’
poB Rev: 5-TCGGCCGGCGAACGATCTGT-3’
For: 5-GACGTCCAACCGCAACTTCG-3’
feub Rev: 5-TGGACAGTGTGCCGCGAACC-3’
For: 5-GCTGATGGAACGGCACCGCA-3
mutT Rev: 5-ACTCCTGCAGGTCAATTCGG-3
For: 5-TGCCACGTTGTAGCTCGTCT-3’
aroA Rev: 5-TGTCGTGGGTACCAGGCACC-3

2.6.4. Growth of M.tb.AhupB strain in macrophages

2.6.4.1. Preparation of RPMI media

RPMI medium was prepared by dissolving the contents of one bottle of RPMI
1640 (with glutamine and without NaHCOs; Sigma) in 800 mL milliQ water,
added 2 g NaHCOs3 (Sigma), adjusted pH to 7.0 with 1 N HCI and the volume
made up to 1 L. The medium was filter sterilized using 0.2 ym filter. Fetal
bovine serum (FBS; 10% final concentration), penicillin (100 units / mL) and
streptomycin (100 ug / mL) were added just before use. This is referred to as
complete RPMI medium.

2.6.4.2. Infection of macrophage cell line with mycobacteria

Mouse peritoneal macrophage cell line RAW 264.7 was maintained in RPMI
1640 medium supplemented with 10% fetal bovine serum (Gibco, NY, USA) at
37°C in a carbon dioxide incubator with 5% COg2. After the formation of the
monolayer, the cells were released with 0.25% trypsin-EDTA (Gibco, NY, USA)
and washed with phosphate-buffered saline (10 mM phosphate, 137 mM NaCl,
2.7 mM KCI; pH 7.4).
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1 x 106 cells were seeded per well into 6-well plates (Corning, NY, USA)
and allowed to adhere o/n. Mid-log-phase M.tb.H37Rv, M.tb.AhupB and
M.tb.AhupB | pMS101 mycobacterial strains grown under high and low iron
conditions were harvested, washed, re-suspended in RPMI medium and
vortexed for 2 min with 3-mm glass beads to break up clumps. The bacterial
suspension was then diluted with RPMI to get an ODeoo nm = 0.15 (equivalent to
3 X 108 cells). This was further diluted with RPMI till ODsoo nm = 0.06 which is
equivalent to 1 X 107 cells / mL. 107 cells were added to the RAW cells to
achieve a multiplicity of infection (MOI) of 10:1 (10 bacteria to 1 RAW cell). After
4 h, the infected cells were washed twice with warm RPMI to remove all non-
phagocytosed mycobacteria. 1 mL of RPMI-1640 medium with 10 ug / mL
gentamicin (HiMedia, Mumbai, India) was added and incubated for 2 h. The
cells were washed twice with PBS buffer and then maintained in complete
RPMI as required.
2.6.4.3. Tests for monitoring growth of phagocytosed mycobacteria
Phagocytosed mycobacteria were released from the macrophages and assay of
growth was carried out at 4 h (for determining infectivity) and on days 0, 1, 2, 3,
5 and 7 for monitoring growth inside the macrophages. The macrophage
monolayers were washed with PBS, lysed with 500 pL 0.06% SDS in
Middlebrook 7H9 medium, the released bacteria were pelleted and re-
suspended in 100 yL medium. The number of organisms were evaluated by
ATP assay, gRT-PCR and by determining CFU. Two separate experiments
were done with each performed under identical conditions in duplicate.

a) Determination of CFU: 20 pL of the cell suspension was plated on
Middlebrook 7H11 agar plates with hygromycin and kanamycin added for
the growth of M.tb.AhupB and hupB-complemented strains respectively.
After 3 weeks, the bacterial colonies on plates were counted.

b) ATP assay: This was done with the luminescence-based kit BacTiter-
Glo™ Microbial Cell Viability Assay (Promega) as per manufacturer’s
instructions. Briefly, the Iyophilized BacTiter-Glo substrate was
reconstituted with BacTiter-Glo buffer after equilibrating them to room
temperature. 100 uL of this BacTiter-Glo reagent was added to 100 uL of
the recovered bacteria in an opaque walled 96-well plate, the contents

mixed in an orbital shaker and incubated for 5 min. Control wells
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containing medium without cells were prepared to obtain a value for
background luminescence The luminescence was reported as relative
light units (RLU) with the GloMax® 96 Microplate Luminometer
(Promega) (Lewin et al., 2008).

c) qRT-PCR: The recovered bacteria were quantified by qRT-PCR.
Genomic DNA from the recovered bacteria was extracted based on
published protocols (Goelz et al., 1985). The pellet was re-suspended in
100 pL of 7H9 media and 200 pL TE9 buffer [500 mm Tris pH 9, 20 mM
EDTA, 10 mM NaCl, 1% SDS and 2 mg / mL Proteinase K] was added.
The mixture was incubated at 58°C for 60 min and then at 97°C for 30
min. The DNA was extracted with phenol: chloroform (1:1; v/v),
precipitated with ethanol and the dried pellet re-suspended in 25 uL of
sterile milliQ water. The reaction mixture for qRT-PCR contained 4 uL of
the extracted DNA, 5 pmol of the 16S rRNA forward and reverse primers
and 5 pL of 2X SYBR Green (Applied Biosystems, Warrington, UK). The
PCR program used was same as mentioned in Section 2.6.3.2. From a
standard curve generated with known concentrations of genomic DNA
from M.tb.H37Rv, the test values obtained in qRT-PCR were used to
quantify DNA that reflected the bacterial growth.

2.6.5. Oxidative stress studies in macrophages infected with M.tb.AhupB
2.6.5.1. Determination of reactive oxygen species (ROS) levels

24 h post infection the plates were washed with PBS, the cells were scraped
from the plates and transferred into microcentrifuge tubes. The cells were again
washed and re-suspended in 100 yL PBS. 10 uyM of the dye H2DCFDA (2',7'-
dichlorodihydrofluorescein diacetate) was added and kept at room temperature
for 30 min. The tubes were centrifuged at 13,000 rpm for 5 min and the
supernatant was discarded. Then the cells were washed twice with 500 uL PBS
to remove excess dye, re-suspended in 100 yL PBS and transferred to a 96-
well optical-bottom plate (Nunc, cat# 165305). The fluorescence of the bound
dye was measured by the emitted light at 530 nm upon excitation at 488 nm
(TECAN Infinite M200 Microplate Reader; Mannedorf, Switzerland).
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2.6.5.2. Transcript levels of NOX1, NOXA1 and NOS2 in macrophages
The cells were collected 24 h post infection, total RNA was isolated and cDNA
was synthesized as mentioned in Section 2.6.3.2. qRT-PCR was carried out

with gene-specific primers (Table 2.8) using B-actin as internal control.

Table 2.8 List of primers for NOX1, NOXA1 and NOS2

Gene Primer sequence

For: 5-GGTTGGGGCTGAACATTTTTC-3’
Noxi Rev: 5-TCGACACACAGGAATCAGGAT-3
NOXAT For: 5-ACGCGAAGACTGGGACTCT-3

Rev: 5-AGCCCCTGTTAAAGTACATCCTA-3

For: 5-GTTCTCAGCCCAACAATACAAGA-3’
Nos2 Rev: 5-GTGGACGGGTCGATGTCAC-3’

] For: 5-GGCTGTATTCCCCTCCATCG-3’

p-actin Rev: 5-CCAGTTGGTAACAATGCCATGT-3’

2.6.5.3. Transcript levels of the mycobacterial sodA, ahpC and katG
The same cDNA was used for gqRT-PCR with gene-specific primers (Table 2.9)

using 16S rRNA as internal control.

Table 2.9 List of primers for sodA, ahpC and katG

Gene Primer sequence
For: 5-CGCCAAGGAAGATCACTCAG-3
s0dA Rev: 5-TAGGCGACAGGTTCTTCCAC-3
For: 5-ACCATTGGCGATCAATTCCC-3’
ahpC Rev: 5-GTGTTCGTCACTGGTGATAG-3’
For: 5-AGGCTGGCAATCTCGGCTTC-3
halG Rev: 5-CCCGTTGCGAGATACCTTGG-3

2.6.5.4. ChIP analysis: HupB interaction with the promoter DNA of sodA
and ahpC

ChIP was done as detailed earlier (section 2.6.3.3). qRT-PCR was carried out
with sequence specific primers (Table 2.10) of the upstream regions of the

genes following chromatin immunoprecipitation.
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Table 2.10 List of primers for oxidative stress genes regulated by HupB

Primer sequence
For: 5-CATGGAGCAGGGTTGACTTG-3’
Rev: 5-CCACGGCATTCCTTCCTTCG-3
For: 5-TTGCCTGACAGCGACTTCAC-3’
Rev: 5-GTGGCATGACTCTCCTCATC-3'

Upstream region of the gene

SO0dA

ahpC

2.6.6. Transcript levels of cytokines in macrophages infected with
mycobacteria

24 h post infection the cells were scraped from the plates and total RNA was
isolated and qRT-PCR was carried out using mouse-specific primers (Table

2.11) obtained from Primer Bank (https://pga.mgh.harvard.edu/primerbank/) as

mentioned in section 2.6.5. B-actin was used as internal control.

Table 2.11 List of primers for quantification of cytokines

Gene Primer sequence Gene Primer sequence
For: 5-ACAGCAAGGCGAAAAAGGATG-3' For: 5-CCAAGAGGTGAGTGCTTCCC-3'
PNy Rev: 5-TGGTGGACCACTCGGATGA-3 I Rev: 5-CTGTTGTTCAGACTCTCTCCCT-3'
For: 5-CCCTCACACTCAGATCATCTTCT-3' For: 5-GCTCTTACTGACTGGCATGAG-3'
TNF-a Rev: 5-GCTACGACGTGGGCTACAG-3' 10 Rev: 5-CGCAGCTCTAGGAGCATGTG-3'
For: 5-GCAACTGTTCCTGAACTCAACT-3' For: 5-TGGTTTGCCATCGTTTTGCTG-3'
1B Rev: 5-ATCTTTTGGGGTCCGTCAACT-3' IL-12p40 Rev: 5-ACAGGTGAGGTTCACTGTTTCT-3'
For: 5-GGTCTCAACCCCCAGCTAGT-3' For: 5-GACTCTTGCGTCAACTTCAAGG-3'
L4 Rev: 5-GCCGATGATCTCTCTCAAGTGAT-3' 18 Rev: 5-CAGGCTGTCTTTTGTCAACGA-3'

2.7. Studies on HupB as a iron transporter of 5°Fe

The interaction of HupB with mycobactin and carboxymycobactin and its role as
an iron transporter was studied by three different approaches. First, uptake of
55Fe by live organisms (mutant vs wild type and the complemented strains) was
studied. Second, interaction of the 5°Fe-CMb with purified HupB and cell wall
proteins of mutant vs wild type incorporated into liposomes were analysed.
Thirdly, confirmation of HupB-siderophore interaction was done by direct
interaction of the purified protein with HPLC-purified Fe-Mb and Fe-CMb by

spectrofluorimetry and by circular dichroism (CD).
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Growth of the mutant strain in 3°Fe-containing low and high iron

medium and recovery of the label in carboxymycobactin and mycobactin

Reagents

a)

b)

d)

50 mM EDTA: Added 1.86 g of disodium EDTA.2H20 to 80 mL of
double-distilled water, adjusted pH to 4 with glacial acetic acid and
volume made up to 100 mL

0.1 M lithium acetate: Dissolved 0.65 g lithium acetate in 100 mL double-
distilled water

Preparation of 55Fe solutions for culture of mycobacteria

Stock: %5Fe supplied (American Radiolabeled Chemicals, MO, USA) had
a specific activity 10.18 mCi / mg in a final concentration 40.4 mCi / mL.
The concentration of iron was 4 ug Fe / uL.

1 pL stock was diluted to 2000 pL to get a working solution containing
0.002 ug Fe / L.

Low iron: 100 pL of working solution of %°Fe was added to get 0.02 ug Fe
/ mL or 0.36 uM Fe

High iron: 100 uL %Fe (= 0.2 pg) + 14.75 yL cold Fe was added to get
12 uyg Fe/ mL or 214 uyM Fe

HPLC purification of CMb and Mb

CMb and Mb was extracted and HPLC purified as per published
protocols (Barclay et al., 1985; Lane et al., 1998). CMb and Mb were
extracted from 100 mL cultures grown in low iron medium. The
chloroform extracts of both Fe-Mb and Fe-CMb (section 2.3.6) were
taken in a separating funnel, washed thrice with water to remove the
excess ferric chloride and the excess water was removed. The sample
was dried by rotary evaporation and the residue was dissolved in
minimal quantity of chloroform and filtered though Nylon membrane filter
to remove any insoluble material. Both Fe-Mb and Fe-CMb were
separated by reverse phase HPLC on Water's C18 column (150 mm x
4.6 mm id) at a flow rate of 1 mL / min for 35 min and monitored
continuously at 450 nm. The hydrophobic Fe-Mb was separated using a
gradient (Table 2.12) of 0 to 100 % with buffer A (0.09% formic acid /
90% acetonitrile) and buffer B (0.1% formic acid in 60% acetonitrile) and

40% methanol. The Fe-CMb was separated using a gradient of 0 to
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100% with buffer A (0.1% formic acid) and buffer B (0.09% formic acid in
90% acetonitrile).
Table 2.12. HPLC gradient for purification of Fe-Mb and Fe-CMb

Time (min) Buffer A % Buffer B %
2 100 0
32 0 100
33 0 100
35 100 0

Fractions with maximal absorbance at 450 nm were collected,
concentrated by Speed vac system. The purity of the concentrated
sample was determined by performing spectral scan ranging from 300
nm-600 nm by using acetonitrile as blank. The concentration of ferric
complexes of siderophores was determined by using their extinction
coefficients.

Preparation of desferri-CMb: One volume of 50 mM EDTA, pH 4.0 was
added to the purified CMb (in acetonitrile) and incubated for 18 h at room
temperature (Ryndak et al., 2010a). The solution was extracted into
chloroform, dried and the residue was re-suspended in 50% ethanol
(prepared in iron-free water).

Preparation of %5Fe-CMb: The desferri-CMb was mixed with 1 uM 55FeCl3
and incubated for 10 min at room temperature. The 5°Fe-CMb was
extracted into chloroform, washed twice with iron-free water to remove
excess %Fe- The chloroform was evaporated and the residue was
resuspended in 50% ethanol and aliquots were stored in -20°C.

Cocktail ‘O’ Scintillation fluid (Sisco Research Laboratories, India): This
contained 6 g PPO and 0.2 g POPOP dissolved in 1 L toluene

Growth of mycobacteria in 3Fe-containing medium: The mycobacterial
strains M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB | pMS101 were grown in high

and low iron medium as mentioned in Section 2.3.5, except that 5°Fe was used

in the culture medium and the cultures were harvested after 6 days of growth.

Additionally, rabbit anti-HupB antibodies / pre-immune serum (final dilution of

1:500) was added to identical sets of cultures inoculated into low iron media.

The above experiment was done in two biological replicates, each of

which was performed in duplicate. As it was planned to measure the
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radioactivity in a) whole organisms, b) mycobactin recovered from the cell pellet
and c) CMb from the culture filtrate, the required number of cultures for each of
the two biological replicates were included.

The radioactivity associated with the cells was determined as follows.
The cells were washed with 0.1 M lithium acetate (Sisco Research
Laboratories, India) followed by two washes with 1 mL cold P & B media. The
bacterial pellet was re-suspended in a total volume of 5 mL scintillation fluid and
the radioactivity determined in a Liquid Scintillation Counter (TriCarb 2910 TR,
Packard) set at the wide-open window setting.

Mycobactin from the cells was extracted with 100% ethanol o/n, the
extract dried and re-suspended in 20 pL chloroform, added to scintillation fluid
and the radioactivity counted. An identical preparation in 20 pyL chloroform was
used for analysis by Thin layer Chromatography performed on aluminium-
backed silica gel plates (Merck Millipore, Darmstadt, Germany) using the
solvent system consisting of petroleum ether: butanol: ethyl acetate (2:3:3).
After the run, the plates were dried and exposed to Phosphor Screen for 2 days
and the image was recorded with a Phosphor Imager (Molecular Imager
PharosFX Plus System, Bio-Rad, CA, USA).

For the extraction of carboxymycobactin, one volume of 95% ethanol
was added to the collected supernatant and CMb was extracted by adding one
volume of chloroform. The extract was washed twice with water and dried. The
extract was re-suspended in 20 uL chloroform and the same procedures were
followed for determination of radioactivity and TLC as mentioned above.

2.7.2. Uptake of iron from 55Fe-CMb by high and low-iron grown organisms
All the three mycobacterial strains were grown in high (214 uM Fe) and low
(0.36 yM Fe) iron medium as described in Section 2.3.5. As uptake studies
were performed with log phase organisms, the mycobacteria were harvested
after 9 days of growth. The cultures were harvested, washed thrice with iron-
free P & B media, prepared a cell suspension of 1 x 108 cells / mL of the
respective high and low iron organisms in iron-free P & B medium. 1 mL was
dispensed into 24-well plates (Corning, NY, USA), added 1 x 10% cpm of %°Fe-
CMb to each well and incubated at 37°C for 2 h with gentle rocking at 150 rpm.
%Fe in whole cells and mycobactin was assayed as mentioned above in

Section 2.7.1. In addition, uptake by low iron organisms was done upon pre-
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incubation of the cell suspensions with rabbit anti-HupB antibodies / pre-
immune sera (control) added at (1: 500 dilution).
2.7.3. Interaction of 5°Fe-CMb with liposome-entrapped rHupB or CHAPS-
solubilised cell wall proteins
Reagents
a) 1 M CHAPS (3-[(3-Cholamidopropyl) dimethylammonio]-1-
propanesulfonate): Dissolved 6.15 g CHAPS in 10 mL double-distilled
water
b) 50 mM KH2PO4 / NaOH, pH 7.1: Dissolved 6.8 g KH2PO4 in 800 mL
double-distilled water, adjusted pH to 7.1 with 10 N NaOH and volume
made up to 1L
c) Solubilising buffer: 8 mM CHAPS in 50 mM KH2PO4, pH 7.1
d) Preparation of desferri-Mb: Iron was removed from the mycobactin by

gently shaking the chloroform suspension with 1 mL of methanol and 1

mL of 6 M HCI. The resulting colourless chloroform solution was

evaporated under a stream of N2 gas to get desferri-Mb
Solubilisation of cell wall proteins with the non-denaturing detergent
CHAPS: The cell wall was prepared from the mutant and wild type M.
tuberculosis grown under in low iron P & B medium (Section 2.4.1). 200 pL of
solubilising buffer was added to the cell wall pellet, solubilised by shaking at
4°C o/n and centrifuged at 18,000 rpm for 30 min at 4°C. The supernatant
containing the CHAPS-solubilised envelope proteins was transferred into
another tube. The CHAPS-solubilised envelope proteins were dialysed o/n
against 400 volumes of 50 mM KH2PO4 pH 7.1 at 4°C to remove the detergent.
Preparation of liposomes
Phosphatidylcholine and cholesterol (Sigma), taken in molar ratio of 1:1 were
solubilised in chloroform and dried as a thin film in an inert atmosphere using
nitrogen gas. 300 ug total lipid was dried onto the walls of a test-tube. Identical
sets using 50 nM desferri-Mb were also prepared.

Empty liposomes were prepared by adding 1 mL of the phosphate buffer
to the lipid film and shaking vigorously for 30 s to get the milky suspension.
Recombinant HupB or the CHAPS-solubilised mycobacterial cell wall proteins
were incorporated as reported (Dover & Ratledge, 1996). 100 pg of the proteins
in a total volume of 1 mL in 50 mM KH2POs4, pH 7.1 was added to prepare the
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liposomes. Crude proteo-liposomes were formed by shaking the mixture
vigorously for 30 s which appeared cloudy. This suspension was incubated with
50 nM %%Fe-CMb (150,000 cpm) for 30 min at 37°C. The liposome-bound %°Fe
was retained by filtering the reaction mixture through 0.22 y pore size GVWP
filters (Millipore Corporation, MA, USA), washed with 2 mL of buffer to remove
any unbound label. The filters were dried, transferred to a scintillation vial,
added 5 mL scintillation fluid and measured the radioactivity as mentioned

above.

2.7.4. Direct interaction of HupB with Mb and CMb: in silico analysis and
validation by ligand-binding studies

2.7.41. In silico prediction of the tertiary structure of HupB using I-
TASSER

Homology modeling of the mycobacterial HupB is not possible as there is no
suitable template for the C-terminal region of HupB that is unique to
mycobacteria. Also, the crystal structure of the full length HupB is not available
and only the N-terminal region has been crystallised (Bhowmick et al., 2014).
Here, HupB protein (214 aa) of M. tuberculosis was modelled in I-TASSER
(Iterative Threading ASSEmbly Refinement) server (Zhang, 2008). In this the
structural templates are first identified by multiple threading approach that is
based on prior statistical knowledge of the relationship between the structures
in the PDB and the sequence of a protein which one wishes to model. The
tertiary structure of the protein thus generated was confirmed using the
Ramachandran map generated by PROCHECK tool (Laskowski et al., 1993). In
order to remove the steric clashes if any, the model was refined using
ModRefiner (http://zhanglab.ccmb.med.umich.edu/ModRefiner/) and the level
of disorder in the protein was checked with DISOPRED3 (Jones & Cozzetto,

2015). The modeled structure was visualized using Pymol Molecular Graphics

viewer.

2.7.4.2. Docking of HupB with carboxymycobactin and mycobactin

CMb (accession number DB04043), Drugbank (http://www.drugbank.ca/) and
Mb (CHEBI: 61174), ChEBI (https://www.ebi.ac.uk/chebi/) were obtained.
SMILES file for CMb available in Drugbank was used to build a 3D structural
(PDB) file in Avogadro (Hanwell et al., 2012). For Mb, MOL file was converted
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into SMILES in Open Babel (O'Boyle et al., 2011) that was used to build a PDB
file using Avogadro. Docking study was carried out using AutoDock/Vina
(Weininger, 1988) after preparing the ligand and protein for software use in
AutoDockTool (ADT) program. The protein PDB file was first modified in ADT
by assigning polar hydrogen and merging non-polar hydrogen to the parent
carbon atoms and removing water molecules. Both ligand and protein were
saved as pdbaqt files. AutoGrid was used for defining of docking area. The grid
size was set to 58x42x40 xyz points with grid spacing of 1A and grid center
was designated at dimensions (x,y,z): 63.283, 63.42, 63.302. Since no specific
binding site was known for HupB protein, the whole surface of the protein was
chosen in the grid box (Blind Docking). Considering the ligands as rigid
molecules, nine different conformations were generated by docking and the
pose with lowest energy of binding was analysed using LigPlot+ (Laskowski &
Swindells, 2011).
2.7.4.3. Direct interaction of rHupB with carboxymycobactin and
mycobactin: spectrofluorimetry and circular dichroism to study protein-
ligand interactions
Stock concentrations of Fe-CMb and Fe-Mb
a) Fe-CMb: The stock concentration was 253 uM. Titrations were done with
0.5 uM increasing concentration up to 15 yM and 3 uM for fluorescence
spectroscopy and circular dichroism respectively
b) Fe-Mb: The stock concentration was 753 pM. Titrations were done with 2
MM increasing concentration up to 30 uM and 3 pM for fluorescence
spectroscopy and circular dichroism respectively
Fluorescence spectroscopy: Soluble rHupB (purified as mentioned in Section
2.5.7.1) was dialysed o/n with 10 mM Tris-HCI, pH 7.4. The optimal
concentration of the protein for the study was determined as follows. As HupB
lacks tryptophan and tyrosine residues and contains four phenylalanine
residues, the absorbance of the protein was measured at 205 nm. The
extinction coefficient of HupB was calculated from the extinction coefficients
(Table 2.13) of the amino acids and peptide bonds of HupB at 205 nm (Anthis &
Clore, 2013). Using the formula [e205 = Z (eini) + € (r-1)], the extinction

coefficient for HupB at 205 nm was calculated to be 661,070 M-'cm' and the
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concentration of HupB required for equilibrium binding studies was determined
as 1.63 uM.

Table 2.13 Extinction coefficients of amino acids at 205 nm

Amino acid Extinction coefficient Amino acid Extinction coefficient

(M-'cm) (M-'em-1)

w 20400.0000 C 690.0000

F 8600.0000 N 400.0000

Y 6080.0000 Q 400.0000

H 5200.0000 Cystine 2200.0000

M 1830.0000 Peptide BB 2780.0000

R 1350.0000

Purified HupB, diluted in 10 mM Tris-HCI to get the required concentration of
1.63 uM was taken in a volume of 1 mL in the cuvette and subjected to
spectrofluorimetry in JOBIN-YVON Fluoromax 3 (HORIBA, Kyoto, Japan)
instrument using slit width of 5 at 20°C. The protein was excited with light at a
wavelength of 263 nm and the emitted light was recorded from 295 nm to 350
nm.

The emission spectrum was recorded upon addition of increasing
amounts of Fe-CMb and Fe-Mb. As ferri-siderophores are required to cross the
mycobacterial cell envelope, interaction with the desferri-CMb was done as a
control as it was not expected to bind HupB. The data generated was used to
calculate the apparent binding constant by fitting the data points at 318 nm to a
rectangular hyperbola by Non-linear Least Square Method. Best fit was
obtained for minimal model of ligand binding to identical non-interacting binding
sites.

Circular dichroism (CD): Far-UV CD experiment as a function of ligand
concentration was performed to determine whether any structural changes are
induced upon interaction of HupB with the siderophores. Pure protein and HupB
pre-incubated for 10 min with varying concentrations of Fe-Mb and Fe-CMb (0-3
MM) and desferri-CMb (0-50 uM) in a total volume of 600 puL was subjected to
CD spectroscopy. The spectra from 250-200 nm were recorded in the J-1500

Circular Dichroism Spectrometer (Jasco, Oklahoma, USA).
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2.7.5. ChIP assay to establish that HupB regulated the genes mmpL5,
mmpSS5, irtA and eccA3 associated with transport of iron

ChlIP assay was done as described in Section 2.6.3.3. qRT-PCR was carried
out using the primers for the promoter DNA of the genes mmpL5, mmpS5, irtA
and eccA3 (Table 2.14)

Table 2.14 List of primers for genes associated with iron transport

Upstream region of the gene Primer sequence
For: 5-TTTAGGCGGGTACGGCTCAG-3’
mmplL5
Rev: 5-CTCCTCGGAAAGTGGTTCTG-3
For: 5-CACGCTTGAGAGTTCCAATC-3’
mmpS5
Rev: 5-GACGCTCACAAGTTTCACTG-3’
A For: 5-GTTTGACCTTCGGTAAGGCA-3’
i
Rev: 5-CTGATACTCAGCCCGCGCAT-3
A3 For: 5-GGGCTACCAACGAAATGGAG-3
ecc
Rev: 5-GCCGATCCGCCTGAACTTTG-3

2.8. Lipid profile of M.tb.AhupB mutant

M.tb.H37Rv and M.tb.AhupB were grown in iron-regulated media as mentioned
in section 2.3.5. The organisms were harvested at mid-logarithmic stage,
washed twice with equal amounts of milliQ water, heat killed by incubating the
cells at 80°C for an hour and freeze dried to get dry biomass.

2.8.1. Mycolic acids

All the solvents were procured from Sisco Research Laboratories, India. 1 mL
of 20% tetrabutyl ammonium hydroxide was added to 100 mg of the dried cell
pellet and heated for 20 h at 100°C in a heating block. This step, known as
saponification hydrolyzes the mycolic acids present in the cell wall. The tubes
were brought to room temperature before opening. 2 mL methylene chloride
and 100 pL methyl iodide were added and the tubes were placed on a rotary
mixer (Rotospin Rotary mixer, Tarsons) for 1 h at 25 rpm. The tubes were
centrifuged at 5000 rpm for 1 min and the upper aqueous phase was discarded.
The organic phase was washed with 1 mL 3 N hydrochloric acid followed by 1
mL distilled water, vortexed and centrifuged at 5000 rpm for 1 min. After
discarding the upper aqueous phase, 2 g anhydrous sodium sulphate was
added to the organic phase to remove any residual water, vortexed and

centrifuged for 10 min at 5000 rpm. The organic phase was collected in a pre-
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weighed tube, evaporated to dryness and the weight of the lipid residue was
determined. The residue(s) from the different strains were dissolved in
methylene chloride to obtain all the samples of equal concentration. 5 yL of
each was subjected to TLC using the solvent system consisting of 40 mL of
hexane: ethyl acetate (95:5 v/v). The TLC plate was placed in the chamber and
the elution was carried out three times with complete drying after each elution.
The TLC plates were dipped in a solution of 5% phosphomolybdic acid in
ethanol and mycolic acids were detected by charring. Identification of mycolic
acids was performed by comparison with previously published TLC analysis.
2.8.2. Non-polar lipids
2 mL of aqueous methanol (10 mL of 0.3% NaCl: 100 mL of methanol) and 1
mL of petroleum ether was added to 100 mg of dried biomass. This was mixed
in a rotary mixer for 15 min and centrifuged for 5 min at 13,000 rpm. The upper
layer, containing the non-polar lipids was transferred to a separate pre-weighed
tube and 1 mL of petroleum ether was added to the lower layer and the same
steps followed. The resulting upper layer was added to the first, dried
completely and the weight of the lipid residue was determined. The non-polar
lipids from each of the strains were dissolved in appropriate volume of
chloroform: methanol (4:1; v/v) to get samples of equal concentration. If it
appeared turbid and hazy due to the presence of proteins, it was filtered
through PTFE filters. The samples were then stored at 4°C before further
analysis

The non-polar lipids were subjected to TLC using the solvent systems
(Camacho et al., 2001; Slayden & Barry, 2001) listed in Table 2.15. All the lipids
were detected by charring with 5% phosphomolybdic acid. Identification of
mycolic acids was performed by comparison with previously published TLC
analysis.

Table 2.15 Solvent system for separation of lipids by TLC

Number of
Solvent composition Lipids detected
elutions
Chloroform: methanol: water (90:10:1) 1 Sulpholipid-1, DAT
Petroleum ether: acetone (92:8) 3 PAT
Hexane: ether (9:1) 1 PDIM
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2.8.3. Fatty acid methyl esters (FAME)

Fatty acid profiling was done commercially by GC-MS in Royal Life Sciences,
Hyderabad.

2.8.4. ChIP assay to establish that HupB regulated the genes involved in
the biosynthesis of mycolic acids, SL-1, PDIM, DAT and PAT

Following chromatin immunoprecipitation, qRT-PCR was carried out using
sequence specific primers (Table 2.16) of the upstream regions of the genes

involved in lipid biosynthesis.

Table 2.16 List of primers for genes associated with lipid biosynthesis

Upstream region of the gene Primer sequence
For: 5-GGACGGAAAGTGATCCAGAC-3’
fabb Rev: 5-GCGCGGTGTAACAGATTATG-3
For: 5-CATCCAGAAGCTCGAGGAAG-3
kash Rev: 5-ACTTGGACTCGGCCTCAAGC-3
] For: 5-GGGCTACATCGACACCGATA-3
mhA Rev: 5-CCTCGGAAGCCAGGAAGCTG-3’
D32 For: 5-GCGTACGTTGATGGCGGCCT-3’
Rev: 5-GACCCGACTGGGTCCTGCAC-3
For: 5-GCTCGACCACCAGCCCATCG-3’
phs13 Rev: 5-GATCTTGCCGCTGGAGGTTC-3’
For: 5-ACCGCTGACAACTCTACTGG-3
PapAT Rev: 5-GCTGTCGTCACAGTAAGAAC-3’
mmpL8 For: 5-GTGACGGTAGATAGAGAAGC-3’
Rev: 5-TCCTCATCTGCTCCGCACGT-3’
For: 5-TACGCGTCAGTCCCACAAAG-3’
papA3 Rev: 5-TCCTCGGCTCGATCTCAAAC-3’
For: 5-GGCTGGCGGATTGGGTCGAC-3’
phsd Rev: 5-CGTCCGGACGGGTCGGTGTG-3’
For: 5-GGCTGCCAACTTTAATGTCG-3’
ohp2 Rev: 5-CTGCCTCTGCATCGAGAATC-3
mmpLA0 For: 5-CTGATTCATTCCCGGTGGTG-3’
Rev: 5-AGCCATCTCCGCCAGTGAAG-3’
D26 For: 5-CCGGCACGTTTCAGAGCGGT-3’
Rev: 5-CGCCTTGTACTCCCATTCGG-3’
For: 5-GGCAAACCCCTGCTGAGCTG-3’
fadbzs Rev: 5-GGGCATCACGTTACCGGCCA-3’
For: 5-GGTCTCATGCCGTTAAAGCT-3’
arc Rev: 5-CTCACCTGTGAGGCTGTCTT-3’
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2.9. Evaluation of clinical significance of HupB

2.9.1. Cell-mediated and humoral immune response to HupB

2.9.1.1. Study subjects

The study population comprising a total of 83 subjects within the age group of
16-70 years included two categories, namely pulmonary TB (PTB) and
extrapulmonary TB (EPTB). Patients with HIV and other chronic infections like
diabetes were excluded. Pulmonary TB included new cases (both sputum
positive and negative) awaiting anti-tubercular therapy and subjects who are
undergoing the therapy for less than a month. Defaulters included subjects who
did not complete treatment and with symptoms of the disease. Extrapulmonary
TB, often clinically diagnosed included subjects diagnosed with pleural effusion,
lymphadenitis, ophthalmic Koch or miliary TB. Control subjects comprising of 30
healthy donors without any clinical symptoms of the disease were recruited
randomly. 10 mL of blood was collected from the subjects in a BD Vacutainer
coated with 158 USP units sodium heparin (Becton & Dickinson Ltd., NJ, USA)
for isolation of peripheral blood mononuclear cells (PBMCs) and 4 mL in BD
Vacutainer coated with silica (clot activator).

The study was approved by the Institutional Ethical Committee and
Biosafety Committees with informed written consent obtained from all
participants.
2.9.1.2. Isolation of peripheral blood mononuclear cells (PBMCs) from
blood
The blood was diluted 1:1 with 0.9% NaCl and layered on 4 mL Histopaque
(Sigma) taken in two 15 mL centrifuge tubes and centrifuged at 2000 rpm for 30
min. The buffy coat layer comprising of the PBMCs was washed with 6 mL
RPMI 1640 (Sigma), re-suspended in 1 mL RPMI supplemented with 5% heat
inactivated fetal bovine serum (Gibco) and 100 U/ml penicillin, 100 mg/ml
streptomycin (Gibco). Any contaminating RBCs were removed by lysing them
with 0.8% ammonium chloride followed by washing with 5 mL 1X PBS. The
PBMCs were re-suspended in 1 mL RPMI 1640 and the number of viable cells
was determined as follows.10 L of the cell suspension was mixed with 30 pL
RPMI and 10 pL of 0.5% Trypan blue. 10 pL of this was loaded onto a
hemocytometer and the numbers of viable cells (cells that had not taken up the

dye and were colourless) were counted.
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Viable Cells / mL = Average number of viable cells per large square x (10* / mL) x
(1 / dilution factor)

2.9.1.3. Preparation of full length HupB

The full length HupB was purified and concentrated as mentioned in section
2.5.6.1. The protein was passed through agarose beads bound with polymyxin
B (Sigma) to remove endotoxin based on manufacturer instructions. The protein
was filter-sterilised by passing through 0.2 um filter (Millipore Corporation, MA,
USA) before adding to lymphocyte cultures.

2.9.1.4. Lymphocyte proliferation assay

The cells were diluted to 1 x 108 cells / mL and 200 uL containing 2 x 105 cells
was seeded in sterile 96-well flat-bottomed tissue culture plates (Corning, NY,
USA). HupB (2.5 ug / mL), Purified protein derivative PPD (3 pug / mL; Span
Diagnostics, India), Concanavalin A used as mitogen (1 ug / mL; Sigma) were
added to the respective wells. Negative control included PBMCs minus any
antigen / mitogen. Each set was done in triplicates and incubated at 37°C in a
carbon dioxide incubator with 5% CO2. After 72 hours, 150 yL of the culture
supernatant from each well was removed and stored at -80°C for cytokine
assays. 10 yL MTT (50 pg / mL) was added to the cells and incubated for 4 h at
37°C in an atmosphere of 5% CO2. The plates were centrifuged at 2000 rpm for
10 min, discarded the supernatant and dissolved the purple formazan crystals
in 100 yL DMSO (Qualigens, India). The absorbance was read at 570 nm with
630 nm as reference. The proliferation, expressed as stimulation index (SI) was
calculated as the ratio of mean proliferative response in the presence and
absence of antigen and a Sl value = 2 was considered as positive.

2.9.1.5. Assay of cytokines

The culture supernatants were assayed for IL-2, IL-4, IL-6, IL-8, IL-10, GM-
CSF, IFN-y and TNF-a using Bio-Plex Pro Human Cytokine Grp | Panel 8-Plex
(Bio-Rad, CA, USA) as per manufacturer’s instructions. Briefly, the 96-well plate
layout was planned, the Bio-Plex 200 suspension array system was initialized
and the assay reagents were equilibrated to room temperature. The system
was calibrated after 30 min of initialization. The ‘standards’ vial was
reconstituted with 500 uL of the appropriate diluents, vortexed and kept on ice
for 30 min. The 8 point standard dilution series, the blanks and the 1X coupled

beads in assay buffer were prepared. The filter plate was pre-wet with 100 pL
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assay buffer and 50 pL 1X coupled beads was added. This was washed twice
with 100 uL wash buffer. 50 uL of standards, blanks and samples were added,
covered and incubated in the dark at RT with shaking at 300 rpm. After washing
thrice with 100 pL wash buffer, 25 pL of detection antibody (prepared in
detection antibody diluents) was added and incubated as mentioned above. 50
ML of streptavidin-PE was added after washing thrice and incubated for 10 min.
This was washed thrice and the beads were re-suspended in 125 L of assay
buffer and incubated with shaking at 1100 rpm for 30 sec. Finally the plate was
read using the Bio-Plex Manager software version 5.0 where the standard
curves were calculated by a five-parameter regression formula. The mean
concentration of each cytokine was expressed as pg / mL.
2.9.1.6. Indirect ELISA to detect anti-HupB antibodies in the sera of TB
patients
Reagents
a) Bicarbonate buffer (pH 9.2): Dissolved 159 mg Na2COs and 293 mg
NaHCOs3 in 90 mL double-distilled water, adjusted pH to 9.2 with 0.1 N
HCI and made volume up to 100 mL. The solution was autoclaved and
stored at 4°C
b) 0.1 M PBS (pH 7.2): Dissolved 8 g NaCl, 2.4 g KH2PO4, 14.4 g Na2HPO4
and 2 g KCI in 900 mL double-distilled water, adjusted pH to 7.2 with 0.1
N HCI, made volume up to 1 L and autoclaved
c) PBST: 0.1 M PBS containing 0.05% Tween 20
d) Blocking solution: 0.1 M PBS containing 5% FBS
e) Secondary antibody: Goat anti-human IgG-horse radish peroxidase
conjugate (1:10,000; Sigma)
f) Substrate for horse radish peroxidase:

e 0.05 M phosphate-citrate buffer (pH 5.0): Dissolved 5.11 g citric
acid and 7.3 g Na2HPO4 in 900 mL double-distilled water,
adjusted pH to 5.0 and made volume upto 1L

e 3, 3, 5, b5-tetramethylbenzidine (TMB) substrate solution:
Dissolved 1 mg TMB tablet in 10 mL of 0.05 M phosphate citrate
buffer and added 3 pL of fresh 30% hydrogen peroxide prior to

use
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g) Stop solution: 1.25 M H2SOa.

When rHupB was used as antigen, the following procedure was used. A
flat-bottomed polystyrene microtitre plates (Corning) was coated with 250 ng
rHupB dissolved in 0.1 M bicarbonate buffer, pH 9.2 for 3 h at 37°C in a humid
box, followed by o/n incubation at 4°C. The plates were washed three times
with PBS-T and incubated with blocking solution for 2 h at 37°C. After washing,
100 pL of human serum (1:200 dilution) was added to the wells, incubated for 2
h at 37°C, washed three times with PBS-T and added 100 pyL of secondary
antibody (goat anti-human IgG peroxidase conjugate) and incubated for 2 h at
37°C. Colour was developed in the dark by adding 100 pL of freshly prepared
TMB substrate solution, incubated in the dark for 10 min and the reaction was
stopped by adding 100 pL of 1.25 M H2SO4. ODa4s50 nm was read in an ELISA
reader (Model 680XR, BioRad, CA, USA).

The controls included antigen and antibody blanks, positive serum from a
confirmed case of TB (with high titre of anti-HupB antibodies) and negative
serum from a normal healthy control.
2.9.1.7. Statistical analysis
Data was analysed using GraphPad Prism software version 5.01 (GraphPad
Software, Inc., San Diego, CA) and SigmaPlot software (Version 10.0; Systat
Software Inc., CA, USA). Results are represented as box plots where the
upper quartile of the box represents the 75t percentile and the lower quartile of
the box represents the 25t percentile. The line inside the box represents the
median. Whiskers above and below the box indicate the 90th and 10th
percentiles. Any data to the further extreme of the whiskers is termed as outlier.
The non-parametric Mann—Whitney U test was used to compare the differences
between the groups. The threshold for significance was set at P < 0.05 (two-
tailed). Receiver-operating-characteristic curves (ROC) were calculated and
expressed as areas under the curve (AUC), with an asymptotic 95% confidence
interval (Cl) using the MedCalc Statistical Software (Version 15.2.2; MedCalc

Software, Ostend, Belgium).
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2.9.2. ELISA with HupB fragments as antigens
2.9.2.1. Study subjects and serum collection
The study group consisted of 73 confirmed cases of TB. The patients were
categorized into four groups, namely newly diagnosed cases of pulmonary TB
(Group 1), defaulters of anti-tubercular therapy (ATT) with varying periods of
therapy (Group Il), relapse cases with an earlier history of the disease (Group
[Il) and extrapulmonary TB cases (Group V) that included patients with pleural
effusion and involvement of lymph nodes / meninges / spine / abdomen.
Individuals with history of human immunodeficiency virus (HIV) infection and
other chronic diseases like diabetes were excluded from the study. The control
group (Group V) consisted of healthy endemic normals with no clinical evidence
of disease. The study was approved by the Institutional Ethical Committee and
Biosafety Committees with informed written consent obtained from all the
subjects. Three millilitres of venous blood was collected from the study
subjects, serum separated and stored at —80°C until use.
2.9.2.2. Serum iron profile
Assay of free iron, total iron binding capacity (TIBC), % saturation of serum
transferrin and ferritin levels of all the serum samples was done commercially
(Thyrocare, Mumbai, India).
2.9.2.3. Preparation of antigens: rHupB and recombinant HupB fragments
All the four antigens were purified as mentioned in Sections 2.5.6.1 and 2.5.6.2.
2.9.2.4. ELISA
Reagents
All the reagents used were similar as mentioned in section 2.9.1.6 except
a) Secondary antibody: Goat anti-human IgG alkaline phosphatase (1:5000;
Bangalore Genei)
b) Substrate for Alkaline phosphatase (ALP)
¢ Diethanolamine buffer (DEA): Dissolved 24.2 mL diethanolamine
(Sigma) in 200 mL double-distilled water, adjusted pH to 9.8 with
0.1 N HCI, added 0.5 mM MgCl2 and made up the volume to 250
mL
e p-nitrophenyl phosphate (pNPP) substrate solution: Dissolved 1
pNPP tablet (5 mg) in 5 mL DEA buffer to get 1 mg / mL solution
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ELISA was done essentially as described earlier for the first study. The
four antigens were used at 500 ng concentration. Patients’ serum was used at
1:100 dilution and the secondary antibody was goat anti-human IgG alkaline
phosphatase conjugate (1:5000 dilution). 100 pL p-nitrophenyl phosphate was
added as the substrate, incubated for 15 min and ODa405 nm was read in an
ELISA reader.
2.9.2.5. Statistical analysis
Data were analysed using IBM SPSS Statistics Version 20 (IBM Corporation,
New York, USA). One-way analysis of variance (ANOVA) and post-hoc Tukey’s
test was used to determine which pairs of means differed significantly. The
bivariate correlation between serum iron profiles was determined using
Pearson’s correlation coefficient. In all analyses, P < 0.05 was considered

statistically significant.
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3.1. Generation of the hupB-complemented strain M.tb.AhupB | pMS101
The complemented strain M.tb.AhupB |/ pMS101 was generated by
transformation of M.tb.AhupB with pMS101 (Fig. 3.1). Recombinants were
selected by growing them on Middlebrook 7H11 agar with kanamycin.
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Fig. 3.1. Generation of pMS101. Panel A shows the 645 bp hupB amplicon cloned
into pSM96 to generate pMS101 (Panel B). In Panel C, lane 1 shows the hupB
fragment released upon double digestion of the recombinant plasmid with Pstl and

BamHI. M represents the ladder.

3.1.1. Constitutive expression of HupB in the complemented strain

As hupB in the complemented strain was under the control of the DnaK
promoter, there was constitutive expression of HupB, with Fig. 3.2 showing that
both high and low iron grown strains expressed HupB in equivalent
concentrations. While the hupB KO strain showed no expression, iron-limited

WTM.tb.H37Rv showed up-regulation of the protein.

M H u HI U H u M H U HI u H U
MitbH37Rv  M.tb.AhupB M.tb AhupB/ Mt H37Rv Mtb.AhupB M.tb AhupB/
pMS101 pMS101

Fig. 3.2. Expression of HupB. Panels A and B show the SDS-PAGE and immunoblot
analysis of whole cell sonicates (50 ug total protein) of high (144 uM Fe; HI) and low
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iron (0.36 uM Fe; LI) M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB | pMS101 respectively.
SDS-PAGE was done on a 5-20% gradient gel, transferred onto nitrocellulose
membrane and developed with rabbit anti-HupB antibodies diluted 1:2500. The arrows

indicate HupB and M is the protein molecular weight marker.

3.2. Characterization of the M.tb.AhupB mutant strain

3.2.1. Growth of the mutant strain in media with different carbon sources
When M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB | pMS101 were grown in
Middlebrook 7H11 medium, M.tb.AhupB showed sparse growth (dysgonic) in all
media, irrespective of the presence of glycerol or pyruvate or in the absence of
both of them. The WT M.tb.H37Rv showed eugonic (dense growth) and rugose
colonies in the presence of glycerol (Fig. 3.3). This phenotype was restored in

the mutant upon hupB complementation.

Fig. 3.3. Growth in Middlebrook 7H11 medium supplemented with OADC and
glycerol. Panel A, B and C represents the growth of M.tb.H37Rv, M.tb.AhupB and
M.tb.AhupB | pMS101 respectively when 10-fold serial dilutions (a, b, ¢ and d represent
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dilutions of 10-', 102, 103 and 10 respectively) of McFarland#1 cell suspension were
spotted on Middlebrook 7H11-OADC solid media supplemented with glycerol and
incubated at 37°C for 4 weeks.

In OADC plates (Fig. 3.4) both WT and complemented strains were
eugonic and these strains showed poor growth when pyruvate was used as a
carbon source (Fig. 3.5).

Fig. 3.4. Growth in Middlebrook 7H11 medium supplemented with OADC. Panel A,
B and C represents the growth of M.th.H37Rv, M.tb.AhupB and M.tb.AhupB | pMS101
respectively when 10-fold serial dilutions (a, b, ¢, d, e represent dilutions of 10-", 102,
103, 10“ and 10 respectively) of McFarland#1 cell suspension were spotted on
Middlebrook 7H11-OADC solid media and incubated at 37°C for 4 weeks.
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i

Fig. 3.5. Growth in Middlebrook 7H11 medium supplemented with OADC and
pyruvate. Panel A, B and C represents the growth of M.tb.H37Rv, M.tb.AhupB and
M.tb.AhupB | pMS101 respectively when 10-fold serial dilutions (a, b, ¢ and d represent
dilutions of 10-', 102, 10-® and 10 respectively) of McFarland#1 cell suspension were
spotted on Middlebrook 7H11-OADC solid media supplemented with pyruvate and
incubated at 37°C for 4 weeks.

3.2.2. Effect of iron levels on M.tb.AhupB

3.2.2.1. Growth in high and low iron media

When the growth of the three mycobacterial strains in liquid high and low iron
Proskauer and Beck medium was monitored (Fig. 3.6, Panel A), the mutant
strain exhibited an extended lag phase that was more pronounced in low iron
medium. This was restored in the hupB-complemented strain that showed
similar growth characteristics as the WT M.tb.H37Rv. When cultured in solid
medium M.tb.AhupB showed less growth compared to WT that was restored in

the complemented strain (Fig. 3.6, Panel B).
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Fig. 3.6. Growth of M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB | pMS101 strains in
iron-regulated media. The three strains were grown under high iron (144 uM Fe; HI)
and low iron (0.36 uM Fe; LI) conditions in Proskauer and Beck medium (Panel A).
Growth was monitored by measuring the ODsow nm Over a period of 16 days. The
experiment was repeated thrice and the figure represents data from one experiment.
Lag phase is represented by («). In (Panel B) 10-fold serial dilutions (a, b, ¢ and d
represent dilutions of 10-', 102, 10 and 10* respectively) of McFarland#1 cell
suspension of all the three strains were spotted on Proskauer and Beck solid media
with 0.36 uM Fe (LI) and incubated at 37°C for 4 weeks.

3.2.2.2. Low levels of carboxymycobactin and mycobactin in iron-limited
M.tb.AhupB mutant strain

M.tb.AhupB in culture produced low levels of CMb and Mb

Iron-limited M.tb.AhupB cultured for 14 days (Fig. 3.7) showed a 3-5 fold lower
expression of CMb (Panel A) and Mb (Panel B) when compared to M.tb.H37Rv.
The siderophore levels were restored in the hupB-complemented strain with
almost identical levels seen in iron-limited M.tb.AhupB |/ pMS101 and
M.tb.H37Rv. Time course analysis over a period of 8 to 18 days showed low
levels of Mb and CMb in the mutant that further confirmed the inability of the
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mutant strain to produce optimal siderophores when deprived of iron (Fig. 3.7,
Panels C & D). Reduction in mycobactin was more pronounced with almost a 9-
fold difference on the eighth day when compared to WT M.tb.H37Rv.

600 1000 -
. M.th.H37Rv N M.tb.H37Rv
0 M.tb.A hupB 8 M.th.A hupB
500 | =3 M.tb.A hupB / pMS101 _1 800 4 == M.tb.A hupB / pMS101
S = ‘To o
3 % c 2 600
8 ¢ 3 §
E g g S
g8 £ 8 4o
5 2 2
° P g
200
r 0 - ==
High iron Low iron High iron Low iron
700 5 1000 4
I Day 8 C I Day 8 D
[ Day 10 =3 Day 10
600 4 =3 Day 12 =3 Day 12
B Day 14 800 | I Day 14
[ Day 16 [ Day 16
< " 500 7 mmm Day 18 A B Doy 18 5
3 £ ™ £
g o c 2 604
Qo o = 9
g 5 40 S 3
> g >
£z g2
S & %07 28 o
5 2 L=
© 2 0 2
200
100 -
0 = 04 L
M.tb.H37Rv M.tb.AhupB M.tb.H37Rv M.tb.AhupB

Fig. 3.7. Expression of low levels of mycobactin and carboxymycobactin by
M.tb.AhupB mutant strain and their restoration to normal levels upon hupB
complementation. The three strains were grown in high (144 uM Fe) and low (0.36
MM Fe) iron media. Panels (A) and (B) represent carboxymycobactin and mycobactin
expressed by these organisms harvested after 14 days of growth. Panels (C) and (D)
represent the time course of expression of the two siderophores by M.tb.H37Rv and
the mutant strain grown in low iron media. The error bars represent standard deviation

calculated from three identical experiments.

3.2.2.3. Reduction of transcript levels of mbtA and mbtB genes in
M.tb.AhupB

Transcriptional profiling (microarray) carried out with high and low iron grown
M.tb.H37Rv and M.tb.AhupB had shown a down-regulation of the mbt
(siderophore biosynthesis) genes in M.tb.AhupB (Pandey et al., 2014b). qRT-
PCR of mbtA and mbtB normalized with 16S rRNA showed a positive 18- and
27-fold change respectively in the WT low vs high iron (Fig. 3.8). A down-
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regulation of 8-fold and 6-fold for mbtA and mbtB was observed in low iron
M.tb.AhupB when compared to low iron M.tb.H37Rv. The transcript levels were

restored when the mutant was complemented with hupB.
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Fig. 3.8. gqRT-PCR of mbtA and mbtB. The three strains were grown in high (144 uM
Fe; HI) and low (0.36 uM Fe; HI) iron media. gRT-PCR was done with RNA isolated
from the strains. The mRNA transcript levels in HI and LI organisms were normalised
with 16S rRNA. The error bars represent standard deviation calculated from two

identical experiments performed in duplicates.

3.2.2.4. ChIP assay: regulatory role of HupB on mbtA and mbtB

HupB box was identified in our earlier study in the promoter DNA of mbiB
(Pandey et al., 2014b). Here, ChIP assay was done to confirm the location of
the HupB box at positions -40 and -72 of mbtB and mbtA respectively using the
Percent Input Method for calculation. A positive enrichment was found in low
iron M.tb.H37Rv with a 39-fold change and 5-fold change seen for mbtB and
mbtA respectively when compared to high iron M.tb.H37Rv (Fig. 3.9, Panel A).
M.tb.AhupB that did not express HupB did not show enrichment as the values
were similar to the 1gG controls.

Since it had been proved that HupB auto-regulates its own expression
(Pandey et al., 2014a), enrichment was also calculated for hupB (positive
control) and few of the genes that did not have HupB box in their promoters and
also not altered in the microarray (negative control), such as mutT1, aroA, leuD
and rpoB (Fig. 3.9, Panel B). For hupB, there was a 100-fold more enrichment

in the low iron M.tb.H37Rv compared to high iron while the mutant showed no
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enrichment (Fig 3.9, Panel A). In the negative control genes there was no

enrichment even in the WT M.tb.H37Rv low vs high iron.
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Fig. 3.9. ChIP assay and qRT-PCR of hup B, mbtB and mbtA. ChlP assay was
carried out with DNA from WT and mutant strains using anti-HupB antibodies and 1gG
antibodies (control). gRT-PCR was done with primers for upstream regions of the
selected genes. Panel A shows the genes whose upstream DNA contained a potential
HupB box and Panel B, showing no change were genes that were not regulated by
HupB. DNA enrichment was calculated using Percent Input Method. The error bars
represent standard deviation calculated from two identical experiments performed in

duplicates.

3.2.3. In vivo growth and survival of the mutant strain

3.2.3.1. Infectivity and growth within macrophages

The three mycobacterial strains grown in high and low iron media, when added
to macrophages showed poor infectivity by the mutant unlike the WT (Fig. 3.10;
Panel A). The number of cells recovered from the macrophages 4 h after
infection was considered as those that gained entry into the macrophages (and

time zero for studying the viability inside macrophages).

100



Results

A 100 1 B
100 " N
mmmm |nfecting bacteria
==1 Recovered bacteria
—_ 10 4
< 10 —_
: *
=
E = 14
o ! <
> P4
Q o
[=
= Q01
3 0.1 ~
(=
o
)
0.01 - 0.01
N N N N
R qéV q}z‘ o QQ’\ &\
& & S S O O
X RS D » o N o >
$\®‘ V\\V' V\V \&‘\.’ N @N N @é\ 0.001 T T T T T T T T ]
N N 0 20 40 60 80 100 120 140 160 180
Hours post infection
24 - 3.5
22 3.0
20 25
©
o
© 18- =
=) < 204
~ Y
13 1 -
= 1.6 €
1 - 157
41 m
(@]
1.0 4 \E\
1.2 1 }\‘—E\I
1.0 A/*/‘\ii\ﬂ 057
—
0.8 T T T T T T T T , 0.0

T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

Hours post infection Hours post infection

Fig. 3.10. Infectivity and survival of M.tb.H37Rv, M.tb.AhupB mutant and the
hupB-complemented M.tb.AhupB | pMS101 strains inside macrophages. 1 x 10°
cells of mouse peritoneal macrophages (RAW 264.7 cell line), seeded in a 6-well plate
were infected with high iron (144 uyM Fe) grown M.tb.H37Rv (—e—), M.tb.AhupB (

) and M.tb.AhupB / pMS101 (—=—) strains and the respective low iron (0.36 uM Fe)
grown M.tb.H37Rv ( ) M.tb.AhupB (——) and M.tb.AhupB / pMS101 (—=—) at
MOI of 10:1. Infectivity of the strains determined by gqRT-PCR is shown in panel A. The
number of viable bacilli in each of the wells was assayed both by gqRT-PCR analysis
based on 16S rRNA (Panel B; RLU represents relative light units) and ATP assay
(Panel C); this was assayed in triplicate. Two such identical experiments were done for
each of the above strains. Panel (D) represents the colony forming units (CFU) by
plating on Middlebrook 7H11 plates.

The role of HupB was reflected by the infectivity of the complement strain
which was identical to the WT. In addition, the mutant strain could not survive
inside the macrophages. This was evident in the number of bacteria recovered
from days O to 7 as assayed by ATP assay, qRT-PCR and CFU analysis (Fig.
3.10, Panel B, C and D respectively). While both WT and mutant did not show

increase in numbers till day 3, the WT strain showed gradual increase in

101



Results

numbers after the third day with marginal difference seen between high and low
iron organisms. The M.tb.AhupB mutant, irrespective of the iron status was
unable to survive within the macrophages. The complemented strain behaved

like the WT and was able to survive in the macrophages.

3.2.3.2. Increased ROS levels in macrophages infected with M.tb.AhupB
One of the mechanisms employed by the host cell to contain intracellular
bacteria is the production of reactive oxygen species (ROS). The fluorescent
dye 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) is a cell-permeant,
the reduced form of which is used as an indicator for ROS produced by cells.
Upon cleavage of the acetate groups by intracellular esterases and oxidation,
the non-fluorescent H.DCFDA is converted to the highly fluorescent 2',7'-
dichlorofluorescein (DCF) that is used for measurement. All the three
mycobacterial strains grown in high iron medium induced marginally higher
levels of ROS in the macrophages when compared to the respective low iron
organisms (Fig. 3.11).
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Fig. 3.11. ROS production by RAW 264.7 cells infected with the mycobacterial
strains. RAW cells were infected with M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB /
pMS101 grown under high (144 ym Fe; HI) and low (0.36 uM Fe; LI) iron conditions at
MOI of 10:1. 10 yM of H.DCFDA dye was added and the fluorescence was measured
12 h and 24 h post infection in the TECAN Infinite M200 Microplate Reader by exciting
at 488 nm and measuring the emitted light at 530 nm. The error bars represent

standard deviation calculated from two identical experiments performed in duplicates.
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The mutant-infected macrophages, however, irrespective of the iron
condition produced approximately 2-fold more ROS compared to M.tb.H37Rv
and M.tb.AhupB | pMS101. The findings were identical at 12 and 24 hours, with

the overall levels being higher at 24 hours.

3.2.3.3. Up-regulation of ROS-inducing genes of macrophages infected
with the mutant

Based on the increased ROS production in the macrophages infected with
M.tb.AhupB, the transcript levels of genes associated with ROS production in
the macrophages were evaluated. They included NOX7 (encoding NADPH
oxidases), NOXA1 (encoding NOX-activating protein) and NOS2 (encoding
nitric oxide synthase). qRT-PCR showed an up-regulation in the transcript
levels upon infection with high iron grown organisms compared to low iron
(Table 3.1). The transcript levels of NOX1, NOXA1 and NOS2 were about 4-, 2-
and 3-fold higher in macrophages infected with low iron M.tb.AhupB vs low iron
M.tb.H37Rv (Fig. 3.12). A similar fold change was observed in the mutant vs

hupB-complemented strain.
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Fig. 3.12. Transcript levels of ROS-inducing genes of macrophages. RAW 264.7
cells were infected with high (144 ym Fe; HI) and low (0.36 uM Fe; LI) iron grown
M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB | pMS101 (MOI 10:1). Total RNA was
extracted from the infected macrophages 24 h post infection and qRT-PCR was carried
out for NOX1, NOXA1 and NOS2 using B-actin as internal control. The error bars
represent standard deviation calculated from two identical experiments performed in

duplicates.

103



Table 3.1 Iron-dependent up-regulation of the ROS-inducing genes

M.tb.AhupB
M.tb.H37Rv | M.tb.AhupB
Gene / pMS101
HI vs LI HI vs LI
HI vs LI

NOX1 342+1.09 | 3.14+1.33 4.08 £ 0.91
NOXA1 3.50+0.78 | 4.22+3.02 4.07 £1.45
NOS2 2.26 +0.92 1.53 £ 0.63 3.14+0.38

Results

3.2.3.4. Transcript levels of oxidative stress enzymes of mycobacteria
ROS production is an innate immune strategy of the macrophages to control the
growth of mycobacteria. To counter this, mycobacteria produces oxidative
stress enzymes that quench the free radicals and peroxides either by oxidizing
or reducing them. The expression levels of the genes sodA, ahpC and katG
was examined after infection of macrophages. The expression of all the three
genes was up-regulated in M.tb.H37Rv while it was down-regulated in
M.tb.AhupB. The expression was restored in the complemented strain
M.tb.AhupB | pMS101 (Fig. 3.13; Table 3.2).
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Fig. 3.13. Transcript levels of oxidative stress enzymes of mycobacteria. RAW
264.7 cells were infected with high (144 uym Fe; HI) and low (0.36 uM Fe; LI) iron
grown M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB / pMS101 (MOI 10:1). Total RNA was
extracted from the infected macrophages 24 h post infection and qRT-PCR was carried
out for sodA, ahpC and katG using 16S rRNA as internal control. The vertical bars
represent the standard deviation of the mean from two independent experiments done

in duplicates.
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Table 3.2 Fold changes of sodA, ahpC and katG

Gene
R ber) Product Fold changex*SD
v number

M.tb.AhupB LI | M.tb.AhupB

M.tb.H37Rv | M.tb.AhupB
vs / pMS101

LI vs HI LI vs HI
M.tb.H37Rv LI LI vs HI
SodA Superoxide
2556 +£5.69 | -1.32+0.32 | -52.56+0.89 | 10.29 +3.39
(Rv3846) dismutase
Alkyl
ahpC y

hydroperoxide 13.11+6.91 | -1.22+0.13 | -22.74+0.64 | 7.381+045

(Rv2428)
reductase C
Catalase-
katG
peroxidase- 8.90+3.52 | -1.21+0.19 -26.90 + 0.27 | 5.042 +0.33
(Rv1908c)

peroxynitritase T

3.2.3.5. ChIP assay: influence of HupB on sodA and ahpC

HupB box was identified at position -47 (CGCGAAAATT) and -38
(AACCAAAATT) respectively of sodA and ahpC genes and was absent in the
promoter DNA of katG. ChlP analysis showed approximately 3-fold (sodA) and
16-fold (ahpC) positive enrichment in M.tb.H37Rv low vs high iron while no
enrichment was observed in the mutant that was identical to the IgG controls
(Fig. 3.14).
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Fig. 3.14. ChIP followed by gRT-PCR analysis of oxidative stress enzymes of
mycobacteria. ChlP was carried out using anti-HupB antibodies as detailed in Material
and Methods. IgG antibodies were used as control. gqRT-PCR was performed using
primers designed for the upstream regions of sodA and ahpC. DNA enrichment was
calculated using Percent Input Method. The error bars represent standard deviation

calculated from two identical experiments performed in duplicates.
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3.2.3.6. M.tb.AhupB elicits a pro-inflammatory immune response

The expression of pro-inflammatory and anti-inflammatory cytokines from
macrophages infected with the three mycobacterial strains grown in iron-
regulated media was compared. IFN-y, TNF-a, IL-1B, IL-4, IL-6, IL-10, IL-12
and IL-18 transcript levels were analysed 24 h post infection (Fig. 3.15). The
influence of iron was prominent in cytokine production as the levels of IFN-y,
TNF-q, IL-1B and IL-18 were low for M.tb.H37Rv low vs high iron while the
transcript levels of IL-6, IL-12, IL-4 and IL-10 increased when iron-limited
organisms were used for infection. In the mutant low vs high iron, only IL-6
showed up-regulation. Low iron grown M.tb.AhupB elicited significantly higher
levels of IFN-y, TNF-a, IL-1B, IL-12 and IL-18 compared to low iron M.tb.H37Rv
while the reverse was observed for IL-4, IL-6 and IL-10. The complemented

strain behaved similar to the WT.
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Fig. 3.15. Transcript levels of cytokines induced in macrophages upon infection.
RAW 264.7 cells were infected with high (144 uM Fe; HI) and low (0.36 uM Fe; LI) iron
grown M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB / pMS101 (MOI 10:1). Total RNA was
extracted from the infected macrophages 24 h post infection and qRT-PCR was carried
out for IFN-y, TNF-a, IL-1B, IL-4, IL-6, IL-10, IL-12 and IL-18 using B-actin as internal
control. The error bars represent standard deviation calculated from two identical

experiments performed in duplicates.
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3.3. Role of HupB as an iron transporter in M. tuberculosis

3.3.1. Mutant strain M.tb.AhupB is defective in uptake of iron

3.3.1.1. Uptake of inorganic °Fe by WT M.tb.H37Rv and M.tb.AhupB and

recovery of the label in mycobactin and carboxymycobactin

When the three strains M.tb.H37Rv, M.tb.AhupB and the hupB-complemented
M.tb.AhupB | pMS101 were grown in the presence of inorganic %°Fe supplied at
established high (214 pM Fe) and low (0.36 yM Fe) iron concentrations
respectively for 6 days, the recovery of the label was measured in iron-replete
and iron-limited organisms and was traced in Mb and CMb. In iron replete WT
M.tb.H37RVv (that does not express HupB) and hupB KO mutant, there was poor
uptake that explained the low recovery of the label in Mb and CMb (Table 3.3).
The complemented strain, constitutively expressing HupB showed increased
incorporation in both Mb and CMb as the organisms were able to take up higher

levels of iron.

Table 3.3 Recovery of 5°Fe in whole cells, Mb and CMb

%
Radioactivity (_o Radioactivity % Radioactivity %
in
Strain in whole cell in Mb (in in CMb (in
whole
MeantSD MeanzSD Mb) MeanzSD CMb)
cells)
27993.5 = 11560.25 12307.5
HI 13.20 5.45 5.81
690.40 1330.62 1195.03
125276.8 + 74514.25 + 41485.25 +
LI 53.08 31.57 17.58
3899.53 1264.81 929.32
M.tb.H37Rv | Anti-HupB 283475+ 13483.75 19544 +
12.01 5.71 8.28
antibodies 1366.16 918.18 896.85
Pre-
122801.3 £ 74560.75 39356 +
immune 52.03 31.59 16.68
883.22 1004.75 1273.46
serum
28602.25 £ 11103 £ 10784 £
HI 13.49 5.24 5.08
906.69 175.21 886.78
28502 + 113255+ 12014.25 +
LI 12.08 4.79 5.09
1221.12 874.73 468.31
M.tb.AhupB | Anti-HupB 29391.25 + 11463.75 13002.5 +
12.45 4.86 5.51
antibodies 711.01 1061.72 1001.94
Pre-
27726 £ 111105 12281.25
immune 11.75 4.71 5.20
741.28 869.52 822.44
serum
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92888 + 49095 * 39008.5 £
HI 43.82 23.16 18.40
1856.46 1236.14 1399.51
94188.5 + 51855 + 38420.75 £
LI 39.91 21.97 16.28
541.61 880.29 735.37
M.tb.AhupB i
Anti-HupB 27484.5 + 11842.75 + 20577 +
/ pMS101 o 11.65 5.02 8.72
antibodies 755.72 1450.04 640.01
Pre-
94401.5 + 51417 + 38994.5 +
immune 40.00 21.79 16.52
1286.96 831.85 762.69
serum

A Chromatogram of 55Fe-CMb extracted from cultures grown in the presence of inorganic 55Fe
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B. Chromatogram of 55Fe-Mb extracted from organisms grown in the presence of inorganic 55Fe
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Fig. 3.16. Recovery of %°Fe in Mb and CMb by thin-layer chromatography (TLC).
Fe-CMb (Panel A) and %°Fe-Mb (Panel B) were subjected to TLC as detailed in

Section 2.7.1 and radioactivity was recorded with a Phosphor Imager (BioRad).

When the organisms were grown in low iron medium, the WT
M.tb.H37Rv effectively acquired iron (53.08%, Table 3.3) with a marked
incorporation of the radiolabel into both Mb (31.57%) and CMb (17.58%). The
specificity of this uptake can be attributed to HupB as anti-HupB antibodies,
unlike the pre-immune serum drastically reduced the label in whole cells and
the two siderophores. The role of HupB in uptake of iron was additionally
established by the finding that iron-limited M.tb.AhupB was unable to take up

the metal ion and addition of anti-HupB antibodies had no effect as this strain
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does not express HupB. %°Fe in the two siderophores, presented in Table 3.3
was also identified by TLC (Fig. 3.16, Panels A and B).

3.3.1.2. M.tb.AhupB fails to take up 5°Fe from 3°Fe-CMb
Our earlier studies (Pandey et al., 2014b) established that the hupB KO strain
M.tb.AhupB was defective in siderophore biosynthesis. As the low iron uptake
in the mutant strain (shown above) could have resulted due to low
carboxymycobactin / mycobactin expression, uptake of iron from 55Fe-CMb was
done to establish the possible role of HupB as an iron transporter. Fig. 3.17
shows that the mutant strain was unable to take up the metal ion from 5Fe-
CMb and there was negligible radioactivity in Mb extracted from these cells.
This is in sharp contrast to the iron-limited WT M.tb.H37Rv that effectively
acquired iron from 3%Fe-CMb, with a significant amount recovered in
mycobactin. Anti-HupB antibodies inhibited this uptake, an anticipated finding.
Similarly, the complemented strain acquired iron from %Fe-CMb, irrespective of
their iron status, with the process inhibited by anti-HupB antibodies.

It was observed that ~80% of the radiolabel was recovered in Mb in the
WT M.tb.H37Rv upon incubation with %°Fe-CMb for 2 h. Uptake and recovery of
iron, when studied every 15 min (Fig. 3.18) showed that there was a steady
increase of the radiolabel in Mb that paralleled the uptake by whole organisms
for 60 min, after which the amount of the iron incorporated into Mb was

relatively less compared to the uptake by whole cells.

A. Uptake of 55Fe-CMb by live organisms and recovery of the label in Mb
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B. Chromatogram of 55Fe-Mb extracted from organisms incubated with 55Fe-CMb

2 -
55Fe—Mb——%| : ' ' »
origin—>w= - - - - . - - - - - -
HI Ll HI Ll HI L Ll L u L u 1]
Mthb H37Rv M.tb AhupB M.tb AhupB/ Mih H37Rv M.th AhupB Mitb AhupB/  MIbH37TRv M.th AhupB Mib AhupB/
pMS 101 pMS 101 pMS 101
Addition of rabbitanti-HupB antibodies Addition of rabbit preimmune serum

Fig. 3.17. Uptake of °Fe-CMb and recovery of the label in Mb. The three
mycobacterial strains were grown in high (HI) and low (LI) iron media for 9 days. 1 x
108 cells / mL were incubated with 1 x 105 cpm of %Fe-CMb at 37°C for 2 h. The
radioactivity recovered was measured in whole cells and in Mb in the absence and
presence of anti-HupB antibodies. Panel A shows the cpm as measured in a liquid
scintillation counter. The error bars represent standard deviation calculated from two
identical experiments performed in duplicates. Panel B represents the label in Mb

separated by TLC.
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Fig. 3.18. °Fe from *°Fe-CMb is recovered in Mb in M.tb.H37Rv - a time course
study. 1 x 10° cpm of %Fe-CMb was added to 1 x 108 low iron M.tb.H37Rv cells and
incubated at 37°C. The radioactivity was measured for 2 h at 15 min intervals in whole
cells and Mb. The error bars represent standard deviation calculated from two identical

experiments performed in duplicates.

3.3.1.3. 3°Fe-CMb uptake by liposomes: role of HupB in iron uptake

To study further the interaction of HupB with Fe-CMb, purified rHupB was
incorporated into liposomes (with and without Mb) followed by incubation with
55Fe-CMb. Liposomes prepared with Mb and rHupB showed maximal

radioactivity (Fig. 3.19) with the interaction of ®5Fe-CMb being considerably less
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in liposomes containing only rHupB. The direct transfer of iron from 55Fe-CMb to
Mb was ruled out as negligible label was recovered in liposomes containing
only Mb.

In addition, the proteo-liposomes prepared from CHAPS-solubilised cell
wall preparations of iron-limited WT M.tb.H37Rv, unlike that of the hupB KO
mutant strain showed strong reactivity with 5Fe-CMb (Fig. 3.19).
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Fig. 3.19. Interaction of *Fe-CMb with HupB-containing liposomes. The following
liposomes were prepared (detailed in Section 2.7.3): a) with desferri-Mb (50 nM), b)
100 pg CHAPS-solubilised cell wall proteins from M.tb.H37Rv and M.tb.AhupB without
desferri-Mb, c) same as (b) but with added desferri-Mb, d) purified HupB and e) purified
rHupB and desferri-Mb. The proteo-liposomes were incubated with 50 nM (1.5 x 10°
cpm) Fe-CMb for 30 min and after suitable washes; radioactivity associated with the
liposome was measured. The error bars represent standard deviation calculated from

two identical experiments performed in duplicates.

3.3.2. Direct interaction of HupB with mycobactin and carboxymycobactin:
in silico analysis and ligand-binding studies

3.3.2.1. In silico prediction of tertiary structure of HupB

As the crystal structure of the full length (214 aa) HupB is not available, the
protein was modeled using I-TASSER (Fig. 3.20, Panel A). The model was
validated using PROCHECK server and from the Ramachandran plot generated
(Fig. 3.20, Panel B), it is evident that 62.6% of the model was falling in the most
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favoured regions, 30.5% in additional allowed regions, 4.8% in generally
allowed regions while only 2.1% residues were in the disallowed regions. The
model when subjected to refinement using ModRefiner showed no significant
improvement. DISOPRED3 showed disorder confidence levels against the
sequence positions as a solid blue line (Fig. 3.20, Panel C). The dashed
horizontal line (in grey) marks the threshold above which amino acids are
regarded as disordered. It was evident that the C-terminus of the protein is

disordered from amino acid 100 onwards as the confidence level was found to

be very high from the threshold level.

Psi (degrees)

'135'_b LYS {73 (A)
|e

Phi (degrees)

112



Results

08 }
disordered state ~—

anl protein binding

04 }

Confidence score

0.2

A A v J
0 50 100 150 200 250

Amino acid position

Fig. 3.20. In silico modeling of HupB of M. tuberculosis. Panel A shows the tertiary
structure of full length (214 aa) protein generated using I-TASSER. The a-helices are
shown in red, B-sheets in yellow while the loop regions are represented in green. Panel
B and C show the Ramachandran plot and the DISOPRED3 analysis data.

3.3.2.2. Docking of Fe-CMb and Fe-Mb to HupB

The modelled HupB was used to study the interaction of the two ferri-
siderophores by docking with AutoDock/Vina (Fig. 3.21, Panel A). The mode of
binding (Panel B) to Fe-CMb included a combination of H-bonding (Val89,
Ser109, Thr141, Thr208 and Lys 205) and hydrophobic interactions (Gly46,
Phed7, Phe85, Val88, Leu95, Ala108, Pro100 and Ala140) with Fe-Mb showing
predominantly hydrophobic interactions involving Met1, lle44, Phe47, Phe50,
Phe85, Val88, Val89, Leu95, pro100, Ala108, ser109, Thr208, Arg211.

A . Docking of ferri-CMb and ferri-Mb to HupB
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B. Interaction of ferri-CMb and ferri-Mb with HupB
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Fig. 3.21. Docking of Fe-CMb and Fe-Mb to HupB. Panel A shows the docking of
the three-dimensional structures of Fe-CMb (Fe3*-CMb) and Fe-Mb (Fe**-Mb) to HupB

using Autodock/Vina. Panel B shows the interacting amino acids with HupB where the

Alal40

red arcs with amino acid codes are the residues of the protein interacting with the
ligands (the backbone is represented by dots and lines). This analysis was done using
LigPlot+.

3.3.2.3. Ligand-binding studies: experimental validation of interaction of
ferri-siderophores with HupB
Preparation of rHupB
In our earlier studies, HupB was predominantly obtained as an insoluble protein
(Sivakolundu et al., 2013). Here, it was re-cloned into pET22b (+) vector (Fig.
3.22, Panel A) and obtained as a soluble protein (Fig. 3.22, Panel B). The
affinity chromatography-purified HupB is shown as a single band by Coomassie
blue staining and immunoblot analysis with commercial anti-His and rabbit anti-
HupB antibodies respectively.

A. Cloning of hupB into pET22b (+)vector

M 1

300

100

500

114



Results

B. Expression and purification of recombinant HupB
B1 B2

SDS-PAGE Immunoblot

16
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66

Fig. 3.22. Cloning, expression and purification of rHupB. The full length hupB of M.
tuberculosis was cloned into pET22b (+) vector (Panel A) where lane 1 represents the
hupB amplicon, lane 2 represents clone confirmation by double digestion with BamHI
and Hindlll and M represents the ladder. Panel B shows the expression profile of HupB
(B1) and the profile of the purified protein obtained in soluble form (B2). US and UP
represent un-induced supernatant and pellet while IS and IP represent IPTG-induced
supernatant and pellet. The arrow (white) indicates rHupB in the supernatant. The
purified protein was verified by SDS-PAGE (lane 1) and by immunoblotting with rabbit
anti-HupB antibody (lane 1’) and commercial anti-His antibody (lane 1”). M represents

protein molecular weight marker.

3.3.2.4. CD spectral data of HupB-siderophore interaction

Figure 3.23 shows the changes in the spectral data of purified HupB upon
interaction with the two ferri-siderophores added at increasing concentrations.
At 3 uM of Fe-CMb, HupB showed a positive increase in ellipticity that indicated
loss in secondary structure of the protein upon binding with Fe-CMb (Fig. 3.23,
Panel A). Notable was the marked change in optical ellipticity upon addition of
Fe-Mb at the same concentration, indicating an increase in the ordered
secondary structure of the protein (Fig. 3.23, Panel B). It was observed that
only the ferric-forms of the two siderophore interacted with the protein, with the
desferri-CMb showing poor interaction even at concentrations as high as 50 yM
(Fig. 3.23, Panel C).
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Fig. 3.23. Circular dichroism studies: spectral data of HupB interaction with Fe-
CMb and Fe-Mb. Far-UV CD spectra of HupB taken from 250-200 nm is indicated by
an arrow. Panels A and B show the CD spectra of HupB in the presence of increasing
concentrations of Fe-CMb and Fe-Mb respectively. Panel C shows the spectral data

upon addition of desferri-CMb (50 uM).

3.3.2.5. Spectrofluorimetry: equilibrium titrations and determination of Kd
values of HupB: Fe-CMb and HupB: Fe-Mb interactions

When Fe-CMb was added to HupB and subjected to spectrofluorimetry, the
intensity of the emitted light increased (Fig. 3.24, Panel A) and was
accompanied by a shift from 320 nm to 314 nm (blue shift), indicative of ligand-
receptor interaction. While an increase in the fluorescence was seen in the
presence of Fe-Mb (Panel B), it was not as appreciable as seen with Fe-CMb
and no spectral shift was seen. When desferri-CMb was used as the ligand
molecule, no appreciable changes were seen at low concentrations of the
added ligand and a decrease in fluorescence was noted at high concentrations

of the desferri-siderophore.
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Fig. 3.24. Spectrofluorimetric analysis of the interaction of HupB with Fe-CMb
and Fe-Mb. HupB was taken at a concentration of 1.63 uM and the emission spectrum
was recorded from 300-350 nm; the red arrow shows the spectrum of the purified
protein. Panels A and B show the spectral changes upon addition of Fe-CMb and Fe-
Mb respectively. The former was added as 0.5 uyM aliquots to a maximum
concentration of 15 yM and Fe-Mb was added as 2 uM aliquots to a maximum of 30
pMM. Panel C shows the spectral changes in HupB upon addition of high concentrations
of desferri-CMb (50 uM aliquots to a maximal concentration of 350 uM).

Using the data points at 318 nm, the binding constants were determined
using two methods. When the binding isotherms were plotted and fitted to a
One-binding site model using non-linear least square method and by Scatchard
plot analysis (Fig. 3.25, Panel B), it was apparent that both Fe-CMb and Fe-Mb
showed moderate binding affinity to HupB with K4 values of 22.42 yM and 38.76
MM respectively. The desferri-CMb exhibited a very weak binding (Kqa = 769
MM).
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Fig. 3.25. Determination of the binding constants of HupB interactions with the
ferri-siderophores. The binding constants were calculated using both One-binding

site model and Scatchard plot (inset) using the data points at 318 nm.

3.3.3. Validation of microarray analysis by ChIP assay: influence of HupB
on the transcript levels of mmpL5, mmpS5, irtA and eccA3

Microarray analysis of the hupB KO mutant showed that several genes (listed in
Table 3.4) associated with siderophore export and uptake were down-regulated
(Pandey et al., 2014b). Here, ChIP assay followed by qRT-PCR analysis for the
genes mmpL5, mmpS5, irtA and eccA3 (latter is part of ESX machinery shown
in Table 3.4) showed a positive enrichment for low iron vs high iron
M.tb.H37Rv; the IgG controls showed no enrichment. None of these genes
showed enrichment in the hupB KO mutant strain, with values being identical to
the IgG controls (Fig. 3.26). The sequence and location of the HupB box with
reference to the start site and the fold difference in enrichment in M.tb.H37Rv

low vs high iron is given in Table 3.5.
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Table 3.4 Microarray analysis of the differential expression of genes in

M.tb.AhupB

Gene / Rv number

Fold change

(expression of mMRNA)

WT LI/ HI*

Mutant LI /
WT LI*

Gene product

Genes involved in export of siderophores

Probable conserved transmembrane

mmpL5 / Rv0676¢c 2.7267 -3.1554 transport protein MmpL5

mmpS5 | RV0B77¢ 1.7504 -3.0452 Possible conserved membrane protein
MmpS5

mmpL4 | Rv0450c 06817 -1.4021 Probable co_nserved transmembrane
transport protein MmpL4

mmpS4 | Rv0451c 1.4026 -1 5491 Possible conserved membrane protein

MmpS4

Genes involved in uptake of siderophores

irtA 1 Rv1348

3.8448

-2.3819

Iron-regulated transporter IrtA

irtB / Rv1349

3.7224

-2.2015

Iron-regulated transporter IrtB

ESX-3 secretion system i

nvolved in siderophore-mediated iron uptake

ESX conserved component EccA3. ESX-

occAs / Rv0282 1.7543 -1.3680 3 type VIl secretion system protein

eccBs; / Rv0283 15827 -1.9801 ESX. conserved component EccB3.
Possible membrane protein

eccCs / Rv0284 1.8809 16310 |ESX conserved component EccC3.
Possible membrane protein

espGs / Rv0289 17913 27083 ESX-3  secretion-associated  protein
EspG3

eccDs / Rv0290 1.9662 29816 |ESX conserved component EccD3.
Probable transmembrane protein

eccEs | Rv0292 17946 23291 ESX conserved component EccE3.

Probable transmembrane protein

*LI and HI represent organisms grown in low and high iron media respectively
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Table 3.5 Interaction of HupB with the promoter region of mmpL5, mmpS$5, irtA

and eccA3: location of HupB box and interactions in ChIP assay

Upstream Fold difference
Putative HupB- | Location of
region of the Mismatch M.tb.H37Rv
binding motif HupB box
gene LI vs HI
Consensus sequence: 5’-CACTAAAATT-3’
mmpL5 TACTGAAATC -19 3 8
mmpS5 CTCTGAAATC -71 3 7
irtA CCCTTAGATT -199 3 3
eccA3 CTCAAAGCTT -109 4 15
I M.tb.H37Rv HI
10 g T ],Anti-HupB
.tb. Ahuy :
8 - | Mtb,AthB Ll antibody M
I M.tb.H37Rv LI
o | - B L } lgG
- T 1
G 21
S =l wll all zll
fol
2 _ _ _ _
(0]
o
mmplL5 mmpS5 intA eccA3

Fig. 3.26. ChIP followed by qRT-PCR analysis of mmpL5, mmpSS5, irtA and eccA3.
ChIP was carried out using anti-HupB antibodies for pull down of HupB-regulated
genes; IgG antibodies were used as control. qRT-PCR was performed using primers
designed for the upstream regions of mmpL5, mmpS5, itA and eccA3. DNA
enrichment was calculated using Percent Input Method. The error bars represent

standard deviation calculated from two identical experiments performed in duplicates.

3.4. Altered lipid profile in hupB KO mutant strain of M. tuberculosis

Altered colony morphology and low transcripts of gene products associated
with different lipid biosynthetic pathways in the hupB KO mutant (Pandey et al.,
2014) led us to analyze the role of HupB in the expression of some of these
genes. Two approaches were made, namely to quantitate the various lipid
levels and secondly to perform ChIP assay to study if HupB played any
regulatory role on the expression of the genes reflected in the microarray

analysis. The different lipids including fatty acids, mycolic acids, phthiocerol
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dimycocerosate (PDIM), sulpholipid-1 (SL-1), diacyl trehalose (DAT), penta-acyl
trehalose (PAT) were quantitated after extraction from the respective strains
using established protocols as mentioned in Materials and Methods (Section
2.8). The role of HupB in the transcriptional regulation of the genes involved in
the biosynthesis of these lipids was ascertained by first identifying HupB box in
the upstream region of the genes followed by chromatin immunoprecipitation
and gRT-PCR.
3.4.1. Extraction and analysis of lipids from the mutant and WT
mycobacterial strains
3.4.1.1. Fatty acids
The levels of fatty acids in M.tb.AhupB showed a decrease in tetradecanoic
(14:0; 1.7-fold), palmitic (16:0; 2-fold) and tuberculostearic (18:0-10Me; 2.5-fold)
acids and increase in stearic (18:0; 1.6-fold) acid; the long chain fatty acid
arachidic acid (20:0) was present only in the mutant. The mutant had a greater
proportion of long chain unsaturated fatty acids such as oleic acid (18:1 w9c;
1.2-fold), cis-vaccenic acid (18:1 w7c; 2.4-fold) and linoleic acid (18:2 w6,9c;
2.3-fold) and interestingly showed the expression of three unique fatty acids,
15:0 (pentadecylic acid), 17:0 (margaric acid; 4.4-fold) and 17:1 w8c
(margaroleic acid) (Fig. 3.27).
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Fig. 3.27. Fatty acid profiling of M.tb.H37Rv and M.tb.AhupB using GC-MS. Fatty
acids were extracted from log-phase cultures of M.tb.H37Rv and M.tb.AhupB grown in
low iron medium (0.36 uM Fe) as described in Materials & Methods. Fatty acid profiling
was performed commercially (Royal Life Sciences, Hyderabad) by GC-MS. The unique
fatty acids are indicated by an asterisk (*).
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3.4.1.2 Mycolic acids

Fig. 3.28 shows the mycolic acid profile of the WT and the hupB KO mutant
strains, as analyzed by TLC. While all the three forms of mycolic acid namely a-
, methoxy- and keto-mycolates were expressed by both strains, their levels

were relatively lower in the mutant strain.

<— Solventfront
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<— Spotting of samples

Fig. 3.28. TLC of mycolic acids extracted from the mycobacterial strains. The
mycolic acids were extracted from log-phase cultures of M.th.H37Rv and M.tb.AhupB
grown under high (144 pym Fe; HI) and low (0.36 uM Fe; LI) iron conditions. Equal
concentrations of the above extract were loaded on the TLC plate and separated using
hexane: ethyl acetate (95: 5) as the solvent system. Fatty acid methyl esters (FAME)

are also separated along with the mycolic acids.

3.4.1.3. Non-polar lipids: SL-1, PDIM, DAT and PAT

The non-polar lipids include the SL-1, PDIM, DAT and PAT that were extracted
using specific solvents as reported in established protocols (Camacho et al.,
2001; Slayden & Barry, 2001). TLC (Fig. 3.29) of the different lipids showed that
SL-1 and DAT (Panel A), PAT (Panel B) and PDIM (Panel C) were relatively
less in M.tb.AhupB compared to the WT M.tb.H37Rv. It was also observed that
these lipids were expressed in relatively higher levels in iron-limited WT
M.tb.H37Rv when compared to the respective iron-replete organisms. The “cord
factor” trehalose dimycolate (TDM) was also separated along with SL-1 and
DAT as the solvent system chloroform: methanol: water (90:10:1) has been
shown to separate TDM (Habermehl, 2012). PAT and an unknown lipid were
identified with the solvent system petroleum ether: acetone (92:8) while the

solvent system hexane: ether (9:1) separated only PDIM.
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Fig. 3.29. TLC of non-polar lipids extracted from M.tb.H37Rv and M.tb.AhupB.
The non-polar lipids were extracted using methanol and petroleum ether from log-
phase cultures of M.tb.H37Rv and M.tb.AhupB grown under high (144 um Fe; HI) and
low (0.36 uM Fe; LI) iron conditions. The lipid extract were collected in pre-weighed
tubes and the weight of the lipid residues were determined. The residues were
dissolved in methylene chloride to obtain samples of equal concentration. They were
then subjected to TLC plate using the respective solvent systems as mentioned in

Materials and Methods. Unknown lipid is indicated with *.

3.4.2. Identification and functionality of HupB box upstream of genes
associated with lipid biosynthesis

Microarray analysis of the hupB KO mutant showed that several genes (listed in
Table 3.6) associated with the biosynthesis of mycolic acids and surface
exposed lipids were down-regulated (Pandey et al., 2014b). Bioinformatic
analysis identified the 10 bp HupB box upstream of several genes whose
translated products are associated with lipid biosynthetic pathways as shown in
Table 3.7.

When the functionality of the HupB box was analyzed by ChIP assay and
gRT-PCR, there was positive enrichment for several of the genes listed in Table
3.8 for low iron vs high iron M.tb.H37Rv when anti-HupB antibodies were used
in the assay as compared with the normal IgG controls. In the hupB KO mutant
that does not express HupB, there was no such enrichment and the findings
were identical to the IgG controls (Fig. 3.30), implicating HupB as a

transcriptional regulator protein (Table 3.7).
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Table 3.6. Microarray analysis of M.tb.AhupB: altered mRNA transcripts of

genes involved in lipid biosynthesis

Fold change
i f mRNA
Gene / Rv number (expression of m ) Gene product
« | MutantLIl/
WT LI/ HI WT LI*
Mycolic acid
fas / Rv2524c 0.7840 -1.6226 Probable fatty acid synthase Fas
fabD / Rv2243 0.0473 -1.5877 Malonyl-CoA:ACP transacylase
acpM | Rv2244 -0.1468 11639 Meromycolate extension acyl carrier
protein AcpM
kasA / Rv2245 0.2245 -1.1389 B-Ketoacyl-ACP synthase
kasB /Rv2246 -0.0020 -1.3654 B-Ketoacyl-ACP synthase
accD6 / Rv2247 0.0362 -1.4215 Acetyl{proplonyI-CoA carboxylase (beta
subunit) AccD6
inhA /Rv1484 0.1035 -1.1285 NADH-dependent enoyl-ACP reductase
pks13/Rv3800c -0.1810 -1.0941 Polyketide synthase-13
fabD32 / Rv3801c -0.2145 -1.0016 Fatty-acid-AMP ligase FadD32
SL-1
pks2 /Rv3825c 0.2837 -1.6915 Polyketide synthase Pks2
papA1/Rv3824c 0.0802 -1.6008 Polyketide synthase associated protein
PapA1
mmpL8/Rv3823c 0.1924 -1.3525 Transmembrane transport protein
PDIM
fadD26 / Rv2930 0.6015 -0.3592 Fatty-acid-AMP ligase FadD26
fadD28 / Rv2941 -0.2980 -1.1337 Fatty-acid-AMP ligase FadD28
drrC /Rv2938 0.0080 -0.6557 Integral membrane protein  ABC
transporter DrrC
DAT and PAT
papA3/Rv1182 -0.3505 -4.6442 Ezls/::nde synthase associated protein
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pks4 /Rv1181 -0.2466 -2.8671 Polyketide synthase-4
chp2/Rv1184c -0.2872 -1.2988 Acyltransferase
mmpL10/Rv1183 0.2518 -2.7384 Transmembrane transport protein

*LI and HI represent organisms grown in low and high iron media respectively
Table 3.7 Location of HupB box in the promoter regions of genes associated with
lipid biosynthesis and validation of the functionality of the HupB box by ChIP /
qRT-PCR

Fold
Gene Fold
R dift difference
v ifference
HupB box WT LI/
number) WT LI/ HI
mutant LI
Sequence Location | Mismatch
Consensus sequence:
5-CACTAAAATT-3
Mycolic acid
fabD TACAAAAACC 73 4
(Rv2243) 30 670
hasA CGCGAAGATT 69 3
(Rv2245) 27 543
mhA CGCTGCAATT 158 3
(Rv1484) 9 227
pks13
CATCAAGATT -179 3 10 873
(Rv3800c)
fadb32 CCTTAACATT 76 3
(Rv3801c) 36 822
SL-1
papA1
CACTAGAGCT -201 3 55 241
(Rv3824c) :
mmpL8
CACGTAAATT -76 2 14 242
(Rv3823c)
PDIM
fadb26 CAATAAACTT 121 2
(Rv2930) 30 450
fadb28 CGGTAACGTG 199 5
(Rv2941) 20 306
are CGTTAAAGTT 32 3
(Rv2938) 19 202
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DAT and PAT
papA3
CACAAAGATC -131 3 6 580
(Rv1182)
pks4
CAGTCGAGTT -106 4 12 421
(Rv1181)
chp2
GACTAAGATA -34 3 11 549
(Rv1184c)
mmpL10
CGCTGAAGTC -105 4 14 435
(Rv1183)

The location of the HupB box sequence is with reference to the start site; Mismatch from the 10

bp HupB-binding motif in the mbtB promoter DNA
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Fig. 3.30. ChIP followed by
biosynthesis of mycolic acids, SL-1, PDIM, DAT and PAT. ChIP was carried out
using anti-HupB antibodies for pull down of HupB-regulated genes from the genomic
DNA of WT M.tb.H37Rv and the mutant M.tb.AhupB; 1gG antibodies were used as
control. qRT-PCR was performed using primers designed for the upstream regions of
mycolic acid synthesis genes fabD, kasA, inhA, fadD32 and pks13 (Panel A), SL-1
biosynthesis genes papA1 and mmpL8 (Panel B), PDIM biosynthesis genes fadD26,
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fadD28 and drrC (Panel C), DAT and PAT biosynthesis genes papA3, pks4, chp2 and
mmpL10 (Panel D). DNA enrichment was calculated using Percent Input Method. The
error bars represent standard deviation calculated from two identical experiments

performed in duplicates.

3.5. Clinical significance of HupB
3.5.1. Cell-mediated and humoral immune response of TB patients to
HupB
3.5.1.1. Demographic data

Table 3.8 shows the demographic data of the 83 TB patients and 30
healthy controls. Alcohol and tobacco abuse were commonly seen in male
subjects. The PTB cases included 36 newly diagnosed cases and 24 cases of
defaulters of previously initiated anti-tubercular therapy (ATT) who presented
with symptoms of the disease. The former included 39% cases who had not
started ATT while the others were in their initial stages of medication (not more
than one month). The EPTB cases comprised of 20 pleural effusion cases, 2

lymphadenitis cases and 1 ophthalmic Koch.

Table 3.8 Demographic data of the study groups

S. AFB
Sample Sex o
No Group Age (years) positivity
size (n)
Male | Female | (+) | (-)
1. | Pulmonary TB (PTB)* 60 38.2+13.71 51 9 49 11
2. | Extrapulmonary TB (EPTB) 23 28.48 £ 12.94 15 8 2 21
3. | Healthy controls 30 26.43 £ 3.53 25 5 ND

*Three cases of miliary TB were included in this group (as per WHO guidelines)
ND= Not determined

3.5.1.2. Immunoproliferative response of PBMCs of TB patients to HupB

There was a statistically significant higher proliferative response of the PBMCs
of TB patients vs healthy controls to HupB (Fig. 3.31, Panel A) compared to
PPD, particularly in EPTB cases (P = 0.0001). Table 3.9 summarizes the mean

stimulation index (SI) and ROC curves of the HupB-mediated immune-
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proliferation of the PBMCs of TB patients and healthy controls. HupB elicited
maximal proliferation in EPTB patients (mean S| of 3.653+0.55), higher than
that seen in the PTB group (mean Sl of 3.194+1.08), with a three-fold lower Si
in the healthy controls that complement our previous reports of HupB as a
marker in EPTB (Sivakolundu et al., 2013; Sritharan et al., 2015). With the
conventionally used PPD, a lower S| was seen that was almost identical in both
the TB groups. Based on the sensitivity and specificity, the performance of
HupB was superior to PPD (Table 3.10). The mitogen ConA elicited the
anticipated higher proliferation of the PBMCs of both patients and healthy
controls (Fig. 3.31, Panel B).
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Figure 3.31. Proliferation of PBMCs of TB patients and healthy controls to HupB,
PPD and ConA. The reaction set-up is as described in Section 2.9.1.4. The
experiments were done in ftriplicates. The figure shows Tukey box plots drawn to
represent the stimulation index (SI) of pulmonary TB (Panel A), extrapulmonary TB
(Panel B) and healthy controls (Panel C) to the antigens HupB, PPD and the mitogen
ConA. The box boundaries display the median and inter-quartile ranges; whiskers
display the maximum and minimum values excluding the outliers (shown as points).

The threshold for significance was set at P<0.05.
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Table 3.9 T cell proliferation of PBMCs of PTB and EPTB patients to HupB

Stimulation index
Antigen Area under the ROC curve
mean+SD

% %
Sensitivity | Specificity

PTB EPTB HC AUC SE 95% ClI

3.194+ | 3653+ | 1.378 %
HupB 0.892 | 0.0358 | 0.766 | 0.97 81.71 96.77
1.08 0.55 0.26

2830+ | 2792+ | 1.643 %
PPD 0.781 | 0.0468 | 0.693 | 0.853 70.89 85.29
1.20 0.67 0.38

PTB: pulmonary TB; EPTB: extrapulmonary TB; HC: healthy controls; AUC: area under
the curve; SE: standard error; Cl: confidence interval. The significance threshold was
set at P<0.0001. The mean S| obtained with the mitogen ConA was 3.068+1.00,
3.465+0.57 and 3.248+0.49 respectively when added to PBMCs from PTB, EPTB and
HC subjects.

3.5.1.3. Cytokine profile

The HupB-treated PBMCs of TB patients showed statistically significant
differences in the levels of several cytokines when compared to healthy controls
(Fig. 3.32). Their IFN-y (Panel A) levels were low, with the median [interquartile
range (IQR)] being 122.5 [110.5-135] pg / mL in PTB cases and 151.0 [113.0-
184] pg / mL for EPTB cases; the median value in healthy controls was 228.5
[190.3-276.3] pg / mL. The TNF-a (Panel B) levels in the EPTB group was
notably high with a median value of 1239 [593.5 - 2015] pg / mL when
compared to 749.5 [590.3 - 896.5] pg / mL obtained with the healthy control
group; the PTB group showed the least median value of 458.0 [278 - 811] pg /
mL. Both IL-6 (Panel C) and IL-8 (Panel D) were high in the two patient groups,
with the former reaching median [IQR] = 20642 [19733 - 21463] pg / mL in PTB
group and median value of 21251 [20354 - 22123] pg / mL in the EPTB group
as against the median value of 17456 [16807-17872] pg / mL in the healthy
controls. Similarly, IL-8 showed median values of 9276 [8912 - 9610] pg / mL in
PTB group and 9319 [9119 - 9501] pg / mL in the EPTB cases as compared to
8658 [8260 - 8796] pg / mL in the healthy controls.
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Figure 3.32. Cytokine profile upon stimulation of PBMCs of TB patients with

HupB. The culture supernatants of the PBMCs stimulated with HupB were assayed as

detailed in Materials and Methods. The Tukey box plots representing the levels of IFN-
y (Panel A), TNF-a (Panel B), IL-6 (Panel C), IL-8 (Panel D), IL-10 (Panel E), IL-2
(Panel F), IL-4 (Panel G) and GM-CSF (Panel H) expressed by PTB (n=50), EPTB

(n=23) and HC (n=9) are shown where the box boundaries display the median and
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inter-quartile ranges; whiskers display the maximum and minimum values excluding

the outliers (shown as points). The threshold of significance was set at P<0.05.

Interestingly, EPTB group showed the maximal amounts of IL-10 (Panel
E) upon stimulation with HupB, with a median value of 3768 [2530 - 4893] pg /
mL). The value was comparatively lower in PTB cases (median value of 2295
[1641-3044] pg / mL) with the healthy controls showing a median value of 2760
[2460 - 2848] pg / mL). IL-2 (Panel F) and IL-4 (Panel G) levels were identical in
the patient and the control groups. GM-CSF (Panel H) levels were elevated in
both the patient groups, with the EPTB cases, median 771.3 [446.8 - 1121] pg /
mL producing relatively higher levels than the PTB subjects (median = 564.8
[379.8 - 1021] pg / mL as compared to 433.1 [366.2 - 484.4] pg / mL expressed
by the healthy controls.

3.5.1.4. Pro-inflammatory and anti-inflammatory cytokine ratios

The balance between pro-inflammatory and anti-inflammatory cytokines is
crucial for the clinical outcome of any disease. The relative expression of the
biomarker signatures IFN-y, IL-10 and TNF-a (Fig 3.33) were found to be
statistically significant in EPTB vs healthy controls. These results strongly
suggest a shift towards anti-inflammatory host immune response during active
disease and that cytokine ratios could be utilized to differentiate between PTB

and EPTB using HupB as an antigen.

A B
0.25 1.2 9
. 1.0 4 L
0.20 -
p=0.0177 os | P=0.0011
o . c.’ : []
< o5 P=0.0067 %
4 : P <0.0001 = 0.6 P=0.0003
= = —
i = i
Z 010 z 047 g
& . &
0.2 4 é
L
0.05
.
0.00 T T T T T T
PTB EPTB HC PTB EPTB HC

Figure 3.33. Relative expression of IFN-y, IL-10 and TNF-a by PBMCs stimulated
with HupB. The ratio of IFN-y / IL-10 (Panel A) and IFN-y / TNF-a (Panel B) are
represented as Tukey box plots for PTB, EPTB and healthy controls (HC). The box
boundaries display the median and inter-quartile ranges and the whiskers display the
maximum and minimum values excluding the outliers that are shown as points. The

threshold for significance was set at P<0.05.
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3.5.1.5. High titres of circulating anti-HupB antibodies in TB patients

The circulating levels of anti-HupB antibodies in both PTB and EPTB patients
were high when compared to the healthy controls, as was observed in our
earlier studies (Sivakolundu et al., 2013) (Fig. 3.34); the levels were statistically
significant (P < 0.0001) when compared to the healthy controls. The mean titre
of anti-HupB antibodies in PTB (0.655+0.254) and EPTB (0.614+0.241) patients
were almost identical, with a fold increase of 5 and 4.7 respectively when
compared to healthy controls (0.131+0.016).
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Fig. 3.34. Titre of anti-HupB antibodies in the serum of TB patients and healthy
controls. Serum samples were tested for anti-HupB antibodies in triplicate in PTB,
EPTB and healthy controls (HC). The figure shows Tukey box plots drawn to represent
the titre of anti-HupB antibodies. The box boundaries display the median and inter-
quartile ranges and the whiskers display the maximum and minimum values excluding

the outliers that are shown as points. The threshold for significance was set at P<0.05.

3.5.2. Diagnostic potential of HupB

3.5.2.1. Heterogeneity of mycobacterial HupB

HupB expressed by different mycobacterial species differs in length and
sequence. Compared to the 214 aa long protein present in M. tuberculosis, it is
smaller in BCG (205 aa), M. leprae (200 aa), M. avium (169 aa) and M.
abscessus (145 aa) and bigger in M. ulcerans (229 aa), M. marinum (220 aa)
and M. vaccae (223 aa). These variations are seen predominantly in the C-
terminal end containing a large number of alanine residues and the positively
charged lysine (K) and arginine (R) that render the protein a high pl value of
12.5. To identify the sequence variation of HupB among mycobacteria, HupB
sequences of various mycobacterial species were collected from NCBI

(National Center for Biotechnology Information, Bethesda MD, USA) repository.
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The sequences were subjected to multiple sequence alignment (T-Coffee,
Ver.10.00.r1580) (Notredame et al, 2000) with three randomly chosen
fragments of the 214 aa HupB from M. tuberculosis, namely HupB-F1 (aa 1-71),
HupB-F2 (aa 63-161) and HupB-F3 (aa 164-214) to determine the most
conserved and most variable regions of HupB across mycobacterial species.

HupB-F1 showed almost 100% similarity among mycobacteria (Fig. 3.35,
Panel A), with moderate level of variation seen with the HupB-F3 region (Fig.
3.35, Panel B).
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Fig. 3.35. Multiple sequence alignment of HupB-F1 and HupB-F3 from different
mycobacterial species. The amino acid sequence of HupB-F1 (Panel A) and HupB-
F3 (Panel B) fragment spanning aa 1-71 and 164-214 respectively from different
mycobacteria (See Fig. 3.38 for Accession Nos.) were subjected to multiple sequence
alignment using T-Coffee where the symbols (*), (:) and (.) represents identical

sequences, conserved substitutions and semi-conserved substitutions respectively.
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Notable was the high degree of variation in the HupB-F2 fragment (Fig.
3.36, Panel A) carrying deletions of varying stretches of amino acids. Of
significance is the 9 aa deletion observed in the vaccine strain M. bovis BCG,
also seen in the field strain M. bovis AN5, both possessing a total of only 205
aa. These two members of the M. tuberculosis complex lack this stretch of
amino acids (aa 137 to 144 relative to that in M. tuberculosis) present in other
members (Fig. 3.36, Panel B). Analysis revealed large deletions in M. leprae
(aa 118-127), M. avium and M. abscessus (aa 107-140) (indicated by arrows in
Fig. 3.36, Panel A); in M. avium, in addition to the deletion of aa 124-129, a
large stretch of residues between 153-186 are missing, accounting for the small

size of the protein with a total of only 169 aa.
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Fig. 3.36. Multiple sequence alignment of HupB-F2 from different mycobacterial
species. The amino acid sequence of HupB-F2 fragment spanning aa 63 - 161 from
different mycobacteria (Panel A) and HupB from M.tb. complex showing a 9 aa deletion
in BCG Pasteur and M. bovis AN5 (Panel B) were subjected to multiple sequence
alignment using T-Coffee where the symbols (*), (:) and (.) represents identical

sequences, conserved substitutions and semi-conserved substitutions respectively.
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3.5.2.2. HupB-based phylogenetic analysis reveals clustering of
pathogenic mycobacteria

As the N-terminal 90 aa of mycobacterial HupB shows similarity with the HU
protein of E. coli, we studied the phylogeny of HupB among bacteria. It is
evident from Fig. 3.37 that HupB of M. tuberculosis H37Rv formed a separate
cluster with genetic relatedness to its homologues in Nocardia and
Rhodococcus. Phylogenetic analysis was done using MEGA tool (Ver.
5)(Tamura et al., 2011). ClustalW software (inbuilt into MEGADS5) utilizing the
BLOSUM score matrix was used for pair-wise and multiple sequence alignment.
The phylogenetic tree was constructed utilizing the neighbour-joining method.

The robustness of the tree was determined using bootstrapping with 5000
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Fig. 3.37. Evolutionary relatedness of HupB from M. tuberculosis with homologs
in other bacteria. The phylogenetic tree of HupB from different bacteria was
constructed using the MEGA software tool (See Materials & Methods details). The
robustness of the tree was determined using bootstrapping with 5000 replicates. M.
tuberculosis H37Rv (NP_217502.1), E. coli (POACF4.1), Pseudomonas aeruginosa
(NP_250495.1), Shigella flexneri (POACF7.1), Campylobacter jejuni (AAA60954.1),
Klebsiella pneumonia (CCI78545.1), Bordetella pertussis (CAB53382.1), Salmonella
enterica (NP_455048.1), Yersinia enterocolitica (CAL13166.1), Vibrio cholera
(YP_001217452.1),  Neisseria  meningitides  (YP_003083230.1), Legionella
pneumophila (AAU27935.1), Helicobacter canadensis (EES89509.1), Rhodococcus
equi (YP_004007817.1), Streptomyces avermitilis (BAC70395.1), Nocardia brasiliensis
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(YP_006811262.1), Bacillus cereus (WP_001972967.1), Gordonia alkanivorans
(WP_006359371.1), Nostoc sp. PCC 7120 (AAB64438.1).

Evolutionary relationship of HupB among mycobacteria revealed nine
clusters, with several showing low bootstrap values at the nodes (Fig. 3.38).
Mycobacterium tuberculosis H37Rv, M. bovis AF2122/97, M. bovis BCG
Pasteur, M. africanum and M. canettii, belonging to M. tuberculosis complex
formed a single cluster (l) with 100% bootstrap value. Mycobacterium marinum,
though belonging to M. tuberculosis complex formed a separate cluster with M.
ulcerans (llb; with 99% bootstrap value); M. liflandii formed the sister cluster lla.
It is interesting to note that M. leprae and M. kansasii clustered together (lIl).
While M. xenopi and M. phlei are the lone members in clusters IV and V, the
other clusters contained several members grouped into sub-clusters. The non-
pathogens, for example, M. smegmatis, M. gilvum, M. vanbaleneii and M.
vaccae are well separated from the pathogens.
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Fig. 3.38. Phylogenetic tree depicting the genetic relatedness of HupB among
various mycobacterial species. The MEGA software tool was used to construct the
phylogenetic tree based on the amino acid sequence of HupB (Rv2986¢) from M.
tuberculosis and other mycobacteria. The accession numbers of the sequences used
include M. tuberculosis H37Rv (NP_217502.1), M. bovis AF2122/97 (NP_856655.1),
M. bovis BCG Pasteur (YP_979091.1), M. africanum (CCC28061.1), M. marinum
(YP_001850032.1), M. leprae (NP_302157.1), M. ulcerans (YP_905888.1), M. canettii
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(YP_004746427.1), M. avium (WP_019305641.1), M. intracellulare (YP_005339200.1),
M. colombiense (WP_007775502.1), M. liflandii (YP_007368301.1), M. avium sub
paratuberculosis K10 (NP_961958.1), M. kansasii (WP_023372192.1), M.
parascrofulaceum (WP_007171327.1), M. tusciae (WP_006242212.1), M. xenopi
(WP_003922105.1), M. smegmatis (AFP38797.1), M. abscessus (WP_016892885.1),
M. vaccae (WP_003928676.1), M. chubuense (YP_006452321.1), M. vanbaalenii
(YP_952958.1), M. gilvum (YP_001135482.1), M. rhodesiae (WP_005141740.1), M.
fortuitum (WP_003881138.1), M. phlei (WP_003889233.1), M. massiliense
(YP_006521553.1), M. hassiacum (WP_005626473.1), M. indicus pranii
(YP_006730812.1). The robustness of the tree was determined using bootstrapping
with 5000 replicates.

3.5.2.3. Cloning, expression and purification of HupB-F1, HupB-F2 and
HupB-F3 fragments

The three hupB fragments were amplified (Fig. 3.39, Panel A) and successfully
cloned into pET22b (+) vector which was confirmed by sequencing. Plasmids
from positive clones were used to re-transform E. coli BL21 (DE3). The antigen

fragments HupB-F1, HupB-F2 and HupB-F3 were expressed as recombinant

proteins.
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Fig. 3.39. Cloning, expression and purification of HupB-F1, HupB-F2 and HupB-
F3. Panel A shows the amplified products of the three hupB fragments, hupB-F1 (lane
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1), hupB-F2 (lane 2) and hupB-F3 (lane 3) that were cloned into pET22b (+) vector.
Panels (B), (C) & (D) represent the expression and purification of rHupB-F1, rHupB-F2
and rHupB-F3 respectively. Each of the lanes were loaded with 30 ug total protein and
subjected to Tris-Tricine gel electrophoresis on a 10% gel. UP and US represent
uninduced pellet and supernatant and IP and IS represent induced pellet and
supernatant respectively; M is the molecular weight marker. F1, F2 & F3 in the three
panels represent the respective purified protein and lanes F1’, F2' and F3 are the
corresponding immunoblots developed with rabbit anti-HupB antibody while lanes F1”,
F2” and F3” are the corresponding immunoblots developed with anti-His antibody. The
gel was scanned and molecular masses determined by UVP Vision Works LS Image
Acquisition and Analysis software.

The purified proteins (Fig. 3.39, Panels B, C & D) showed altered
mobility when subjected to electrophoresis with values of 12.5, 18.2 and 11.07
kDa respectively, as against their calculated molecular masses of 7.8, 10.9 and
5.6 kDa. All the three fragments were immunoblotted with anti-His antibodies

and rabbit anti-HupB antibody raised against the full length HupB protein.

3.5.2.4. Demographic data

The five study groups included 72 TB patients categorized as pulmonary TB
new cases, pulmonary TB defaulters, pulmonary TB relapse cases and
extrapulmonary TB and healthy controls. Table 3.10 shows the various subject
groups along with the demographic data of patients and controls.

Table 3.10 Demographic data of the study groups

Age (years)
Study group ngple Male Female

size (n) Mean + SD

I New cases 29 46.4 + 18.5 23 6
Pulmonary
I ™ Defaulters 15 46.2+15.6 8 7
I (PTB) Completely treated 13 50.6 +11.3 9 4
relapse cases
Extrapulmonary TB

v (EPTB) 15 33.4+18.1 5 10
V Healthy controls 10 253+10.4 5 5
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3.5.2.5. High titre of antibodies against HupB-F2 in the serum of TB
patients with recurrence of the disease and in extrapulmonary TB

Serum from all four groups of TB patients showed high levels of antibodies
against the full-length HupB, as observed in our earlier study (Sivakolundu et
al., 2013), the levels being more in case of extrapulmonary TB (Group V).
Another interesting observation was that anti-HupB antibodies were maximal in
patients in whom the disease recurred after the completion of therapy (Group
[II) when compared to normal healthy controls (Table 3.11). Among the HupB
fragments, while all of them performed well as antigens, HupB-F2 was found to
be highly promising. This antigen, found to be reactive in all groups of TB
patients, is of considerable diagnostic potential in relapse cases (Group Ill) and
in extrapulmonary TB (Group V). In the latter, the high titre (approximately 5—6-
fold) when compared to healthy controls (Table 3.11, Fig. 3.40) was statistically
significant (P < 0.05) and was found to be better than the full-length HupB. In
relapse cases (Group Ill), HupB-F2 and full-length HupB and in EPTB (Group
IV), HupB-F2 showed good potential as antigens.

Table 3.11 Performance of HupB-F2 in the ELISA-based detection of anti-HupB

antibodies in the serum of TB patients and healthy controls

Study group HupB FL HupB F1 HupB F2 HupB F3
I New cases 0.596 + 0.407* | 0.494 +£0.180* | 0.708 + 0.204* 0.430 £ 0.211*
I Defaulters 0.468 + 0.167** | 0.506 + 0.198* | 0.595 + 0.287* 0.381 £ 0.243
01l Relapse 0.877 £0.572*** | 0.545+0.199* | 0.760 + 0.215* 0.344 £ 0.130
v EPTB 0.519 £ 0.281 0.434+0.137* | 0.695+0.233* 0.520 + 0.257*
V | Healthy controls | 0.157 + 0.081 0.189+0.125 0.12 £ 0.023 0.184 + 0.043

*Mean difference is significant at the 0.05 level vs healthy controls

**Mean difference is significant at the 0.05 level vs relapse TB cases

***Mean difference is significant at the 0.05 level vs healthy controls and defaulters
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Fig.3.40. ELISA: immunoreactivity of HupB and its fragments with serum from TB
patients and normal healthy controls. The figure shows Tukey box plots drawn to
represent the titre of antibodies against the full length HupB (HupB-FL), HupB-F1,
HupB-F2 and HupB-F3 respectively. The five study groups included new active
pulmonary TB cases (Group |), pulmonary TB defaulters (Group Il), relapse cases
(Group lll), extrapulmonary TB (Group 1V) and normal healthy controls (Group V). The
box boundaries display the median and inter-quartile ranges, whiskers display the

maximum and minimum values excluding the outliers, shown as points.

3.5.2.6. Antibodies against HupB-F2 showed maximal correlation with
serum iron status: Pearson’s correlation analysis

Negative correlation of titre of the circulating anti-HupB antibodies with serum
iron status of TB patients was reported earlier with full length HupB
(Sivakolundu et al., 2013). Here, the maximal correlation was seen with HupB-
F2 as shown by Pearson’s correlation analysis (-0.415; Table 3.12). TB
patients in this study group also showed low values of serum iron, total iron-
binding capacity (TIBC) and % saturation of serum transferrin when compared
to healthy controls (Table 3.13; Fig. 3.41). Serum iron showed 2.5-3-fold
decrease (P < 0.05) and there was 50% reduction in iron saturation of serum
transferrin in patients (Groups I-IV) when compared to normals (Group V). The
serum ferritin level was found to be 3-fold higher in TB patients than normal

controls.
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Table 3.12 Negative correlation of anti-HupB antibodies with serum iron and

comparison of HupB-F2 vs full length HupB (Pearson’s correlation analysis)

. . HupB- | HupB- | HupB- | HupB-
Iron | TIB Transferrin | Ferritin
(o} C sferri erriti FL F1 F2 F3
Iron 1 0.342™ 0.914™ 0.080 -0.153 -0.334" -0.415" | -0.273"
TIBC - 1 0.011 -0.512" -0.085 -0.213 -0.191 -0.047
Transferrin - - 1 0.310" -0.120 -0.282" | -0.358" | -0.214
Ferritin - 1 -0.013 -0.115 -0.115 -0.114
HupB-FL 1 0.386" 0.389" 0.014
HupB-F1 1 0.544™ 0.125
HupB-F2 1 0.226"
HupB-F3 - 1
** Correlation is significant at the 0.01 level (2-tailed)
* Correlation is significant at the 0.05 level (2-tailed)
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Fig. 3.41. Serum iron profile of TB patients and endemic normals. Panels A - D

represent the serum iron, total iron-binding capacity (TIBC), percent saturation of

serum transferrin and ferritin levels in Groups | — V representing new active cases of
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pulmonary TB, pulmonary TB defaulters, relapse cases, extrapulmonary TB and
endemic normal controls. The box boundaries display the median and inter-quartile

ranges and the whiskers display the maximum and minimum values excluding the

outliers, indicated as points.

Table 3.13 Serum iron profile in the various study groups

Serum iron TIBC % saturation of Ferritin
Study group serum
(Mg /dL) (Mg /dL) transferrin (ng / mL)
| New cases 37.89 £ 21.84* | 254.20 + 73.21** 15.51 + 8.42* 290.47 + 351.81
Il Defaulters 37.13 £ 33.80* | 257.28 £+81.15 14 £ 9.34* 305.64 + 318.92
1] Relapse 41.82 +25.77* | 271.71 £ 58.08 15.33 + 8.61* 349.14 + 475.96
\Y EPTB 46.08 + 42.46* | 326.84 £ 87.6 14.26 + 11.5* 97.35+ 197.04
Healthy
\Y controls 119.65 £ 58.58 | 332.46 + 91.87 37.68 £ 24.75* | 308.61 £ 609.22

*Mean difference is significant at the 0.05 level vs healthy controls

**Mean difference is significant at the 0.05 level vs extrapulmonary TB cases
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HupB in M. tuberculosis is a 214 amino acid protein, rich in basic amino acids
lysine and arginine in the C-terminal region. The protein, expressed by all
mycobacteria shows considerable structural heterogeneity in the mycobacterial-
specific C-terminal region. It is variously called in different mycobacterial
species and assigned different functions (detailed in Chapter 1). The suggested
roles of the protein in adhesion, recombination, protection of DNA from
oxidative stress and as a transcriptional regulator necessitates its varied
localization, which is supported by its presence as a nucleoid associated protein
(Prabhakar et al., 1998) and as a cell wall-associated surface protein (Pethe et
al., 2002; Yeruva, 2012). The first report of HupB as an iron-regulated protein
was from our lab (Yeruva et al., 2006) with subsequent characterization of the
protein as a transcriptional regulator of mycobactin biosynthesis (Pandey et al.,
2014b). In this study, we provide experimental evidence to demonstrate its
additional role in iron metabolism as an iron transporter by functioning as a
receptor for Fe-CMb. From the microarray analysis of the hupB KO mutant
strain M.tb.AhupB, the multi-functional role of the protein in M. tuberculosis was
evident. In this study, its regulatory role in the biosynthetic pathways of
mycobacterial lipids was addressed. The clinical significance of the protein and
its diagnostic potential is highlighted by demonstrating the influence of the
protein in triggering the expression of anti-inflammatory cytokines, with the
resulting Th2 response accounting for the significantly high levels of circulating
anti-HupB antibodies in extrapulmonary TB patients. This implicates its role as
an adherence factor in promoting the establishment of the pathogen in
extrapulmonary sites that however, needs further studies to conclude its role in

dissemination.

In solid media, the growth of M.tb.AhupB was notably reduced that was
however restored in the hupB-complemented strain, implying the requirement of
HupB for normal growth of the pathogen. In liquid medium maintained under
high and low iron conditions, the mutant exhibited an extended lag phase but
showed optimal growth, though relatively less than that of the WT and hupB-
complemented strains. It is likely that the mutant, through repeated passages in
these axenic media had adapted to the in vitro growth conditions. The mutant

strain however showed poor infectivity and survival inside the macrophages.
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Three different methods of determination of viable bacilli, namely ATP assay,
real time PCR using 16S rRNA as target sequence and CFU counts pointed to
the low viability and poor growth of the mutant strain inside the macrophages.
This inability to grow inside the macrophages can be attributed to several
factors, namely the inability to acquire iron, failure to counter the oxidative

stress and due to altered lipid metabolism, each of which is discussed below.
HupB and siderophore-mediated iron acquisition

All mycobacteria, including M. tuberculosis require iron for their growth. As
detailed in Chapter 1 (Review of Literature), iron is scarce and mycobacteria
express siderophores to acquire insoluble or protein-bound iron. Mycobacterial
siderophores namely the mycobactins, carboxymycobactins and exochelins are
well characterized chemically but the mechanism of iron uptake by these
molecules is not completely understood. The first iron-regulated envelope
protein to be characterized as a siderophore receptor was IREP-29 in M.
smegmatis that was demonstrated to be a receptor for ferri-exochelin (Hall et
al., 1987). In the study, using specific antibodies against IREP-29 that blocked
the protein in live organisms, uptake of iron from ferri-exochelin MS was
inhibited. The specificity of the receptor for ferri-exochelin MS was confirmed by
direct interaction of the two molecules using affinity chromatography (Dover &
Ratledge, 1996). In this study, HupB is established as a receptor for Fe-CMb.
Experimental evidence is provided to demonstrate that the protein, upon
binding the extracellular siderophore mediates the transfer of the iron to

mycobactin localized in the cell envelope.

The biosynthetic machinery for exochelin, the extracellular siderophore
produced by non-pathogens is absent in the genome of M. tuberculosis, making
the mycobactin-carboxmycobactin machinery the sole iron uptake machinery.
With the deciphering of the mycobactin biosynthetic machinery (Quadri et al.,
1998) and demonstrating the essentiality of this machinery (De Voss et al.,
2000), the ability to synthesise mycobactin is now established as a contributing
virulence determinant. De Voss et al., generated the mbtB KO mutant of M.
tuberculosis, lacking the first gene mbtB in the mbt operon and demonstrated

through disruption of the mycobactin biosynthesis that it was essential for the
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entry and survival of the pathogen inside macrophages. The requirement for the
optimal functioning of the mbt biosynthetic machinery was also reported from
our lab (Pandey et al., 2014b). In the efforts to characterize the role of HupB, it
was observed that the hupB KO mutant, unable to produce optimal levels of
mycobactin and carboxymycobactin failed to multiply inside macrophages,
unambiguously pointing to the essentiality of the siderophore machinery in this
pathogen (Pandey et al., 2014D).

In this study, when iron uptake, supplied as °°Fe was studied, >50% of
the label was recovered in the WT organisms, with a significant amount in the
two siderophores. The low label recover in M.tb.AhupB can be reasoned due to
the low production of Mb and CMb due to the absence of HupB needed to
transcribe the mbt genes by functioning as a positive transcriptional regulator of
the mbt operon. Interestingly, though, the mutant strain was unable to
assimilate iron when given as %Fe-CMb. This clearly pointed to the need for the
presence of HupB in taking up the iron associated with the extracellular
siderophore CMb. This strengthened our hypothesis that HupB played an
additional role of an iron transporter that was based on the following
observations. First, HupB can bind iron, as reported by our lab and by others
(Takatsuka et al., 2011); the latter further demonstrated that it possessed
ferroxidase activity, by virtue of which it can convert ferrous iron to the ferric
form. Second, it is present on the cell surface (Pethe et al., 2002; Yeruva, 2012)
and thirdly, our earlier studies (Yeruva, 2012) showed that it can interact with
both the ferri-siderophores. Thus, the inability of the M.tb.AhupB strain to take
up the iron from the 55Fe-CMb indicated HupB as a possible receptor for Fe-
CMb. When the HupB in the WT strain was blocked by pre-incubating the
organisms with rabbit anti-HupB antibodies, uptake of iron from %Fe-CMb was
inhibited; the specificity of this inhibition can be inferred from the fact that this
inhibition was not seen with the pre-immune serum obtained from the same

animal used for immunization.

Chromatographic separation of Mb established without any doubt, the
transfer of iron from 55Fe-CMb to Mb fraction upon uptake of the former by the
live WT organisms. This process does not occur upon blocking of HupB with

anti-HupB antibodies and in the mutant strain, implicating the need for HupB to
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mediate this process of iron transfer. In the WT strain, the levels of the label
was almost identical in the whole cells and in Mb fraction, a feature that was
further confirmed in the time course assay in which the periodic monitoring of
the label over a period of one hour showed that the label in Mb paralleled that
taken up by whole cells. The Mb-associated iron plateaued after one hour,
suggesting that the iron was probably being internalized for metabolic purposes
as the total radioactivity in whole cells continued to rise when studied over a
period of two hours. It may be re-called that an in vitro assay had shown that
purified CMb can remove iron from host high-affinity iron-binding molecules and
transfer it to Mb (Gobin & Horwitz, 1996b). The role of HupB as an iron
transporter was further substantiated by incorporating the protein into
liposomes. The liposome-mediated uptake of %Fe-CMb showed that HupB
facilitated the transfer of iron from the externally added %°Fe-CMb to Mb on the
inside. These artificial membranes prepared with HupB acquired higher levels
of iron in the presence of desferri-Mb. The presence of the label in HupB-
liposomes possibly occurs due to the iron-binding property of the protein, but
the higher label in the presence of Mb implies the chelation of iron by Mb owing
to its high affinity for iron. The negligible radioactivity in the control liposomes
containing only desferri-Mb (minus HupB) clearly ruled out the direct transfer of
the metal ion from 5Fe-CMb to Mb. Further evidence for the role of HupB came
from liposomes prepared from HupB-positive cell wall proteins from the iron-
limited WT strain that was able to take up high levels of 55Fe-CMb when
compared to traces of the label in the HupB-deficient cell wall proteins from the

mutant strain.

All the above evidence pointed to HupB functioning as a receptor for Fe-
CMb, with subsequent transfer of the metal ion to Mb, the exact mechanism of
which remains to be unraveled. It is therefore necessary to demonstrate that the
protein can interact with both the siderophores. This was done using both in
silico and experimental tools. As the C-terminal region was unique to
mycobacteria, there was no suitable template for homology modeling. Hence,
the I-TASSER program was chosen for determining the tertiary structure of the
full length protein. Since only 62% of the amino acids were within the allowed

regions in the Ramachandran plot generated from the model, the level of
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disorder was assessed that showed it to be restricted to the C-terminal region.
Docking studies identified the interacting amino acids in HupB that revealed the
hydrophobic bonds in Fe-Mb interactions and both hydrogen and hydrophobic
bonds in the binding with Fe-CMb. Experimental validation of HupB-siderophore
interactions were studied by spectrofluorimetry and CD analysis. The binding of
Fe-CMb with HupB is indicative of receptor-ligand interaction as it was
associated with increase in the intensity of the emitted light and shift of the
absorption maximum from 320 nm to 314 nm called as ‘blue shift. Such
spectral changes often indicate conformational changes in the protein upon
interaction with the specific ligand. Here, it must be pointed out the interaction
was specific with the Fe-CMb, with poor interaction with the desferri form of the
siderophore. HupB also bound Fe-Mb, as seen from both spectrofluorimetric
and CD spectral changes. In the former, while no spectral shift was seen,
indicating its interaction with the protein is different from that of Fe-CMb
interaction, there was increase in the intensity of the emitted light. The Kaq
values, showing the binding affinities of the two ferri-siderophores with HupB
were calculated from the spectrofluorimetric data. The Kq values of 22.42 uM
and 38.76 uM for Fe-CMb and Fe-Mb reflect almost similar values and indicate
that the protein possesses moderate affinity for both the siderophores. Such
interactions are probably necessary to facilitate quick binding and release of the
iron during the transport process, which would otherwise be slowed down if
there was a strong affinity receptor-ligand interaction. CD spectral data,
generated upon addition of the two ferri-siderophores to HupB revealed
changes in the secondary structure of the protein. A downward deflection in the
value of ellipticity indicated an increase in ordered secondary structure, or as
interpreted usually, an increase in the a-helical content of the protein (Akyol et
al., 2004). CD showed that the largely a-helical structure of HupB becomes
further ordered upon addition of Fe-Mb but with the addition of increasing
concentrations of Fe-CMb there was a gradual loss in its ordered secondary
that was evident in the positive increase in ellipticity. Binding of HupB was
specific only for the ferric forms of the siderophores as the desferri-CMb was
unable to induce any structural changes in the protein even at high

concentrations.
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In the transport of iron in M. tuberculosis, reviewed recently (Fig. 4.1)
(Sritharan, 2016) in which HupB was hypothesized to be an iron transporter, our
studies here firmly establish it as a cell surface receptor. We propose that the
internalization process is different from that of known transport systems in Gram
negative bacteria in that HupB interacts with Fe-CMb and mediates the transfer
of iron, by virtue of its Fe3*-binding property to the desferri-Mb localized near
the cytoplasmic membrane. This explains the presence of the two siderophores
warranted by the lipid-rich nature of the cell envelope. When the iron is
transferred to the Mb, the IrtAB localized in the cytoplasmic membrane
facilitates the internalization of the iron from the Fe-Mb after reducing the iron
from Fe3* to Fe2* by its reductase activity exhibited by IrtA subunit of the

protein.

The recently hypothesised transporter role of HupB (Sritharan, 2016) is established in this

study by demonstrating it as a receptor for Fe-CMb and mediating the transfer of iron to

the desferri-Mb in the cell envelope
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Fig. 4.1. Proposed model for HupB-mediated iron acquisition in M. tuberculosis.
Adapted from Sritharan, 2016. The siderophores carboxymycobactin (CMb) and
mycobactin (Mb) are exported across the cytoplasmic membrane by the MmpS4/5 and
MmpL4/5 transporter proteins. The extracellular desferri-CMb chelates Fe3* present as
insoluble or protein-bound iron. The ferri-CMb interacts with HupB present on the cell

envelope that mediates the transport of Fe3* from Fe-CMb to Mb present within the cell
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envelope. Fe®* from the Mb is reduced to Fe?* and transferred to the cytoplasmic space
in an ATP-dependant manner by the IrtAB transporters present on the inner
membrane. Once inside, the metal ion is utilised for the various metabolic processes

and the excess iron is stored in BfrA and BfrB.

HupB is a DNA-binding protein and functions as a transcriptional
regulator. The lysine and arginine-rich C-terminal end must bind the negatively
charged DNA. Studies from our lab first demonstrated HupB as a positive
transcriptional regulator of mycobactin biosynthesis (Pandey et al., 2014b) by
binding to the mbtB promoter DNA. This was ascertained by mobility shift and
DNA footprinting assays that identified the 10 bp HupB box (5-CACTAAAATT-
3’). The location of this box is upstream of the ‘iron / IdeR box’ to which the
negative regulator IdeR binds as IdeR-Fe?* complex under iron-replete
conditions. HupB functions as a positive regulator of mycobactin biosynthesis
when the intracellular iron levels drop that do not favour the formation of the
IdeR-Fe?* complex (Pandey et al., 2014a). The HupB box was also identified in
several other iron-regulated genes. It was present upstream of the hupB gene
itself and regulation by HupB on its own expression was demonstrated earlier
(Pandey et al., 2014a). In this study, we extended our studies to establish
further the regulatory role of HupB in iron transport based on the low mRNA
transcripts of several genes associated with export or uptake in the HupB minus
mutant strain. The irtA, mmpL5 and mmpS5 that had putative HupB box in their
promoter DNA were analysed by chromatin immunoprecipitation using specific
anti-HupB antibodies. ChlIP assay identifies protein-DNA interactions by using
the protein-specific antibodies to precipitate the specific DNA sequences, the
enrichment of which gives as assessment of the interaction of the protein with
the promoter DNA of the specific sequences. The fold enrichment is then
assessed by real time PCR that gave 3-fold gene enrichment for irtA while it
was 8- and 7-fold for mmpL5 and mmpS5 respectively. A reduction in the levels
of MmpS4, MmpS5, MmpL4 and MmpL5 in M. tuberculosis will result in the
accumulation of the desferri-CMb (Wells et al., 2013) as double KO mutants of
lacking these genes were unable to export the desferri-CMb to the outside,
without any impairment in the uptake of Fe-CMb. As HupB regulates the

expression of both IrtA and IrtB, any reduction of IrtAB will affect internalization
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of the iron from Fe-Mb into the cytosol. The expression of eccA3 of the esx-3
operon was reduced in the absence of HupB, ChIP data showed a 15-fold
enrichment. This machinery, shown to play a role in mycobactin-mediated iron
acquisition is essential for growth in vitro (Serafini et al., 2009; Siegrist et al.,
2009). While the inability of the hupB negative mutant strain to grow inside
macrophages is a resultant effect of one or more of its roles in iron acquisition,
the overall observation is that the mutant strain produces negligible Mb and
CMb and cannot take up iron from the externally supplied Fe-CMb. It can thus
be concluded that HupB in M. tuberculosis functions as an iron sensor and
controls its own level and that of the other components of iron transport besides
playing the important role in the uptake of iron by interacting with both the
siderophores. The study has helped to gain a better understanding of the

mechanistic details of the siderophore machinery in M. tuberculosis.
Regulatory role of HupB in lipid biosynthesis in M. tuberculosis

Mycobacterial cell wall lipids are unique and include the mycolic acids and
several types of surface-exposed lipids and glycolipids that are associated non-
covalently with the mycolic acids. These form the protective layer that serves as
an effective barrier and protect the pathogen from the harsh environment of the
macrophages. Thus, the cell wall lipids of M. tuberculosis contribute to the
virulence of the pathogen. Hence, a disruption of any of the biosynthetic
pathways or reduced expression of these lipids will have a profound effect on
the organization of the cell envelope and susceptibility of the pathogen to
several external factors. Here, our findings reflect the important role of HupB in
lipid biosynthesis. The HupB-deficient mutant strain, when grown in different
solid media showed marked reduction in the growth and changes in cell
morphology. Our hypothesis on the possible role of HupB in lipid biosynthesis
was framed based on the down-regulation of genes associated with lipid
metabolic pathways in the microarray data of the mutant strain of M.
tuberculosis (Pandey et al., 2014b). In this study, the role of HupB in lipid
metabolism was investigated by comparing the levels of various lipids including
fatty acids, mycolic acids, phthiocerol dimycocerosate (PDIM), sulpholipid-1
(SL-1), diacyl trehalose (DAT), penta-acyl trehalose (PAT) in the mutant with
that expressed by the WT organisms. The regulatory role of HupB in lipid
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biosynthetic pathways was established by first identifying the HupB box in the
promoter DNA of genes with altered transcripts in the microarray analysis and
by experimentally demonstrating the role of HupB by ChIP assay. While this
study did not include analysis of organisms recovered from infected
macrophages, it is highly likely that the changes in lipid content and profile
could be one of the contributing factors to the increased susceptibility of these
organisms to conditions like oxidative stress accounting for their inability to

survive inside macrophages.

Extractions of the different lipids were done using established protocols.
The mutant strain showed an overall decrease in several of the saturated long
chain fatty acids, with an increase in unsaturated fatty acids. In addition, the
mutant strain produced three unique fatty acids namely, pentadecylic, margaric
and margaroleic acids; additional studies are needed to understand their role
and relevance to the pathogen. Mycolic acids and surface exposed lipids was
~50% less compared to the WT H37Rv which was apparent from the total
weight of the extracted lipids. Biochemical analysis by thin-layer
chromatography revealed that though there was an overall reduction in the
mycolic acids, the relative amounts of all the three forms namely a-, methoxy-
and keto-mycolates were identical. Similarly, there were relatively lower levels
of the non-polar lipids SL-1, PDIM, DAT and PAT in the mutant strain, with
maximal expression of these lipids by WT organisms grown in iron-limiting
media. The regulatory role of HupB in the biosynthetic pathways of the different
lipids is based on the data from the ChIP analysis and is discussed in detail

below.

The biosynthetic pathways of most of the above lipids are well
delineated. Mycolic acids are synthesized by the participation of both the fatty
acid synthase (FAS) systems FAS-I and FAS-ll, a feature unique to
mycobacteria because most bacteria do not elaborate the FAS-| system that is
normally found only in eukaryotes. These unusually long fatty acids are
synthesised by repetition of several cycles of addition of the acyl moieties
involving several different types of reactions including condensation,
ketoreduction, dehydration, enoyl reduction etc, catalysed by different enzymes

(Fig. 4.2). In the FAS-I system, the acyl moieties are activated via a thioester
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linkage to CoA and in the FAS-II system, an acyl carrier protein (ACP) encoded
by acpM is involved (Fig. 4.2). The FAS-I system synthesises short-chain fatty
acids. The M. tuberculosis FAS-Il system is dependent on the acyl CoA
moieties generated by the FAS-lI system as it cannot synthesise de novo
(Kremer & Besra, 2005). The FabD catalyses the transacylation of malonyl CoA
with holo-ACP to generate malonyl-ACP that functions as the elongation
substrate needed by the FAS-Il system for synthesizing mycolic acid. The
enzyme [B-ketoacyl ACP synthase (FabH) forms a pivotal link between the last
cycle of FASI and the first cycle of the FASIlI system. It mediates the
condensation of acyl-CoA products of FASI with malonyl-ACP forming medium
length ketoacyl-ACP, the initial substrates of FASII. After reduction by the -
keto-acyl-ACP reductase MabA, dehydration by the B-hydroxyl dehydratases
HadAB and HadBC and reduction by the enoyl-CoA reductase InhA, either the
B-ketoacyl-ACP synthase KasA or KasB catalyzes the condensation of the

resulting product with malonyl-ACP units, thereby initiating the next round of

elongation.
FAS-I Acetyl-CoA
AccD4/5 l AccA3/D6
Carboxyacyl-COA€—— Acyl-CoA

C24-C2s Malonyl-CoA
2 J/ ACP
©
('S

Pks13
Mycolic acid

<

b
FadD32 t?u
(8]

Meromycolyl-AMP

Malonyl-ACP

MabA

B-KetoacyllACP — > B-hydroxyacyl-ACP

BC

KasA/B
HadAB/

Elongation C15-C32
Desaturation acyl-ACP<—— trans-2-enoyl-ACP
Modification =~ MmMA1-4 InhA
DesA1-3
PcaA
CmaA1-A2

Fig. 4.2. FAS-Il mycolic acid biosynthetic pathway in M. tuberculosis. The figure
adapted from Jankute et al., 2015 shows the acyl-CoA moieties synthesized by the
FAS-I system serving as the substrate for the subsequent additions of fatty acyl chains

to form the long chain mycolic acid. The enzymes in this biosynthetic pathway,
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influenced by HupB are highlighted in blue. Abbreviations: ACP, acyl carrier protein;

AMP, adenosine monophosphate; CoA, coenzyme A.

This cycling continues until the acyl chain reaches Caz2-62, forming the saturated
long-chain meromycolate after which various modifications are made to the
chain providing functional groups to the meromycolate scaffold. The
meromycolate is activated for the Claisen-type condensation by the generation
of a meromycolyl-AMP by FadD32 (fatty acyl-AMP ligase). This meromycolyl-
AMP substrate is linked to the a-alkyl short chain (C22-24) in a reaction catalyzed

by Pks13 (polyketide synthase) to produce a-alkyl-B-keto-mycolic acid.

As mentioned above, Acyl carrier protein (ACP) mediates the transfer of
acyl intermediates between the enzymes. It must be mentioned that acpM
transcripts (encoding ACP) are low in the mutant strain. The enzyme malonyl-
CoA: ACP transacylase (FabD) is essential for mycolic acid biosynthesis. In this
study, the ChIP assay showed a 30 fold enrichment of this gene, indicating the
binding of HupB to the HupB box located -73 bp upstream of the start point in
the promoter DNA of fabD. Similarly, kasA (encoding B-Ketoacyl-ACP synthase)
and fadD32 (encoding fatty-acid-AMP ligase) with HupB boxes in their promoter
DNA showed 27 and 36-fold gene enrichment in the ChIP assay. Two other
genes, identified in the ChIP assay include inhA (encoding enoyl-ACP
reductase) and pks13 (encoding polyketide synthase) with 9 and 10-fold
enrichment. Though there was less than 2-fold reduction in the mRNA
transcripts of these genes in the mutant strain (Pandey et al., 2014b), the
presence of the HupB box and the notable fold changes in the ChIP assay led
us to propose that HupB binds to the HupB box upstream of these genes and
promote their transcription. This however needs to be experimentally proved by
electrophoretic mobility shift assays (EMSA) and DNA footprinting analysis. It
may be mentioned that kasB, co-transcribed with kasA is also down-regulated
in the mutant. Modification in the mycolic acid chain such as desaturation,
addition of cis- or trans-cyclopropane rings, addition of keto or methoxy groups
occurs while the meromycolate chain is still attached to the ACP and requires
enzymes like desaturases (DesA1, DesA2 and DesA3), cyclopropane mycolic
acid synthases (CmaA1, CmaA2 and PcaA) and methyltransferases (MmaA1-4)

which were not altered by HupB. This explains the detection of all the three
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forms of mycolic acids in the mutant though the overall expression in

considerably lower than the WT strain.

Sulpholipid-1 (SL-1) is one remarkable lipid which is thought to mediate
specific host-pathogen interactions during infection. Though the pathway has
been well studied, the final step resulting in the production of mature SL-1 and
the role of MmpL8 in this is yet to be determined (Converse et al., 2003; Kumar
et al., 2007). The proteins involved in the assembly of SL-1 (Fig. 4.3) are
sulfotransferase (Stf0), the polyketide synthase Pks2 that synthesizes the
phthioceranoyl and hydroxyphthioceranoyl lipids that occupy the 6-, 6'-, and 3'-
positions of SL-1, the polyketide synthase associated proteins PapA1 and
PapA2 that carry out acylations of the sulfated product to form SL-1
intermediates (SLeso and SLi27s and the transporter protein MmplL8 that
transports the final product SL-1 to the cell exterior. A reduction in the transcript
levels of pks2, papA1 and mmpL8 in the KO mutant led to the search for HupB
boxes in the promoter DNA of these genes. ChIP assay corroborated the
regulatory role of HupB as 5.5-fold and 14-fold enrichment was observed in the

papA1 and mmpL8 genes.

C6.20 fatty acids
Trehalose methyl malonyl CoA

Stfo Pks2 l

Trehalose-2-sulfate Hydroxy phthioceranic
acids

PapA2

SL659

N

PapA1

sL1278

MmpL8

SL-1

Fig. 4.3. SL-1 biosynthetic pathway in M. tuberculosis. Adapted from Kumar et al.,
2007. Trehalose is first sulfated by Stf0 to form trehalose-2-sulfate (T2S). PapA2,
specific for T2S, then acylates the 2’-position of T2S to form SLess. A (hydroxy)
phthioceranic acid is then synthesized by Pks2 and transferred directly by PapA1 onto
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Slese to generate SL127s. The diacylated SL127s may be flipped by across the plane of
the cell membrane, allowing it to be further modified into mature SL-1 before delivery to
the cell wall. The enzymes in this biosynthetic pathway, influenced by HupB are
highlighted in blue.

MmpL8 is an essential protein for SL-1 biosynthesis as KO strains of M.
tuberculosis show poor growth and survival in mouse models (Converse et al.,
2003) probably due to the accumulation of the SL-1 intermediate SL127s or due
to the transport of molecules along with SL-1 that mediate various host-
pathogen interactions. Lack of MmpL8 also results in a less effective
suppression of protective immune response (Domenech et al., 2004), which

could probably lead to growth attenuation.

2,3-diacyltrehaloses (DAT) and penta-acyltrehaloses (PAT) not only play
a structural role in the cell envelope but also contribute to the ability of M.
tuberculosis to multiply and persist in the infected host, promoting the
intracellular survival of the bacterium and modulating host immune responses.
The pathway for the synthesis of DAT and PAT is illustrated in Fig. 4.4. The
formation of DAT occurs on the cytosolic face of the plasma membrane through
the action of PapA3 (polyketide synthase associated protein) and Pks3/4
(polyketide synthases); that of PAT occurs on the periplasmic face via trans-
esterification reactions between DAT substrates catalyzed by the
acyltransferase Chp2. The integral membrane transporter MmpL10 is essential
for DAT to reach the cell surface, and its presence in the membrane is required
for Chp2 to be active (Belardinelli et al., 2014). The DAT and PAT biosynthesis
is greatly influenced by HupB as the reductions in the transcript levels of the
associated genes were more than 2-fold with papA3 showing a notable 4.5-fold
reduction in the mRNA transcripts. ChlIP assay confirmed the functionality of the
HupB boxes in the promoter DNA of these genes, as seen by the 6-, 12-, 11-
and 14-fold enrichment for papA3, pks4, chp2 and mmpL10.
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Chp2
PapA3 PapA3
_
Trehalose ——> Trehalose-2-phosphate ——> DAT PAT
_—
Pks3/4
MmpL10

Fig. 4.4. DAT and PAT biosynthetic pathway in M. tuberculosis. Adapted from
(Touchette et al., 2015). The acyltransferase PapA3 initiates DAT and PAT
biosynthesis on the cytosolic face of the plasma membrane by transferring a palmitoyl
group to the 2-position of one of the glucosyl residues of trehalose to form trehalose 2-
palmitate. PapA3 next transfers a mycolipenoyl group, synthesized by the polyketide
synthase Pks3/4, to the 3-position of trehalose 2-palmitate to yield DAT. DAT is then
flipped across the plasma membrane either by an as yet unknown flippase or by
MmpL10 and further elaborated with mycosanoyl, mycolipenoyl, and/or mycolipanolyl
chains by Chp2 on the periplasmic face of the plasma membrane to form the penta-
acylated PAT. DAT serves both as the donor and acceptor substrate in these Chp2-
mediated transesterification reactions. DAT and PAT are taken up by MmpL10 and / or
by other unknown enzymes located on the periplasm or outer membrane and exported
to the cell surface. The enzymes in this biosynthetic pathway, influenced by HupB are
highlighted in blue.

PDIM, found in the outermost layers of the cell envelope are the major
waxes of the tubercle bacillus (Ortalo-Magne et al., 1996). The pathway for the
synthesis of DAT and PAT is illustrated in Fig. 4.5. The genes mas
(mycocerosic acid synthase) and ppsA-E (ppolyketide synthases) responsible
for the synthesis of mycocerosic acids and phthiocerol / phenolphthiocerol
respectively were not altered in the hupB KO mutant indicating that the initial
steps were not influenced by HupB. The enzyme Mas is an iterative polyketide
synthase that acts like FASI but produces Cz29-32 mycocerosic acids after several
rounds of extension on a C1s fatty acid precursor, using methylmalonyl-CoA
instead of malonyl-CoA, which is the source of the methyl branches of
mycocerosic acids. PpsA-E are type | modular polyketide synthases that
elongate a C20-22 fatty acid chain by reduction and decarboxylation to produce
phthiocerols. The two acyl-CoA synthases FadD26 and FadD28 catalyze acyl-
transfer reactions releasing phthiocerol and mycocerosic acids from their
respective synthases (PpsA-E and Mas) (Camacho et al.,, 2001; Cox et al.,
1999). The transcript level of the gene fadD28 was reduced in the KO mutant
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and the ChIP data showed a 30-fold and 20-fold enrichment for fadD26 and
fadD28, thus substantiating the effect of HupB at an intermediary step of PDIM
biosynthesis. Export of PDIM is mediated by MmpL7, a membrane transport
protein and DrrC, an ABC transporter is required to transfer the PDIM to the cell
surface (Camacho et al., 2001). HupB box was surprisingly found in the
promoter DNA of fadD26 and drrC genes though the microarray data showed
no alteration in the transcript levels. A 19-fold enrichment was observed in drrC,
thus showing that HupB has an effect on the transport of PDIM.

From the above, it is certain that HupB has a role to play in several of the
lipid biosynthetic pathways. While no disruption of the various pathways were
observed, evident from the chromatograms of the different lipids, it is likely that
the potentiating role of HupB in lipid biosynthesis, not exerted in the mutant
strain accounts for the reduced lipid levels in the mutant strain, an observation
also seen with mycobactin biosynthesis. The significance of these findings
needs to be validated in an in vivo environment to understand the impact of

these changes on the survival of the organism.

C 6.2 fatty acids
methyl malonyl CoA

FadD26 FadD28
PpsA-E Mas

phthiocerol mycocerosic acid

N

PapA5

PDIM

MmpL7
DrrC

Transported PDIM

Fig. 4.5. PDIM biosynthetic pathway of M. tuberculosis. Adapted from (Jain et al.,
2007). Pps, phthiocerol synthase; Mas, mycocerosic acid synthase. PDIM consists of
two mycocerosic acids esterified to phthiocerol. Mas synthesizes the methyl branched
mycocerosic acids through successive additions of MMCoA whereas PpsA-E
synthesize phthiocerol. FadD26 and FadD28 are responsible for activating straight

chain fatty acids for transfer to Pps and Mas, respectively. PapA5 is an acyltransferase
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responsible for the transfer of mycocerosic acids to phthiocerol to form PDIM. MmpL7
and DrrC are required for transport of PDIM to the cell wall. The enzymes in this

biosynthetic pathway, influenced by HupB are highlighted in blue.
Survival of the hupKO mutant inside macrophages

The host immune system comprising of macrophages, neutrophils and
other phagocytic cells mount a complex antimicrobial response to kill or limit the
proliferation of M. tuberculosis. The major antimicrobial molecules are reactive
oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI) (Nathan
& Ehrt, 2004). Although the generation of ROl and RNI is less in eukaryotic
cells, the evolution of specialized systems for the expression of both the
reactive species, nitric oxide synthase 2 / inducible nitric oxide synthase (NOS2
/ iINOS) and NADPH phagocyte oxidase (Phox) gives the macrophages an
added advantage in containment of infection (Zahrt & Deretic, 2002). NADPH
oxidase generates ROI through the reduction of molecular oxygen to form
superoxide and its dismutation and decomposition products, hydrogen peroxide
and hydroxyl radical (Saran et al., 1999). Iron serves as the catalyst in the
Fenton reaction generating ROI (Fenton, 1894). The nitric oxide synthase uses
L-arginine to generate nitric oxide which is further oxidized to nitrite, nitrogen
dioxide and nitrate. The reaction of nitric oxide with cysteine sulfhydryls results
in the generation of nitrosothiols and sulfenic acids (Nathan & Shiloh, 2000).
Another category of reactive intermediates occurs by the interaction of the
products of NADPH oxidase and NOS2 such as the generation of peroxynitrite
by the reaction of superoxide with nitric oxide (Pacelli et al., 1995). The
production of ROI is also likely to be regulated by the expression of specific
cytokines. Cytokines such as IFN-y, TNF-a and IL-13 are known to activate
NOX (Zahrt & Deretic, 2002) NOS2 transcription (Stuehr & Marletta, 1985)
whereas the synergistic action of TNF-a and IFN-y has been reported to be
critical for NOS2 induction and the subsequent RNI-mediated antimycobacterial
activity (Mohan et al., 2001).

When the mutant strain M.tb.AhupB was added to macrophages, there
was poor infectivity when compared to the WT strain and the organisms that

had gained entry failed to survive and multiply inside the macrophages. While
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the defective iron uptake and alteration in the lipid levels contribute to its
inability to grow inside the macrophages, our findings also show that the mutant
strain is unable to cope up with the oxidative stress mounted by the
macrophages. The ROI and RNI are toxic to the pathogen as they can damage
macromolecules including DNA, lipids and proteins (Zahrt & Deretic, 2002). The
WT organisms resist the phagocyte oxidative burst by the elaboration of
oxidative stress enzymes, superoxide dismutases (iron-dependent SodA and
copper/zinc-dependent SodC) which convert superoxides to hydrogen
peroxides which are then acted upon by the catalase-peroxidase (KatG) to form
water and molecular oxygen. Another enzyme, alkyl hydroperoxide reductase
(AhpC) acts on the organic peroxides and reduces them to their non-toxic
alcohol forms (Dussurget & Smith, 1998). As iron plays an important role in the
generation of reactive intermediates, both iron replete and iron-limited
organisms of M.tb.H37Rv, M.tb.AhupB and M.tb.AhupB | pMS101 were used
for infection studies. It was observed that iron replete organisms produced
comparatively more ROl and RNI than the iron-limited organisms as reflected
by the >2-fold increase in the transcript levels of NOX7 (NADPH oxidase),
NOXA1 (NADPH oxidase activator 1) and NOS2 (nitric oxide synthase). The
WT strain effectively countered this oxidative stress by expressing higher levels
of SodA, AhpC and KatG, as reflected by the 25-, 13- and 9-fold increase of
their transcript levels. Moreover, it was seen that the expression of pro-
inflammatory cytokines such as IFN-y, TNF-a, IL-18 which are known to induce
production of ROl and RNI were reduced under iron limitation, thus the effect of
oxidative stress on the bacteria is less when compared to high iron conditions.
A direct effect of HupB in dealing with oxidative stress is a possibility. HupB can
bind iron (Takatsuka et al., 2011) and prevent it from catalyzing the formation of

the free radicals via the Fenton reaction.

The mutant strain showed low levels of sodA, katG and ahpC, making it
vulnerable to the increased ROS and RNI that are produced due to increased
activity of the NOX1, NOXA1 and NOS2 and indirectly through the increased
expression of IFN-y, TNF-a and IL-18 which were 4-, 8- and 12-fold higher.
Among the three genes, HupB is likely to influence sodA and ahpC, as these

genes show the HupB box in their promoter DNA that was recognized by HupB,
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as demonstrated by ChIP assay, which showed a 3- and 16-fold enrichment. It
appears that HupB has no regulatory role on katG, which is controlled by the
iron regulator FurA. In addition, the susceptibility of the mutant strain to the
prevailing conditions within the macrophages could also be contributed by the
changes in the lipid composition in the cell wall. LAM, PGL-1 and
cyclopropanated mycolic acids are known to provide protection by scavenging
the oxygen radicals (Flynn & Chan, 2001) while LAM along with TDM has been

reported to prevent phagosomal maturation in vitro (Sakamoto, 2012).

Thus, the reduced survival of the mutant inside the macrophages could

be contributed by one or more of the above factors.

Clinical significance of HupB: potential as a diagnostic marker in

pulmonary and extrapulmonary TB patients

Earlier studies in the lab established the clinical significance of HupB by
demonstrating the expression of the protein in TB patients who showed high
titres of circulating anti-HupB antibodies (Sivakolundu et al., 2013; Yeruva et al.,
2006). There was a strong negative correlation of their levels with the serum
iron status, with TB patients presenting low serum iron when compared to the
endemic normal controls. The serum ferritin values were elevated with some
patients showing unusually high values, indicating the shift of free iron to the
storage form. While the iron-limiting conditions prevailing in TB patients is due
to the withholding of iron by the mammalian host as a component of innate
immunity (Kochan, 1977), it is equally possible that the lower socio-economic
strata of individuals with malnutrition and anemia are susceptible to infection.
With the serum titre of anti-HupB antibodies being high in TB patients, when
compared to the endemic normal and patient contacts, it was notable that
maximal levels were observed in the serum of EPTB cases (Sivakolundu et al.,
2013). This is of diagnostic interest, as a reliable and specific laboratory
diagnostic test is not available for such patients when compared to PTB cases.
The diagnosis of EPTB is often based on clinical symptoms, as the biological
samples obtained from other locations other than sputum often are

paucibacillary, thus making culture confirmation or AFB testing impractical.
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HupB is expressed not only by M. tuberculosis but also by other
mycobacteria. As our earlier studies were done with the full length HupB
protein, an antigenic determinant of HupB was identified in this study for
increasing the specificity of diagnosis (Sritharan et al., 2015). In silico analysis
of the protein from different mycobacteria revealed considerable heterogeneity
in the size and sequence of the protein among mycobacteria, with the protein
restricted to 145 aa in M. abscessus to a larger protein of 229 aa in M. ulcerans.
Phylogenetic analysis reflecting the evolutionary changes grouped the
pathogens from the non-pathogens based on the variations in HupB (Sritharan,
2016), making the latter a potential phylogenetic marker along with others such
as recA, rpoB and 16S rRNA (Blackwood et al., 2000; Kim et al., 1999; Tortoli,
2003). In addition, the members of the M. tuberculosis complex formed a
separate clade showing the usefulness of the protein in grouping genetically
identical members. Of relevance is the observation that HupB can be used to
differentiate M. tuberculosis from some field strains of M. bovis and the vaccine
strain M. bovis BCG that express a 205 aa protein, with the 9 missing amino
acids in the C-terminal end of the protein resulting due to a 27 bp deletion in the
hupB gene. A PCR-based test (Prabhakar et al., 2004), using suitable
combination of primers for identifying the region of deletion was reported that
could differentiate M. tuberculosis from BCG and M. bovis strains. As
highlighted in Results, maximal sequence variation was observed in the C-
terminal region. Experimentally, when three antigenic fragments of HupB,
cloned and expressed as recombinant antigens were evaluated for their
diagnostic potential, the antigenic fragment HupB-F2 of M. tuberculosis, bearing
amino acids 63-161 performed well as an antigen when compared to HupB-F1
(aa 1-71) and HupB-F3 (aa 164- 214) and the full length protein (Sritharan et
al., 2015). This was not surprising as sequence alignment clearly showed high
antigenic diversity within this region. The N-terminal fragment HupB-F1 is highly
conserved in mycobacteria and is homologous to the HU protein of E. coli, thus
lowering its potential as a marker. As HupB-F3 also did not show promising
results in the screening, HupB-F2 fragment was considered a strong candidate
as a marker. Another notable feature of HupB-F2 is that it contains the 9 amino

acids reportedly missing in the vaccine strain M. bovis BCG that would make

163



Discussion

HupB-F2 a good candidate to identify TB-infected individuals and differentiate

from BCG vaccinated individuals.

Using HupB-F2 as antigen, TB patients diagnosed clinically and by
conventional laboratory investigations as positive showed significantly high
titres of antibodies against this fragment when compared with the control group.
As was reported earlier (Sivakolundu et al., 2013), the antibody levels showed
negative correlation with the serum iron status. The significantly high levels in
patients with relapse of the disease (P<0.05 compared to healthy controls)
strongly suggest the longer exposure of the bacilli (possibly in dormant state) to
iron-limiting conditions within the human host. It is evident that HupB evokes a
strong humoral response, indicative of a Th2 response. In addition, the
markedly high levels in EPTB cases strongly suggests the role of this protein as
an adhesion molecule as seen with other mycobacteria, namely M. leprae in
which the HupB homologue called laminin-binding protein (LBP) is necessary to
bind Schwann cells (Shimoji et al., 1999). In addition, studies with another iron-
regulated protein HBHA (heparin-binding hemagglutinin adhesin) in M.
tuberculosis, which shares several features with HupB has been established as
an adhesion molecule promoting adherence of the pathogen to epithelial cells
(Pethe et al., 2001; Pethe et al., 2002). Based on the similarity between HBHA
and HupB, by virtue of their surface localization, lysine and arginine-rich C-
terminus, methylation pattern and regulation by iron levels, HupB is a strong
candidate as an adherence factor. Further detailed studies are needed to
establish the role of HupB in EPTB. This will help to apply HupB as a definitive
marker for EPTB that suffer from the disadvantage of proper laboratory
diagnosis by conventional tests like smear examination of sputum, culture and
chest X-ray as done for pulmonary TB. In fact, PCR amplification of hupB and
1S6110 (Soto et al., 2012) identified M. tuberculosis in a case of Takayasu’s

arteritis due to infection of the arteries by this pathogen.

Considering the low-iron environment prevailing in the human host and
the expression of HupB in vivo (Sivakolundu et al., 2013), this study
strengthens the potential of HupB as a biomarker, specifically for EPTB
patients. The high level of antibodies in the serum of TB patients led us to study

the cytokine profile of the peripheral blood mononuclear cells to HupB. The
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immune system of the human host first senses the presence of the pathogen
via the macrophages and dendritic cells, followed by interplay between the
macrophages and T cells that aim to target the killing of the pathogen by the
production of cytokines. Among the cytokines, IFN-y and TNF-a are the major
players and are produced by T cells and NK cells. The effectiveness of these
pro-inflammatory cytokines is determined by their relative amounts of
expression and the levels of the anti-inflammatory cytokines, predominantly IL-
10. It is reported that the relative amounts of cytokines like IFN-y, TNF-qa, IL10
and IL-6 determine not only the severity of the disease but also its localization
in extrapulmonary loci (Hasan et al., 2009; Jamil et al., 2007; Sahiratmadja et
al., 2007). As it is well known that M. tuberculosis can disseminate to other sites
and reside as dormant bacilli or be activated to produce disease manifestations
in these compartments (Sharma & Mohan, 2004), mycobacterial antigens must
play defined roles in influencing the host immune response. Here, HupB shifts

the immune response to Th2 type.

In this study, both PTB and EPTB patients elicited a heightened immune
response, both pro- and anti-inflammatory to HupB as antigen. In fact, HupB
proved to be a better antigen in stimulating the T cell response in TB patients
(both pulmonary and extrapulmonary) compared to PPD. Low levels of IFN-y, a
pro-inflammatory cytokine were produced by both groups of TB patients
compared to the significantly higher levels in healthy controls. IFN-y is the
principal mediator of macrophage activation and protection of the human host
against development of the disease by M. tuberculosis (Van Crevel et al.,
2002). Considering the role of HupB in iron acquisition, it must be pointed out
that IFN-y plays an additional role of decreasing the availability of iron, essential
for the growth of the pathogen. In a healthy individual, this cytokine activates
human monocytes, resulting in down-regulation of the surface-expressed
transferrin receptor (TfR) that is necessary for internalizing the iron into the
phagocytic cell, thereby limiting iron to the intracellular pathogen (Boelaert et
al., 2007). Further studies are needed to study the interrelationship between
iron levels, HupB and IFN-y production. It is also reported that in endemic

populations exposed to tuberculous and environmental mycobacteria, the M.
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tuberculosis-induced IFN-y production as well as IFN-yR signaling were

significantly down-regulated during active TB (Sahiratmadja et al., 2007).

In EPTB patients, there is maximal expression of IL-10 by PBMCs
stimulated with HupB, which coupled with low IFN-y points to HupB as a
possible factor for establishment of the pathogen in extrapulmonary loci in these
patients. IL-10 is a potent suppressor of IFN-y synthesis by helper T cells and
by NK cells that causes inhibition of antigen presentation to Th1 cells (Torres et
al., 1998) and plays an anti-inflammatory role through the inhibition of IL-12
expression (Giacomini et al., 2001; Sahiratmadja et al., 2007). It may be noted
that the IL-10 levels were not elevated in the PTB patients, who however
responded to HupB with low IFN-y levels. These observations led us to propose
HupB as a marker for EPTB diagnosis. This finding needs to be strengthened
by screening a larger number of EPTB cases with HupB. Further, it will be
interesting to see if IL-10 can be used as a pre-treatment marker, as reported in
a study (Priya et al., 2009) in which high levels of IL-10 were expressed in
response to recombinant Ag 85A, a 32 kDa protein, by the PBMCs of TB
patients before chemotherapy, with the levels showing time-dependent

decrease upon chemotherapy.

In contrast to the IFN-y and IL-2 production, TNF-a production was
significantly increased in EPTB patients showing that protective immune
response is not impaired during active TB. TNF-a, another pro-inflammatory
cytokine acting synergistically with IFN-y causes the release of reactive nitrogen
intermediates that target the pathogen (Hernandez-Pando & Rook, 1994). This
cytokine is also known to trigger granuloma formation and limit the progression
of the disease. But, at high levels, it can cause severe host tissue damage (Van
Crevel et al., 2002). The ratio of IFN-y / TNF-a also showed a significant
decrease in EPTB compared to PTB. The IFN-y / IL-10 and IFN-y / TNF-a ratio
were found to be suggestive of an anti-inflammatory immune response to HupB
and could be utilized to differentiate between PTB and EPTB; thus they are

useful biomarker signatures.

The pattern of expression of IL-4 and IL-6 to HupB stimulation indicated

promotion towards disease development. IL-4 was unaltered in the patient
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group, a feature also reported in other studies (Zhang et al., 1995a).
Suppression of IFN-y, along with the maintenance of the steady-state of IL-4
production was considered to contribute to the persistence of the pathogen and
thus the progression of tuberculosis in susceptible individuals (Bhattacharyya et
al., 1999). Another possibility for lower protection in all the TB patients could be
the induction and activity of IL-6, a pleiotropic cytokine and a B cell growth and
differentiation factor, that was significantly high in all the TB cases compared to
the healthy individuals. IL-6 secreted by M. tuberculosis - infected macrophages
inhibits the responses of uninfected macrophages to IFN-y suggesting that this
inhibitory property of IL-6 could be exploited to evade eradication by a cellular
immune response (Nagabhushanam et al., 2003). Both the patient groups
secreted high levels of IL-8, an early response of macrophages after
phagocytosis of the pathogen. Its production serves to attract both acute and
chronic inflammatory cells of active infection and thus participates in the

process of containment of the pathogen (Matsushima & Oppenheim, 1989).

Th2 immune response due to increased secretion of IL-4, IL-10 and IL-5
results in increased antibody production due to their role in potentiating B-cell
differentiation and activation (Howard & Zwilling, 1999a). When PPD was used
as a stimulant, high levels of IL-4 and IgG antibodies were detected in TB
patients, thus inducing a Th2 response whereas in the healthy controls, the
levels of IL-2 and IFN-y were high indicating a Th1 pattern (Sanchez et al.,
1994). Similarly, two other antigens of 38 kDa and 19 kDa induced high levels
of IL-4 and reduced IFN-y with a prominent humoral immune response, thus
following a Th2 pattern (Surcel et al., 1994). Humoral response to
mycobacterial antigens such as antigen 85A, 85B, ESAT-6, 30 kDa protein has
also been reported earlier (Macedo et al., 2010; Torres et al., 1998). Here, the
cytokines produced by the PBMCs of TB patients to HupB and the high
circulating anti-HupB antibodies (Sivakolundu et al., 2013; Sritharan et al.,

2014) is due to the Th2 pattern, thus triggering a strong humoral response.

Our earlier reports and the observations in this study reflect the
diagnostic potential of HupB. We have also identified an antigenic determinant
HupB-F2 for increasing the specificity of the diagnosis. Of significant clinical

relevance will be the use of HupB as a marker for EPTB, a form of the disease
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that is often diagnosed only clinically, with detection of granuloma in biopsy

samples sometimes adding to the confirmation of the disease.

Conclusions and Future Perspectives

HupB is an essential protein required for the growth and survival of M.
tuberculosis inside macrophages. Our earlier reports and the findings in this
study unequivocally strengthen the important role played by HupB in iron
homeostasis, both as an iron transporter and as a transcriptional regulator of
not only mycobactin but also several iron transport proteins. By virtue of its
DNA-binding property, specifically to the HupB box, it is observed to influence
the expression of several genes and here, its role in lipid biosynthesis was
studied. HupB, as analysed by the ChIP assay bound the HupB box in the
promoter DNA of genes, the products of which are components of the
biosynthetic pathways of cell wall lipids. Also, there was a reduction in the lipid
levels in the hupB KO strain. While these observations pointed to the influence
of HupB in these pathways, further work is needed to study the exact

mechanism of action and identify other interacting proteins / factors.

HupB as an adherence factor is reflected not only by the function of the
homologous protein in other mycobacteria like M. leprae, but also by the
antibodies against the protein in EPTB patients. This role of the protein in M.
tuberculosis must be explored further as it can help to develop it as a marker in
this form of the disease that is often difficult to diagnose due to the
paucibacillary nature of the biological samples used for analysis. The HupB-F2
region of the protein offers a lot of scope for developing a diagnostic test, either
for antigen / antibody detection or by molecular methods such as PCR / Real
time PCR.

In conclusion, HupB is a protein of clinical relevance that can be
explored as a diagnostic marker. Possible potential as a vaccine candidate can
also be explored that however may be limited by some structural similarities in

its C-terminal region with that of the histone proteins in the mammalian host.
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HupB, a 28 kDa IREP of M. tuberculosis, is expressed under iron-limitation and
plays an important role in the biosynthesis of siderophores and its own
expression. To functionally characterize HupB, a hupB deletion mutant
M.tb.AhupB and a hupB-complemented strain M.tb.AhupB / pMS101 was
generated. The focus of this study was to identify additional roles of HupB in M.
tuberculosis such as in iron transport, survival in host cells, lipid biosynthesis
and study the significance of its expression in vivo. The following are the salient

observations from the study

1. HupB influences growth and phenotype: M.tb.H37Rv, M.tb.AhupB and
M.tb.AhupB | pMS101 were grown on OADC containing Middlebrook 7H11
solid media. When glycerol was used as a carbon source M.tb.H37Rv
showed eugonic (abundant) growth and rugose morphology. M.tb.AhupB
showed a rugose, dysgonic (sparse) growth while the phenotype was
regained in the complemented strain. In the presence of pyruvate as the
sole carbon source, decrease in growth was observed in M.tb.H37Rv but the
rugosity was maintained. The mutant M.tb.AhupB showed dysgonic growth
and a less rugose morphology while the phenotype was restored in the
complemented strain. When grown in Proskauer and Beck minimal media
under iron-regulated conditions, the mutant strain exhibited a prolonged lag
phase that was more pronounced under low iron conditions. This was
restored in the hupB-complemented strain that showed similar growth

characteristics as the wild type M.tb.H37Rv.

2. HupB regulates siderophore biosynthesis
Iron-limited M.tb.AhupB showed significantly lower expression of Mb and
CMb when compared to M.tb.H37Rv, as revealed by time course assay. The
levels were restored upon complementing the mutant with hupB. In
agreement with the low mRNA transcripts of the mbt genes in microarray
analysis, qRT-PCR showed low levels of mbtB and mbtA. ChIP assay
showed a positive enrichment when the upstream region of mbtB was
amplified by qRT-PCR showing that HupB bound to the HupB-box in the

promoter region, implicating its role in regulating their expression.
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3. HupB is essential for M. tuberculosis to survive inside macrophages
When all the three strains were used to infect macrophages, the recovery of
the organisms 4 h after infection showed that the mutant’s entry into the
macrophage was restricted compared to the wild type strain. Further, those
mutant organisms that gained entry failed to survive inside the
macrophages. This was evident in the significantly reduced number of
bacteria recovered from days 0 to 7 as assayed by qRT-PCR, ATP assay
and CFU analysis. It is likely that the inability to acquire iron due to low
production of the siderophores contributed to the inability of the mutant to
survive inside macrophages.

The macrophages produce reactive oxygen and nitrogen intermediates
to eliminate the pathogen. The inability of the KO mutant to survive within
macrophages could be attributed to their inability to counter the host
response which was evident from the high levels of ROS in the
macrophages 12 h and 24 h post infection. On the other hand, the ROS
levels were 2-fold lower when M.tb.H37Rv and the complemented strain
were used to infect the macrophages. The transcript levels of sodA, ahpC
and katG encoding the oxidative stress in the pathogen that detoxify the
ROS showed significantly low levels in the mutant compared to the wild type
and hupB-complemented strain. Positive enrichment in ChIP assay also
demonstrated that the oxidative stress genes sodA and ahpC are regulated
by HupB. The high levels of ROS in the mutant correlated with the rise in
NOX1, NOXA1 and NOS2 transcripts. Higher expression of pro-
inflammatory cytokines such as IFN-y and TNF-a known to induce the
production of ROS was also observed in the mutant compared to the WT
M.tb.H37Rv

4. HupB functions as an iron transporter and mediates transfer of iron
from the extracellular Fe-CMb to the desferri Mb in the cell envelope
When %°Fe-CMb was used as the source of iron, maximum radiolabel was
recovered in the whole cells of the iron-limited WT M.tb.H37Rv while the
mutant was found to be defective in iron uptake. Blocking of WT organisms
with anti-HupB antibodies drastically reduced incorporation of 5Fe in the

iron-limited WT implicating the role of HupB as the pre-immune sera showed
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no effect. Time course uptake of 5Fe-CMb done with low iron grown
M.tb.H37Rv showed that more than 90% of the radioactivity was recovered
from Mb at 15, 30 45 and 60 min showing that iron was transferred from
CMb to Mb.

The interaction of HupB with ferri-CMb was studied by incorporating the
purified protein in liposomes. The radiolabel associated with the HupB-
entrapped liposome, higher than empty liposomes showed an increase
when mycobactin was included along with HupB during liposome
preparation. The experiments, when repeated with CHAPS-solubilised cell
wall proteins of the mutant (HupB-negative) and wild type organisms
confirmed the role of HupB in iron uptake.

In silico modeling of HupB was done using I-TASSER and the
siderophores were docked with it. Ferri-CMb interaction involved both H-
bonding and hydrophobic interactions while ferri-Mb had only hydrophobic
interactions with HupB. Far-UV CD spectra of HupB alone and with
increasing concentrations of siderophores showed no structural changes
with desferri-CMb, marginal change with ferri-CMb while a significant
change in optical ellipticity was observed with ferri-Mb. Binding constants
calculated using fluorescence titration experiments showed that both ferri-
Mb (K4 = 38.76 uM) and ferri-CMb (Ka = 22.42 yM) have moderate binding
affinities for HupB while desferri-CMb (K4 = 769 uM) exhibited weak binding.

. HupB influences the fatty acid profile and plays a role in the
biosynthesis of several lipids including mycolic acids, sulfolipid-1,
phthiocerol dimycocerosate, diacyl trehalose and penta-acyl trehalose
Fatty acid profiling revealed an increase in the percentage of unsaturated
fatty acids in the mutant compared to the WT. Arachidic acid (20:0) and
certain unique fatty acids, pentadecylic (15:0) and margaroleic acid (17:1
w8c) were present only in M.tb.AhupB. Biochemical analysis of the
extracted mycolic acids and surface exposed lipids showed reduced levels
in the mutant. The regulatory role of HupB was confirmed by ChIP assay as
positive enrichment was observed for few of the genes involved in the
biosynthesis of these lipids; like fabD, kasA, inhA, fadD32 and pks13
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(mycolic acids); papA1 and mmpL8 (SL-1); papA3, pks4, chp2 and mmpL10
(DAT, PAT); fadD26, fadD28 and drrC (PDIM).

. HupB elicits a Th2 response in tuberculosis patients

The study done on pulmonary and extrapulmonary TB patients showed a
statistically significant higher proliferative response of the PBMCs to HupB
when compared to healthy controls (in EPTB cases P = 0.0001). Based on
the sensitivity and specificity, the performance of HupB was superior to
PPD. The low IFN-y / IL-10 and IFN-y / TNF-a ratio along with the
heightened humoral response in TB patients, more so in EPTB cases,

suggested a shift towards Th2 immune response to HupB.

. High levels of anti-HupB antibodies in EPTB patients reflects the
diagnostic potential of HupB
HupB elicited a strong humoral immune response as high titres of anti-HupB
antibodies were detected in the serum of TB patients. Among the HupB
fragments, maximal titres were seen with HupB-F2. This antigen, found to
be reactive in all groups of TB patients, is of considerable diagnostic
potential in relapse cases and in EPTB. In the latter, the high titre
(approximately 5 to 6-fold) when compared to healthy controls was
statistically significant (P < 0.05) and was found to be better than the full-
length HupB. In relapse cases, both HupB-F2 and full-length HupB showed
good potential as antigens. A negative correlation with serum iron levels (-
0.415; Pearson correlation analysis) was observed with HupB-F2. The
HupB-F2 region, showing marked sequence variation among the protein
expressed in different mycobacterial species is a potential candidate for
identification of M. tuberculosis as this region carries the 9 amino acids that
is deleted in the vaccine strain M. bovis BCG making it possible to
differentiate TB infected patients from BCG vaccinated individuals.

Thus, our studies have given a better understanding of iron acquisition in
this pathogen, highlighting the multiple roles of HupB, which can be called a
‘moonlighting protein’ and offering an useful diagnostic marker for the

screening of TB patients, specifically EPTB cases.
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