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Abstract

Mycobacterium tuberculosis is the causative agent of tuberculosis in humans.
Despite several advances in the control of the disease, tuberculosis remains a public
concern globally. A better understanding of host-pathogen interaction is required for
effective control measures including diagnosis and development of new and better
vaccines. Iron is one of the contributing factors to the virulence of the pathogen.

Mycobacteria have adapted to iron deprivation by elaboration of two
siderophores, the intracellular mycobactin and extra cellular carboxymycobactin /
exochelin and their receptors, the iron-regulated envelope proteins (IREPS). IREPS were
first demonstrated in M. smegmatis, with a 29 kDa protein shown to be the ferric-
exochelin receptor. Though iron-regulated proteins were identified in M. tuberculosis, no
specific envelope proteins were identified upon iron limitation. The genome of M.
tuberculosis shows the presence of at least four iron regulators, of which IdeR and FurA
are experimentally verified. Though studies with ideR mutants confirmed the role of the
IdeR in iron homeostasis, it appears that it is not the sole regulator and that iron-
regulation is more complex than envisaged in mycobacteria. FurA, encoded by furA,
located immediately upstream of katG encoding catalase-peroxidase controls the
expression of KatG, though the association with iron levels remains to be ascertained.

The focus of the present study was to understand the effect of iron deprivation in
M. tuberculosis and covered two major objectives. First, the effect of iron deprivation on
the iron acquisition machinery was analysed and second, the influence of iron levels on
catalase-peroxidase was studied. Growth of M. tuberculosis under low iron conditions
showed the coordinate expression of both the siderophores and a 28 kDa cell wall-
associated iron-regulated protein (Irep-28). Sequence analysis identified Irep-28 as the
DNA-binding HU homologue HupB protein (hupB [Rv2986c]). HupB, though it showed
similarity with other bacterial histone-binding proteins in the N-terminal region, was
unique to mycobacteria in that it possessed a novel C-terminal end. Variations in this
region were observed in the protein from different mycobacterial species. The cell
surface association of the protein was demonstrated in M. bovis BCG by confocal
microscopy. The association of HupB with siderophores was studied by ligand-binding
studies with **Fe-labeled siderophores and by spectrofluorimetry. Of importance is the



detection of anti-HupB antibodies in the sera of human patients with tuberculosis,
implying the in vivo expression of HupB.

Iron levels influenced the activities of catalase and peroxidase; both the enzyme
activities were decreased, notably the latter upon iron limitation. A direct correlation of
the peroxidase activity and the activation of the pro-drug isoniazid (INH) were
demonstrated in the study. The observations were extended to viability testing of high
and low iron grown organisms to INH. In correlation with the cell-free system, the low
iron organisms survived the effect of the drug while high iron organisms, expressing
peroxidase were susceptible to low concentration of the drug. The study was extended to
clinical isolates of M. tuberculosis that were characterized as INH resistant and compared
to drug sensitive organisms. The influence of nutrient alteration on the efficacy of anti-

tubercular drugs is discussed.
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1.1. Introduction

Tuberculosis is a disease of great public concern globally as it is one of the
leading causes of death. There are 2-3 million deaths every year and latent tuberculosis
persist in over a billion individuals worldwide (WHO report 2009). In addition, the
emergence of multi drug-resistant tuberculosis (MDRTB) is of great concern. This can be
attributed to the human immunodeficiency virus (HIV) epidemics as well as demographic
and socio-economic factors such as poverty and malnutrition, which have served to
maintain the reservoir of potential infections (Bloom & Murray, 1992). This alarming rise
led the WHO to declare TB “a global emergency’ in 1993.

Robert Koch first identified Mycobacterium tuberculosis as the causative
organism of tuberculosis in 1882; it was however referred to as Koch’s bacillus till
Lehmann and Neumann gave the generic name Mycobacterium (meaning fungus
bacterium) due to the mould-like growth of the bacillus in liquid medium (Lehmann &
Neumann, 1896). Mycobacterium tuberculosis is thus the etiologic agent of
tuberculosis in humans and the closely related Mycobacterium bovis causes disease in
cattle and livestock. These two species, along with the M. marinum, M. canettii and M.
africanum comprise the M. tuberculosis complex. Other mycobacterial species, including
M. avium-intracellulare complex (Girard et al., 2005) and M. kansasii (Canueto-Quintero
et al., 2003) that are not normally the causative organisms in human tuberculosis, have
been demonstrated to cause disease in immune-compromised individuals, as seen in HIV-

infected people.

1.2 Classification of mycobacteria

Mycobacteria belongs to

Kingdom Bacteria

Phylum Actinobacteria
Order Actinomycetales
Family Mycobacteriaceae
Genus Mycobacterium

Mycobacteria are classified based on the production of pigments, they can be

classified as scotochromogens (produce yellow pigment in the dark) for example M.
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scrofulaceum, M. gordonae; photochromogens (produce an orange pigment in the light)
for example M. kansasii, M. marinum and achromogens (do not produce any pigment) for
example M. avium, M. intracellularae and M. ulcerans. The cultivable members of the
genus can be divided into two main groups on the basis of growth rate, they can be
grouped into fast growers, which include M. fortuitum, M. kansasii, M. smegmatis and
slow growers, comprising mostly the pathogenic mycobacteria, including M.

tuberculosis, M. bovis and M. leprae.

1.3. Features of mycobacteria

Bacteria of the genus Mycobacterium are aerobic, non-motile and non-sporulated
rods. Their genome show high G + C content (61-71%) and their cell wall shows unique
features with notably high lipid content. Mycobacterium and other closely related genera
(i.e. Corynebacterium, Nocardia and Rhodococcus) have similar cell wall compounds
and structure, and hence show some phenotypic resemblance (Gordon, 1966). Unique
property of mycobacteria is the presence of lipid-rich cell wall. It can be stained with
basic dyes such as carbol fuchsin and cannot be decolourised with acid-alcohol. This
unique property is termed “acid-fastness” and is the basis of the Ziehl-Neelsen staining
technique for the identification of mycobacteria.

The lipid rich cell envelope of mycobacteria is composed of three major
constituents, the plasma membrane, the cell-wall core, and the extractable non-covalently
linked glycans, lipids and proteins. The structure of the cell envelope is illustrated in Fig.
1.1 (Kaiser, 2008). External to the membrane is peptidoglycan in covalent attachment to
arabinogalactan, which in turn is attached to the mycolic acids with their long mero-
mycolate and shorter alkyl-chains. This portion is termed the cell-wall core, the mycolyl
arabinogalactan-peptidoglycan complex (MAPc). The mycolic acids unique to
mycobacteria are long-chain fatty acids that are covalently bound to the arabinogalactan-
peptidoglycan co-polymer; they are implicated in the formation of the inner layer of an
asymmetric outer membrane while other lipids constitute the outer leaflet (Brennan &
Crick, 2007, Brennan & Nikaido, 1995) (Fig. 1.1). The mycolic acids extend
perpendicular to the arabinogalactan / peptidoglycan while other cell wall-associated

glycolipids intercalate into the mycolic acid layer to form a ‘pseudo’ lipid bilayer. The



Review of Literature

free lipids comprise the extractable material, which include the phthiocerol-containing
lipids, the phosphatidylinositol mannosides, lipomannan, lipoarabinomannan, trehalose
dimycolate (cord factor), trehalose monomycolate, and the diacyl- and polyacyl-
trehaloses presumably intercalating with the alkyl-branches and mero-mycolate chains of
the mycolic acids (Russell, 2007). When the cell wall is subjected to treatment with
various solvents, the free lipids and proteins are solubilised and the MAPc remains as an
insoluble residue. Hence it was considered that these lipids, proteins, and lipoglycans are
the signaling effector molecules in the disease process, whereas the insoluble core is

essential for the viability of the cell (Deres et al., 1989).
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Fig 1.1. Schematic representation of the cell envelope of Mycobacterium tuberculosis.
Peptidoglycan, arabinogalactan and mycolic acids are covalently linked together and
form 60% of cell wall
1.4. Epidemiology of tuberculosis

Globally, there were an estimated 9.27 million cases of tuberculosis in the year
2007. This is an increase from 9.24 million cases in 2006, 8.3 million cases in 2000 and
6.6 million cases in 1990 (WHO report, 2009). Fig. 1.2 illustrates the estimated

tuberculosis incidence rate worldwide. It has been estimated that one-third of the world’s
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population is infected with M. tuberculosis and roughly 10% of these individuals will
develop active tuberculosis within their lifetime. With the rise in HIV infections,
tuberculosis has been on the rise and death due to tuberculosis in HIV-infected people is

two-fold higher in individuals with only HIV infection.

Estimated TB incidence rates, by country, 2007
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Fig. 1.2. Estimated tuberculosis incidence rate (WHO report 2009)

In addition, about one third of human population is estimated to suffer from latent
tuberculosis, which can be reactivated even after several decades (Glassroth, 2005). It is
estimated that, between 2000 and 2020 nearly one billion new cases will be identified and
the active disease will affect 200 million, with about 35 million deaths, if control
measures are not significantly improved (WHO report, 2009). India is classified along
with the sub-Saharan African countries with high burden tuberculosis. It ranks first in the
five most tuberculosis prevalent countries from the estimated numbers of cases in the
year 2007. India accounts for one-third of the global TB burden, with 1.8 million
developing the disease each year and nearly 0.4 million dying due to TB annually
(Chouhan, 2003).

Tuberculosis is not only a disease of humans, but also has a devastating effect on

cattle and livestock. Bovine tuberculosis caused by M. bovis is a significant public health
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problem and it causes great economic losses in countries with infected livestock. Despite
the control measures, the incidence of bovine tuberculosis in some countries for example
in New Zealand, United Kingdom and Republic of Ireland has remained the same or
increased due to the presence of endemic wildlife reservoirs (Olsen & Anderson, 2003).
Also, bovine tuberculosis remains a significant problem in developing countries; indeed
more than 94% of the world population live in countries in which the control of bovine

tuberculosis is either limited or completely absent (Vordermeier et al., 2006).

1.5. Pathogenesis of pulmonary tuberculosis

The development of pulmonary tuberculosis from its onset on its various clinical
manifestations can be viewed as a series of battles between the host and the invading
pathogen. The mode of infection of M. tuberculosis involves a sequence of events (Fig.
1.3). It begins with the inhalation of tubercle bacilli as droplets, released into the
atmosphere from an infected individual / animal. Alveolar resident macrophages are the
primary cells involved in the initial uptake of M. tuberculosis. Dendritic cells and
monocyte-derived macrophages also take part in the phagocytic process (Henderson et
al., 1997). The bacilli are taken up by receptor-mediated phagocytosis using a variety of
macrophage receptors including CR3, CR4 and mannose receptors. The inhaled bacilli
may multiply or it may be estimated by alveolar macrophages before any lesion is
produced.

In lungs, the infected macrophages induce a localized proinflammatory response
that leads to the recruitment of mononuclear cells from neighbouring blood vessels.
These cells are the building blocks for the granuloma, or tubercle, which is the signature
of tuberculosis. Small caceous lesions may progress or may heal or stabilize before they
are detectable by radiograph. The granuloma consists of a kernel of infected
macrophages, surrounded by foamy macrophages and other mononuclear phagocytes,
with a mantle of lymphocytes in association with a fibrous cuff of collagen and other
extracellular matrix components that delineates the periphery of the structure (Russell,
2007) (Fig. 1.3). Larger caceous lesions may grow locally and shed bacilli into the blood

and lymph. The outcome of an infection in the new host depends on the balance between
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(1) host immune response and effective killing of the invading pathogen (ii) the extent of

tissue necrosis, fibrosis, and regeneration (Van Crevel et al., 2002).
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Fig. 1.3. Infection with Mycobacterium tuberculosis follows a relatively well-defined
sequence of events.

The host-pathogen interactions are dominated by the ability of the pathogen to
prevent phago-lysosome biogenesis (Vergne et al., 2004), by modulating the phagosomal
compartment and preventing its fusion with acidic lysosomal compartments and actively
excluding vesicular proton ATP-ases, resulting in an elevated pH of 6.3—-6.5 (compared to
the normal lysosomal pH of 4.5). The granuloma formation typifies the ‘containment’
phase of the infection in which there are no overt signs of disease and the host does not
transmit the infection to others. Containment usually fails when the immune status of the
host changes, which could be associated with essentially any condition that reduces the
number, or impairs the function, of CD4" T cells as seen in old age, malnutrition or co-
infection with HIV. Following such a change in the immune status, the granuloma

caseates (decays into a structure-less mass of cellular debris), ruptures and spread within
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the lungs (active pulmonary TB) and even to other tissues via the lymphatic system and
the blood (miliary or extrapulmonary TB), which leads to the development of the disease
and requires antibiotic therapy for survival (Dannenberg, 1994).

The uncontrolled growth of M. tuberculosis inside the human host leads to
infection. Human tuberculosis is divided in to pulmonary and extra pulmonary
tuberculosis based on the site of infection. Pulmonary tuberculosis is caused by infection
of lungs and may also spread to other organs. The symptoms include cough,
breathlessness, fatigue, fever and unintentional weight loss. Extra pulmonary tuberculosis
is a disseminated infection occurs after the primary infection due to the immune status
and nutritional deficiency of the individual. The granuloma caceates, ruptures and bacilli
infects different parts of the body like lymphatic system through blood stream causing

military tuberculosis and to the brain causing tubercular meningitis.

1.6. Control measures

Control measures for tuberculosis include timely diagnosis, chemotherapy and
preventive measures by vaccination.
1.6.1. Diagnosis

Existing diagnostic methods can detect up to 60% of tuberculosis cases but
tuberculosis management is difficult as the existing diagnostic methods are time
consuming. Clinical examination by radiological testing, chest X-ray, AFB, tuberculin
skin test (Mantoux test) and biopsies are routinely done in several labs globally. AFB
testing of sputum samples taken on three consecutive days are taken as confirmatory
evidence. Culture confirmation is the “gold standard” for tuberculosis diagnosis as it is
specific and sensitive. However, it is time-consuming and can take even 4-6 weeks as M.
tuberculosis has a long generation time. Today, culture confirmation by radiometric
BACTEC system MB / Bact Alert system take only a week and are superior to the
conventional culture methods; however the cost and the lack of economic viability does
not allow its use in all hospitals in developing countries.

Other diagnostic methods are being developed that offer the hope of fast and more
accurate testing. These include PCR amplification of the insertion element IS6110, and

QuantiFERON TB Gold and T SPOT-TB assays based on cell-mediated immune
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response monitored by measurement of the stimulation indices and / or production of
IFN-y in response to mycobacterial proteins such as ESAT-6. These tests are more
expensive and not affected by immunization or environmental mycobacteria, inturn
generate fewer false positive results. The development of a specific, sensitive, rapid and

inexpensive diagnostic test would be particularly valuable in the developing world.

1.6.2. Chemotherapy

Tuberculosis can be cured by chemotherapy in 95% of patients with active, drug
sensitive pulmonary TB (Spigelman & Gillepsie, 2006). It involves multi-drug therapy
with a combination of three frontline drugs, isoniazid, rifampicin and pyrazinamide and
one or more of the second-tier antibiotics including streptomycin, aminoglycosides
kanamycin and amikacin, the polypeptide capreomycin, PAS, cycloserine, the thioamides
ethionamide and prothionamide and several fluoroquinolones such as moxifloxacin,
levofloxacin and gatifloxacin. The treatment strategy for the complete elimination of
active and dormant bacilli involves two phases; in the initial intensive phase, three or
more drugs (isoniazid, rifampicin, pyrazinamide and streptomycin) are used for two
months, and allow a rapid killing of actively dividing bacteria and the continuation phase,
in which fewer drugs (usually isoniazid and rifampicin) are used for 4 to 7 months, aimed
at killing any residual bacilli to prevent, not only the recurrence of the disease bot also

prevent the development of drug resistant organisms.

1.6.2.1. Mode of action of Front line drugs
(a) Isoniazid

INH or isonicotinic acid hydrazide, was synthesized in the early 1900s but its
anti-tubercular action was first detected in 1952 (Middlebrook, 1952; Bernstein et al.,
1952). Both M. tuberculosis and M. bovis are susceptible to isoniazid in the range of 0.02
/ 0.05 pg / mL (Heifets, 1994; Youatt, 1969). Isoniazid is bactericidal anti-tubercular
drug and the most commonly prescribed for active infection and prophylaxis. INH enters
the pathogen as a pro-drug and is activated by the catalase-peroxidase expressed by the
pathogen. The peroxidase activity of the enzyme is necessary to activate INH to the

active drug in the bacterial cell (Zhang et al., 1992) that blocks mycolic acid
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biosynthesis, thereby disrupting the cell wall synthesis (discussed in detail in section

1.13.2).

(b) Rifampicin

Rifampicin, one of the front line drugs obtained from culture filtrates of
Streptomyces mediterranei, was introduced in 1972 as an anti-tubercular drug (Woodley
et al., 1972). Rifampicin is extremely effective against M. tuberculosis, (MIC 0.1-0.2 pg
/ mL) and its rapid bactericidal activity (Mitchison, 1985; Heifets, 1994) in combination
with the other front line drugs helped to shorten the course of treatment against drug-
susceptible infections. Rifampicin binds to the B-subunit of DNA-dependent RNA

polymerase and blocks transcription, thereby killing the organism.

(C) Pyrazinamide

Pyrazinamide, a nicotinamide analog, was first discovered to have anti-tubercular
activity in 1952 (Kushner et al., 1952). The MIC for pyrazinamide varies from 8 to 60 pg
/ mL depending on the assay method and media, and the drug is most active against
cultures of M. tuberculosis at pH values below 6. It 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). However, during the first two
days of treatment, it has no bactericidal activity against rapidly growing bacilli (Zhang &
Mitchison, 2003). 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

Ethambutol 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 could account for the
accumulation of mycolic acids and their trehalose esters and affects the permeability of

cell wall.
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(e) Streptomycin

Streptomycin, an aminocyclitol glycoside, is an alternative first line anti-
tubercular drug recommended by the WHO (Cooksey et al., 1996). It interacts with the
16S rRNA and S12 ribosomal protein (Escalante et al., 1998 & Finken et al., 1993),
resulting in the misreading of the mRNA and inhibition of protein synthesis.

Due to the emergence of drug resistant organisms attributed mainly due to the
inconsistency in the administration of the drugs, WHO initiated “directly observed
therapy short-course” (DOTS). This is currently being adopted in 119 countries including
all 22 high burden countries that contain 80% of all estimated cases (Collins &
Kaufmann, 2001). India has the second largest DOTS programme in the world in
population coverage. However, India's DOTS programme is the fastest expanding
programme, and the largest in the world in terms of patients initiated on treatment,
placing more than 100,000 patients on treatment every month and about 70%case
detection is achieved (RNTCP report, 2009).

Subsequently, DOTS-Plus program included second tier anti-tubercular drugs in
the treatment strategy (WHO report, 2006). The recent aim of the Stop TB Partnership’s
Global Plan to Stop TB program (WHO report, 2009) includes six major components,
pursue high-quality DOTS expansion and enhancement; address TB / HIV, MDR-TB and
the needs of poor and vulnerable populations; contribute to health system strengthening
based on primary health care; engage all care providers; empower people with TB and

communities through partnership; and enable and promote research.

1.6.3. Vaccines: BCG as a vaccine

Mycobacterium bovis BCG derived, as an attenuated organism from the virulent
M. bovis is the only vaccine available for tuberculosis. The efficacy of this vaccine is
controversial as there are varied reports on the protection afforded by BCG. It is given to
infants soon after birth in countries where tuberculosis is endemic. 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).
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In the developed countries like USA and UK, mass immunization with BCG is not

implemented, as it is believed to interfere with the interpretation of the tuberculin test.

1.7. Advances in mycobacterial research: Development of genetic tools to
manipulate mycobacteria and Whole genome sequencing

Until recently, the progress in mycobacterial metabolism was slow as it was
difficult to genetically manipulate the bacteria. However, significant advances have been
made in the genetic manipulation of mycobacteria. Also, whole genome sequencing of
several mycobacterial genomes has been done after the first genome sequencing of the
pathogenic M. tuberculosis H37Rv (Cole et al., 1998). They include the sequencing of M.
bovis (Garnier et al., 2003), M. bovis BCG (not published), M. leprae (Cole et al., 2001),
the comparative genomics study, may provide an insight into their virulence.

The genome of M. tuberculosis (Fig. 1.4) comprises of 4, 411, 529 bp, contains
3924 genes (Cole et al., 1998). The general classification of M. tuberculosis annotated
genes is presented in Table 1.1. The M. tuberculosis genome has some unusual features
like the number of genes involved in fatty acid metabolism and the presence of unrelated

PE and PPE families of acidic, glycine rich proteins.

M. tuberculosis
H37Rv
4,411,529 bp

(Cole et al., 1998)
Fig. 1.4. Circular map of the chromosome of M. tuberculosis H37Rv. The outer circle
shows the scale in mega bases, with 0 representing the origin of replication. The first ring
from the exterior denotes the positions of stable RNA genes (tRNAs are blue, and others
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are pink) and the direct-repeat region (pink cube); the second ring shows the coding
sequence by strand (clockwise, dark green; anticlockwise, light green); the third ring
depicts repetitive DNA (insertion sequences, orange; 13E12 REP family, dark pink;
prophage, blue); the fourth ring shows the positions of the PPE family members (green);
the fifth ring shows the positions of the PE family members (purple, excluding PGRS);
and the sixth ring shows the positions of the PGRS sequences (dark red). The histogram
(center) represents the G+C content, with <65% G+C in yellow and >65% G+C in red.

Table 1.1. General classification of annotated M. tuberculosis genes

_ No. of genes % of total
Function % of total genes ) )
annotated coding capacity
Lipid metabolism 225 S o 9.3
PE & PPE proteins 167 4.2 /5l
Cell wall & cell process fal 7/ 13 15.5
Information pathways 877 22 24.6
Regulatory proteins 188 4.7 4.0
Virulence, detoxification
91 23 2.4
and adaptation
IS elements and
137 34 255
bacteriophages
Conserved hypothetical
911 22.9 18.4
function
Unknown function 607 15.3 089
Stable RNAs 50 1.3 0.2

Comparative sequence analysis of orthologous genes (genes that perform the
same function) from different bacteria is the basis of evolutionary relatedness. However,
species’ phylogenies based on the comparison of single genes are often inconsistent. This
is due to the high rate of horizontal gene transfer in bacteria (Sassetti & Rubin, 2002).
Comparative genomics presents an attractive tool for evolutionary analysis of strain
relatedness, as whole genomes can be examined rather than just individual genes (Gordon

etal., 1999).

1.8. Comparative genomics of the M. tuberculosis complex
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The M. tuberculosis complex contains 5 pathogenic species that share identical
16S rRNA sequences and over 99.9% nucleotide identity (Sreevatsan et al., 1997,
Garnier et al., 2003). They include M. tuberculosis, M. africanum, M. microti,M. canetti
and M. bovis. The members of M. tuberculosis complex differ in terms of their host
range, phenotype and virulence for humans (Brosch et al., 2000a).

Comparative genomics has identified at least 18 variable regions ranging from 0.3
kb to 12.7 kb, which are present in M. tuberculosis and not in BCG (Fig. 1.5). RD1 is the
only region that is absent from all BCG strains but present in virulent M. bovis and M.
tuberculosis strains (Brosch et al., 2000; Gordon et al., 1999; Mahairas et al., 1996).
RD2, another variable region (Rv1978- Rv1988c) is a recent deletion restricted to BCG
strains derived since 1927, and includes genes coding for a variety of functions including
methyl transferases, permeases, ribonucleotide reductase, a regulatory protein and a
secreted protein, namely MPT64. The RD3 locus is a prophage (phiRvl) and RD4
encodes enzymes involved in the biosynthesis of lipopolysaccharides and both are absent
from M. bovis and M. bovis BCG strains. RD5 contains eight ORFs, three of them encode
phospholipase C enzymes (plcA, plcB, plcC), and the remaining five encode proteins,
belonging to the Esat-6 and PPE families respectively (Gordon et al., 1999). The RD6
region varies with the M. tuberculosis complex members and essentially consists of PPE
proteins and IS1532. The RD7 region contains one of the 4 mce operons that encode
invasin-like proteins required for M. tuberculosis (Arruda et al., 1993). The effect of the
loss of mce3 on virulence is not known, but it was suggested that the remaining three mce
operons could balance for any lost activity (Gordon et al., 1999). The RD8 region
contains genes belonging to the ESAT-6 family, PE and PPE families and an ephA gene
that encodes epoxide hydrolase (Brosch et al., 2000; Gordon et al., 1999). The RD9
contains genes encoding for an export protein, oxidoreductase, and a pre-corrin
methyltransferase that is involved in cobalamin biosynthesis (Gordon et al., 1999).

The RD10 encompasses the genes encoding for an enoyl CoA hydratase and an
aldehyde dehydrogenase. RD 11, 12 and 13 were absent in both M. bovis and M. bovis
BCG, while the RD 14, 15 and 16 were restricted to few members of BCG (Brosch et al.,

2002). These regions can be accessed for the potential to differentiate between M.
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tuberculosis and M. bovis / M. bovis BCG. Though the role of these deletions in strain
differentiation is unclear, they can be applied to propose a new evolutionary scenario for
the members of the M. tuberculosis complex (Brosch et al., 2002). The authors analysed
the distribution of the 20 variable regions in a total of 100 strains belonging to M.
tuberculosis, M. africanum, M. canetti, M. microtii, M. bovis and M. bovis BCG. Their
study showed that M. bovis had undergone several deletions compared to M. tuberculosis
(Fig. 1.5) (Brosch et al., 2001). The characteristic deletions among the BCG strains are

represented on Table 1. 2.

NJmerous palymorphisms RDcan N e
in house keepng genes
ThoA | M. th

Common ancestor
of the A irber:irss
omplex

(Brosch et al., 2002)

Fig. 1.5. Scheme of the proposed evolutionary pathway of the M. tuberculosis:
illustrating successive loss of DNA in certain lineages.
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Table 1.2. Characteristics of deletions from BCG (Mostowy et al., 2003)

BCG strain Deleted regions

Russia RD1, RD Russia

Moreau RDI, RD1

Japan RDI1

Sweden RD1

Birkhaug RD1

Prague RD1, RD2

Glaxo RDI1, RD2, RD Denmark / Glaxo
Denmark RDI1, RD2, RD Denmark/ Glaxo
Tice RDI1, RD2, nRD18

Connaught RDI1, RD2, nRD18, RD8
Frappier RDI, RD2, nRD18, RD8, RD Frappier
Phipps RD1, RD2, nRD18

Pasteur RDI1, RD2, nRD18, RD14

1.8.2. Classification of BCG strains

Genetic variations among the BCG strains were due to the changes occurred
during the continuous passages of pathogenic strain M. bovis (Behr & Small, 1997) and
also lack of standardized growth storage procedures that gave rise to several BCG strains,
found today in several geographical locations worldwide (Osborn, 1983). Based on the
genetic variations among the BCG strains, they are classified into two major groups.
BCG Japan, Moreau, Russia, and Sweden secrete large amounts of the MPB70 gene,
have two copies of the insertion sequence 1S6110, and contain methoxymycolate and
MPB64 genes. In contrast, BCG Pasteur, Copenhagen, Glaxo and Tice secrete little
MPB70, have a single copy of the insertion sequence [S6110, and do not contain the
methoxymycolate and MPB64 genes (Ohara, 2001) (Fig. 1.6).

-16 -



Review of Literature

1921 2 copies of 1S6110, mpt64 present
1S6110 lost
mpt64 lost

1931
1961

Pasteur Frappier Tice Glaxo Birkhaug Japan Russia

Phipps Connaught Danish Prague Sweden Moreau
BCG vaccine facilities
156110 1 il 1 1 1 1 1 1 1 1 2 2 2
mptG4 — - — - - — - - + + + + B

Fig. 1.6. Genealogy of BCG vaccine strains based on historical data (Behr MA,
2002). The results of analysis for the mpt64 gene and the number of IS6110 copies are
shown at the bottom. This analysis could suggest that the original BCG had mpt64 and 2
copies of IS6110; one copy of IS6110 was lost around 1925, and mpt64 was lost between
1927 and 1931 (Behr, 2002).

1.9. Host-pathogen interactions with specific reference to iron acquisition

Iron is the second most abundant metal after aluminum and the fourth most
abundant element in the earth’s crust. It is an important micronutrient for all bacteria
except lactobacilli, is a co-factor for several enzymes involved in vital cellular functions
ranging from respiration to DNA replication (Sritharan, 2000). It exists in the two
oxidation states, Fe’" and Fe’", with the oxidation-reduction potential for the Fe" /
Fe*"couple varying between +300 mV to —500 mV, which enables it to serve as a carrier
molecule in the electron transport chain. However, it is insoluble at biological pH and
exists as insoluble ferric hydroxides and oxyhydroxides. At physiological pH 7.0, the
major form of iron is Fe(OH)," (and not Fe(OH); as thought earlier) with a solubility of
approximately 1.4 X 10” M (Chipperfield & Ratledge, 2000) that is too low to support
the growth of microorganisms (requiring 10”7 M iron).

Nature has perhaps made iron highly insoluble, as excess iron is toxic, due to its
catalytic role in the Fenton reaction, resulting in the formation of free radicals (Sritharan,
2000). Pathogenic bacteria face additional iron deprivation as 99.9% iron is held as
protein-bound iron within the mammalian host; it is held by transferrin and lactoferrin

(extracellular fluids) and by ferritin (storage) (Bullen & Griffiths, 1999). The ability of a
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pathogen to acquire iron from the mammalian host determines the outcome of an
infection; the balance between the ability of a mammalian host to withhold iron from the
invading microorganisms and the ease with which the latter can acquire this iron from the
host is critical. Limitation of this essential nutrient is one of the innate immune defense
mechanisms of the mammalian host and is refereed to as ‘nutritional immunity’ by

Kochan (1976).

1.9.1. Bacterial adaptations to iron-limitation

Microorganisms, including mycobacteria have adapted to conditions of iron-
limitation by the elaboration of novel iron acquisition machineries (Ratledge and Dover
2000; Sritharan, 2000; Ratledge, 1999; De Voss et al., 1999). They are well studied in E.
coli and several gram-negative organisms. Two common mechanisms of iron acquisition
include (a) siderophore-mediated acquisition and (b) direct acquisition via specific
receptors from host iron-containing molecules like hemin, transferrin and lactoferrin etc.
a. Siderophore mediated iron acquisition machinery

Siderophores are low molecular weight (500-1000 Da) Fe’"-specific high affinity

molecules with binding affinity constant K ranging from 10** to 10°° and can remove
iron from the insoluble Fe(OH); and from host-iron binding compounds, but not from
heme proteins. As the Fe’*-siderophore complex is greater than 600 Da, uptake of these
molecules is a receptor-mediated process. Many of these iron transport receptors are
multi-functional and mediate the transport of other molecules that include vitamin B12
and certain colicins. A vast majority of bacteria elaborate this mechanism of iron
acquisition and mycobacteria also employ siderophores to acquire iron.
b. Direct acquisition

Bacteria can acquire protein-bound iron by elaborating specific cell surface
receptor proteins for transferrin, lactoferrin, heme and haemoglobin (Braun & Killmann,
1999). Lactoferrin and transferrin receptors have been demonstrated in pathogenic
Neisseria (Genco & Desai, 1996), Pasteurella spp. (Gray-Owen & Schryvers, 1996),
Haemophilus influenzae (Herrington & Sparling, 1985), Pseudomonas aeruginosa

(Sriyosachati et al., 1986), Bordetella spp. (Redhead et al., 1987), Helicobacter pylori
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(Husson et al., 1993), Staphylococcus aureus (Park et al., 2005), and Candida albicans
(Knight et al., 2005).

1.9.2. Iron-regulated membrane proteins (IRMPS)

Siderophores and their receptors, the iron-regulated membrane proteins (IRMPs)
are extensively studied in E. coli (Griffiths & Chart, 1999). Six siderophore-mediated
iron-transport systems have been demonstrated; FhuA, FepA and FecA functioning as
receptors for ferrichrome, ferric enterobactin and ferric citrate respectively have been
crystallized and uptake of Fe™ via these receptors are well studied. Some of the IRMPs
demonstrated in other bacterial system are represented in Table 1.3.

Table 1.3. Bacterial siderophores and their receptors, the iron-regulated membrane
proteins (IRMPs)

Iron-regulated membrane proteins
Organism Siderophore ) Size
Protein
(kDa)
Ferrichrome | FhuA (Coulton et al., 1983) 78
o ) Enterobactin | FepA (MclIntosh & Earhart, 1977) 81
Escherichia coli
Ferricitrate FecA (Wagegg & Braun, 1981) 80.5
Aecrobactin CirA (Curtis et al., 1988) 74
Yersinia
i Yersiniabactin | FyuA (Rakin et al., 1994) 71.4
enterocolitica
Pyochelin Ferri-pyochelin receptor 14
Pseudomonas (Sokol & Woods, 1983)
aeruginosa Pyoverdin Ferri-pyoverdin receptor 80
(Meyer et al., 1990)
- 74
Vibrio cholerae Vibriobactin | ViuA (Butterton et al., 1992)
Burkholderia o
) Ornibactin OrbA (Sokol et al., 2000) 81
cepacia
Bordetella spp. Alcaligin FauA (Brickman & Armstrong, 1999) 79
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1.9.3. Regulation by iron at the molecular level

Intracellular iron regulates the expression of the components of the iron-
acquisition machinery, as demonstrated in E. coli (Griffiths & Chart, 1999). A 17 kDa
regulator molecule Fur (Ferric Uptake Regulator encoded by ‘fur’ gene) and the Fur —
Fe’* complex binds to a region called the ‘Fur’ or iron box (consensus sequence 5’-
GATAATGATAATCATTATC -3°) located upstream of the start point of the genes
encoding the iron acquisition machinery (Braun et al., 1998). When iron is limiting, the
repressor molecule, on its own does not bind to the iron box, thereby resulting in the
induction of expression of components of the iron acquisition machinery (Fig. 1.7). The
Fur repressor has been identified as a member of Gram-negative bacteria, including
Bordetella spp., Haemophillus influenza, Legionella, Neisseria spp., Pseudomonas spp.,
Vibrio spp., etc. The corresponding homologue of Fur in Gram-positive bacteria is DtxR
and was first identified in C. diphtheriae (Boyd et al., 1990). DtxR is slightly larger than
Fur, approximately 25 kDa to 17 kDa and they have very less amino acid homology.
DtxR and Fur also differ in the specificities of interaction with different of operators. The
DtxR homologue identified in mycobacteria is IdeR and has been demonstrated in M.

smegmatis and M. tuberculosis.

0.+ -
Iron-regulator

Fe(Il) )
olagiE (Tuactl0H) Irom regu.la(t;ztl.:lreegﬂ) comp lex
TTGACAGATAATGATAATCATTATCTATAAT
-35 Ironhox/ Furhox -10 Genes encoding ivon acyuisition machinery

Mo transcrip tion

Fig. 1.7. lIron as a regulatory molecule. When iron is plentiful, the inactive repressor
binds to the co-repressor Fe*™ and the resulting complex binds as a dimer, thereby
blocking transcription.
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1.9.4. Siderophore-mediated iron acquisition machinery in mycobacteria

Mycobacteria are unique in that they produce two kinds of siderophores, namely the
intracellular mycobactins and the extracellular carboxymycobactins / exochelins.
Pathogenic mycobacteria express mycobactin and carboxymycobactin while the
saprophytic mycobacteria express mycobactin and exochelin predominantly though
carboxymycobactin have been identified in small concentrations in M. smegmatis
(Ratledge & Ewing, 1996). Mycobactin is hydrophobic and is located in the cell wall,
while the more polar carboxymycobactin is released into the medium (Ratledge, 1999),
Based upon the type of siderophore(s) expressed, mycobacteria can be classified into four
groups, namely those

1. expressing mycobactin and carboxymycobactin, eg. M. tuberculosis.

2. expressing mycobactin, carboxymycobactin and exochelin, eg. M. smegmatis.

3. expressing only the exochelins and no mycobactin, e.g. M. vaccae.

4. that do not produce any siderophores and require the addition of exogenous

mycobactin for in vitro growth e.g. M. paratuberculosis.

1.9.4.1. Mycobactins

Mycobactins are intracellular hydrophobic siderophores localized in the lipid-rich
cell wall. They have high affinity for Fe” (Ks of ca. 10°°) with low binding to Fe"%. They
belong to the mixed ligand type; wherein they have two hydroxamate groups and the
third pair being provided by an oxygen atom on the aromatic residue and nitrogen in the
oxazoline moiety. Snow (1970) elucidated the structure of mycobactin and performed
extensive analyses of mycobactin from different mycobacterial species and showed that
they can be used as chemotaxonomic markers. The yield of mycobactin varies among the
species, with M. smegmatis expressing up to 10% of the cell dry weight while M. kansasii
produces only about 0.05% of the cell dry weight.

All mycobactins have the same core nucleus that consists of a 2-
hydroxyphenyloxazoline moiety linked by an amide bond to an acylated &-N-
hydroxylysine residue (Fig. 1.8). The second &-N-hydroxylysine is cyclised to form the
seven-membered lactam and is attached to B-hydroxyacid via an amide bond. This, in

turn is connected to the a-carboxyl of the first lysine residue. Within this core, a methyl
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group may or may not be present at the 6™ position of phenolic ring and the 5’ position of
the oxazoline (Gobin et al., 1995). The variation in the structure occurs in the alkyl
substituents of the hydroxyacids (R3 and R4) and the acyl moiety RS. In general, the RS
group is a long chain fatty acid that is unsaturated and with an unusual cis double bond
conjugated to the carbonyl group. Variation in R groups of mycobactins from different

mycobacterial species is represented in the Table 1.4.

Serine or Threonine

\ Lysine
o R

!
N N
~
*OH Ol
- *0
\ * ,/
Shikimate —P» Salicylate Acetate or
- Propionate

Acetate P 5-Methyisalicylate

(Devoss et al., 1999)

Fig. 1.8. General structure of mycobactins. Three pairs of iron chelating sites are
represented in red colour. Variations in the R groups among the mycobacterial species are
represented in the table below.

Table 1.4. Variations among the mycobactins produced by different mycobacterial
species

. . Substituents
Organism Mycobactin R1 R2 R3 Ra RS
M. aurum A CH; H CH; H Cis
M. fortuitum F CH;/H CH; CH; H Co.17
M. fortuitum H CH; CH; CH; H Ci7.19
M. marinum M H CH; Cis.18 CH; C
M. marinum N H CH; Cis.18 CH; G,
M. phlel P CH; H CH,CH, CH; Ciso19
M. smegmatis S H H CH; H Co.19
M. tuberculosis T H H CH; H Ci7-20
M. avium Av H CH; CH;CH, CH; C11-14, 18
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1.9.4.2. Carboxymycobactins

The carboxymycobactins are structurally related to mycobactins. The lipophilicity
of the mycobactins due to the long chain acyl group at RS is replaced either by -COOH /
-COOCH]3 thus rendering it water-soluble. These are produced mainly by the pathogenic
mycobacterial species (Gobin et al., 1999), but they also have been detected in small
quantities in the non-pathogenic M. smegmatis (Ratledge & Ewing, 1996).

(a) j\
HO _I{Q\Hi}n

OH o

| :I N‘z)k
‘_</
O

CH,

(b)
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o
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\
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A450 nm

60 70 80 80 100
Elution time (minutes)

Fig. 1.9. (a). Structure of carboxymycobactin of M. tuberculosis (Gobin et al., 1995).
(b) HPLC purification of carboxymycobactins from culture supernatant of M.
tuberculosis (Gobin & Horwitz, 1995).

Their structures have been elucidated in M. avium (Lane et al., 1995), M.
tuberculosis (Gobin et al., 1995; Wong et al., 1996), M. bovis and M. bovis BCG (Gobin
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et al., 1999). They differ from the mycobactin in the side chain at the R positions (R
positions as represented in Table 1.4. Mycobactins (Ratledge & Ewing, 1978) and
carboxymycobactins (Lane et al., 1995) are usually a mixture of closely related
molecules that differ in the length of the acyl groups at R5; for example, 17 different
mycobactins from M. smegmatis was demonstrated by HPLC analysis. They are
expressed as a family of related molecules (Fig. 1.9b) and differ marginally from each
other, due to varying levels of esterification of the COOH group, as evident by HPLC
analysis (Barclay et al., 1986).

1.9.4.3. 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 & 1995b). They are small peptides (5-10 a.a) consisting of D-amino acids,
predominantly ornithine and do not contain conventional peptide bonds (Ratledge &

Dover, 2000).

NH,
(a) |

(b) N==
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(Sharman et al., 1995a & b)

Fig. 1.10. Structure of exochelins MS and MN. Exochelin MS (a), from M. smegmatis
is formyl-D-ornithine 1 p-alanine-D-ornithine 2-D-allo threonine-L-ornithine-3 and
exochelin MN (b) from M. neoaurum is L-threonine-B-hydroxy histidine-p alanine- 3
alanine-L-o methyl ornithine-L-ornithine-L-(cyclo)ornithine.
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The coordination center with Fe*" is hexa-dendate; it is held in an octahedral
structure involving the three-hydroxamic acid groups donated by ornithine. The
exochelin MS from M. smegmatis is a formylated pentapeptide derived from three
molecules of 8-N-hydroxyornithine, $-alanine and threonine (Fig. 1.10a). Exochelin MN
from M. neoaurum is a hexapeptide with two 0-N-hydroxyhistidines (providing the
coordination center for iron chelation), two B-alanine residues and an ornithine (Fig. 1.10

b). Till date, there are no reports on the expression of exochelins by pathogenic bacteria.

1.9.4.4. Biosynthesis of mycobactin / carboxymycobactin

Mycobactins are synthesised by the polyketide synthase / non-ribosomal peptide
synthetases (NRPs) strategy. The different enzymes involved in mycobactin and
carboxymycobactin synthesis are encoded with the genes in the mbt operon in the M.
tuberculosis genome (Cole et al., 1998). The mbt operon (Fig. 1.11) includes a cluster of
10 genes (mbt A-J) referred to as mbt-1 cluster (Quadri et al., 1998) involved in the
synthesis of mycobactin core and the mbt-2 cluster which includes 4 genes mbt K-N
shown to be Rv1347c, Rv1344, fadD33, and fadE14 respectively (Krithika et al., 2006),
which is involved in the incorporation of lipophilic aliphatic chain. However most of the
aspects of the biosyntheses of mycobactin and carboxymycobactin out lined remain to be

experimentally explored and validated.

Low Iron Concentration
otz o “a .

mnRr’ mbt-2 ﬁ IdaRl ideR — P 4—| IdeR [—P mbt-1
k\iii; "F_ "

Fe- box Fe- box

Fe- box +

Y ~ }
—
v & v
Fatty acyl-ACP Mycobactin core
ZRIS

Mycobactin <4——— Didehydroxymycobactin
(Krithika et al., 2005)

Fig. 1.11. Organisation of mbt operon in M. tuberculosis H37Rv genome. Contains
mbt-1 cluster and mbt-2 cluster involved in the biosynthesis of mycobactin and
carboxymycobactin.
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The proposed biosynthetic sequence followed the predicted pathway of assembly
of mycobactin starting with the synthesis of salicylic acid. The mbt-1 cluster includes the
genes for the enzymes that synthesize didehydroxymycobactin, the salicyl-capped non-
ribosomal peptide-polyketide core scaffold of mycobactin and carboxymycobactin from
the building blocks salicylic acid, serine or threonine, lysine, acetyl CoA and malonyl
CoA. The salicylate moiety in M. smegmatis is synthesised by the shikimate pathway,
while the 6-methyl salicylate in M. tuberculosis, is a polyketide metabolite synthesized
by the condensation of four acetate units by the enzyme isochorismate synthase recently
shown to be salicylate synthase (Mbtl) (Hudson et al., 1970). MtbB, a NRPs is believed
to activate serine, condense it with the salicylate moiety, and cyclize this product to a
hydroxyphenyloxazoline. There are two other NRPSs, encoded by mbtE and mbtF that
have the appropriate activation, condensation, and peptide carrier domains for donation
of the two lysine-derived moieties of MB. Also in the gene cluster are mbtC and mbtD,
which encode proteins that are homologous to polyketide synthases. The encoded
proteins appear to contain the appropriate modules to produce the required -
hydroxybutyrate. Additionally, mbtG encodes a protein that is homologous to known
ornithine and lysine oxygenases, performs the N6-hydroxylation step to generate
functionally important hydroxamate moieties. MbtF has a terminal domain that was
assigned a role as either an epimerization domain or as a thioesterase responsible for
releasing the MB from the enzyme by lactamization of the terminal hydroxy-lysine
residue.

Thus, these seven genes, mMbtA to mbtG, appear to encode sufficient activities for
the biosynthesis of the core of the MBs (Fig. 1.12). There are two other proposed gene
products, MbtH and MbtJ, to which no clear biochemical role has been assigned. The
loaded building blocks are bound to their corresponding enzymes by a thioester linkage
to the phosphopantetheinyl group, which would be added to the carrier protein domains
by PptT (Quadri et al., 1998, Chalut et al., 2006). MbtK protein of mbt-2 cluster showed
exclusive specificity to acylate at the e-amino position, and the amino group at a-position
was not readily modified. Interestingly, this protein was able to acylate the d-position of

ornithine amino acid and also catalyzed transfer of acyl chains on to two ornithine
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residues (Krithika et al.,, 2006, Card et al., 2006) to yield mycobactin and
carboxymycobactin. The unsaturation of the lipidic chain is produced by acyl-acyl carrier
protein (ACP) dehydrogenase (MbtN) (Krithika et al., 2006). MbtG has a five-fold
preference for acetylated lysine over lysine (Krithika et al., 2006) and
didehydroxymycobactin has recently been isolated from M. tuberculosis (Moody et al.,
2006) suggesting that hydroxylation takes place after didehydroxymycobactin assembly

and release.

shikimic acid —— ——  salicylic acid

23 salicylic acid + ATP + | MbtB | —w salicyloyl— MutB
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(Ratledge, 2004)

Fig. 1.12. Proposed scheme for mycobactin and carboxymycobactin biosynthesis.
Proposed biosynthetic cascade for mycobactin and carboxymycobactin catalyzed by Mbt
locus.

De Voss and coworkers (2000) made a knock out mutant of mbtB that was unable
to produce either mycobactin or carboxymycobactin. Failure to synthesize the
siderophores resulted in drastic decrease in growth both under iron deficient medium and
in macrophages giving the relevance of both the siderophores involved in the bacterial
multiplication in iron limiting conditions and also intracellularly. It is also proposed that

the structure of Mbtl, a salicylate synthase is used to design the inhibitors of mycobactin
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biosynthesis, which may be useful in the production of anti-tuberculosis drugs (Harrison

etal., 2000).

1.9.4.5. Biosynthesis of Exochelin

The genes involved in the production of exochelin MS were first identified by
Fiss et al. (1994). An exochelin-deficient strain of M. smegmatis was obtained by UV
mutagenesis. The gene FxbA, encodes a protein with homology to formyl transferases
was obtained by compliment analysis. The complementing fragment contains additional
ORFs fxuA, fxuB and fxuC bearing homology to FepG, FepC and FepD of E. coli that are
ferric-enterobactin permeases; the mycobacterial proteins are presumed to be associated
with transport of exochelin. Yu and his group (1998) identified a 30 kb complementing
fragment with a total of nine ORFs along with fxbA. The locus composed of (i) orfl and
orf2, encoding proteins homology to ABC transporters; (ii) fxbB and fxbC encoding
proteins homology to nonribosomal peptide synthetases; (iii) fxuD, encoding a protein
homology to periplasmic siderophore receptors, (iv) orf3, encodes proteins with an ATP-
binding domain and (v) orf4 and orf5, encoding proteins with multiple transmembrane-
spanning segments. Presumptively, all the genes would be responsible for the complete
assemblage of the exochelin molecule by sequential attachment of ornithine to -alanine,
then to ornithine and on to the attachments of threonine and the final ornithine molecule.
Based on the structural information available it was proposed that the exochelin MS was
synthesised non-ribosomally via the multiple-carrier thiotemplate mechanism. Zhu et al.
(1998) also reported the genetic organization of exochelin MS locus of M. smegmatis and
identified exiT, encoding the protein proposed to be involved in secretion of exochelin.
In addition fxbB and fxbC were identified. Much remains to be understood about

exochelin biosynthesis.

1.9.4.6. Uptake of ferri siderophore in mycobacteria
A. Uptake of ferri-exochelin

Uptake of ferri-exochelin has been well studied in M. smegmatis (Ratledge,
2004). It is thought to be an active transport process, inhibited by energy poisons and
uncouplers of oxidative phosphorylation (Macham et al., 1975). Uptake involves the
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complete transfer of the molecule along with the metal ligand (Stephenson and Ratledge,
1979). Several proteins are involved in the uptake process that includes a 29 kDa ferri-
exochelin receptor (Hall et al., 1987). After recognition by the receptor, the ferri-
siderophore complex is taken up by the FxuD protein and then transferred through the
cytoplasmic membrane proteins FxuA, FxuB and FxuC (Fig. 1.13), which share amino
acid sequence homology with FepG, FepC and FepD, which are involved in the uptake of
ferri-enterochelin in E. coli (Ratledge, 2004). The release of iron involve reduction of the
ferric iron to ferrous iron involving an appropriate reductase (ferri-mycobactin reductase
may represent 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) operating in conjunction with other proteins and involving the input of energy

(Pavelka, 2000).

Extracellular Envelope Membrane Cytaplasm

POk

averspill

Ferri-exochelin —g. ﬁ;"" NAINP)H

AbDP

ADP

Exochelin

ATP

(Ratledge, 1999)
Fig. 1.13. Proposed mechanism for uptake of iron by M. smegmatis via ferri-
exochelin.

B. Uptake of ferri - carboxymycobactin

The mechanism of uptake of carboxymycobactin is not known completely. It is
thought that it might traverse the cell envelope either by diffusion, by virtue of its
hydrophobicity (Rodriguez & Smith, 2006), or it is transported via a porin-like molecule
(Fig. 1.14). The hypothesis involving porins is supported by the size of the inner diameter
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of the porin molecule, which is about 2.2 nm, and the diameter of the carboxymycobactin
may be equivalent to the mycobactin i.e. 1.1-1.4 nm (Trias & Benz, 1992). Calder and
Horwitz, (1998) identified two iron-regulated proteins Irpl0 and Mta72 from M.
tuberculosis, which is hypothesized to be involved in the uptake of ferri-
carboxymycobactin across the envelope and directly to a ferri-reductase. These two
proteins, by their close homology to metal-transporting P-type ATPases and may function
as a two-component metal transport system. Iron would be released from mycobactin by
the same reductase. This is contradictory to the previous reports of Stephenson and
Ratledge (1980), who showed that it does not require energy.

Recent studies have suggested the involvement of two IdeR - regulated ABC
transporter proteins Rv1348 and Rv1349, also known as IrtA and IrtB respectively, in

carboxymycobactin mediated iron acquisition (Rodriguez & Smith, 2006).
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(Ratledge, 2004)
Fig. 1.14. Proposed mechanism for uptake of iron as mediated by

carboxymycobactin.

1.9.4.7. Iron-regulated envelope proteins (IREPs) in mycobacteria

Hall et al., (1987) first demonstrated the expression of IREPs in M. smegmatis.
The authors compared the protein profile of cell wall and membrane of M. smegmatis
grown in the presence of 4 pg Fe / mL (high iron) and 0.02 pg Fe / mL (low iron) and

demonstrated several iron regulated envelope proteins. Among them, a 29 kDa IREP was
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shown as a potential receptor for the exochelin MS by specifically blocking its uptake
using monospecific antibodies against the 29 kDa protein. This was further substantiated
by the specificity of this protein as a receptor by Dover & Ratledge (1996). In M.
neoaurum (Sritharan & Ratledge, 1989), a 21 kDa IREP was shown to be coordinately
regulated with the siderophores mycobactin and exochelin MN. IREPs were identified in
other mycobacterial species not only under defined lab conditions of established iron
status but also under in vivo conditions (Sritharan & Ratledge, 1990). IREPs of 180, 29,
21, 14 kDa were identified in M. avium isolated from infected C57 black mice, while the
21 kDa IREP was demonstrated in the cell wall fraction of M. leprae obtained from
infected armadillo liver. It is worth mentioning here that M. leprae was able to acquire
iron from ferri-exochelin MN and not from other ferri-siderophores, whether this reflects
the presence of the 21 kDa IREP in both the organisms is a possibility. Table 1.5 lists the
IREPs identified in mycobacteria.

Studies on the effect of iron limitation in M. tuberculosis include the
identification of several proteins influenced by iron levels as analysed by two-
dimensional gel electrophoresis combined with mass spectrometry (Wong et al., 1999). A
putative cation transporting ATPase, a mycobacterial homologue of PEPCK
(phosphoenolpyruvate carboxykinase) and an NADP-dependent dehydrogenase were
identified in iron-limited organism. On the other hand, FurA (homologous to Fur
protein), a homologue of a translational factor EF-Tu and aconitase were synthesized in
higher amounts in bacteria grown in iron-rich medium.

The expression of 153 proteins was altered upon transcriptional profiling of M.
tuberculosis grown under iron-regulated conditions (Rodriguez et al., 2002). About one
third of these proteins were IdeR dependant, while iron levels alone regulated the IdeR-
independent proteins. Among the proteins identified, two-thirds of these were up
regulated by iron limitation, half of which are of unknown function. The other half
includes iron acquisition genes such as mbt-1 cluster, the mbt-2 cluster and the irtAB
operon in addition to genes encoding membrane proteins, members of the glycine-rich PE
/ PPE protein family, putative transporters and several genes encoding proteins involved
in basic metabolism (Rodriguez et al., 2002). High iron levels in the culture medium

results in induction of genes including bfrA and bfrB, which encode putative iron-storage
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proteins (i.e. bacterioferritin and ferritin, respectively) and katG, which encodes a

catalase-peroxidase.

Table 1.5. Iron-regulated envelope proteins in mycobacteria grown in vitro and in
vivo (Sritharan, 2000).

Organism Expression of IREPs of size (kDa) with reference to iron status

Low iron High iron

180 | 84 |29 25 |21 14 11 250 240 12
Defined iron status (in vitro-derived mycobacteria)
M. smegmatis + - + + - + = + + -
M. neoaurum i - + - + + - + + +
ADM 8563 - - + - - + + ? ? -
M. avium + - + S + + : + + g
Undefined iron status (in vivo-derived mycobacteria)
M. avium + |- + £ + + - + + ¥
M. leprae - = + - + + = + + -

+ and - denote the presence or absence of the protein

? denotes a very faint band.

1.10. Iron regulation at molecular level in mycobacteria

Intracellular iron levels operate at molecular level and regulate the expression of
the components of iron acquisition machinery. The well-characterized iron regulator in
mycobacteria is IdeR (iron dependant regulator) homologous to DtxR of gram-positive
bacteria. Iron-regulation is probably more complex in mycobacteria, as additional iron
regulators have been identified from whole genome sequencing, namely the FurA and

FurB (Fur family) and SirR (DtxR family).

1.10.1. IdeR

IdeR is present in both pathogenic as well as non-pathogenic mycobacteria. It is a
230-amino acid protein sharing 90% homology with DtxR proteins in the first 180 amino
acids (Schmitt et al., 1995). It functions as a homodimer and each monomer has three

functional domains with two metal-binding sites. In addition to iron, IdeR can also bind
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other divalent metal ions such as Mn, Zn, Co, Ni, and Mg (Pohl et al., 1999). From the
crystal structure of IdeR (Feese et al., 2001), four IdeR monomers form two functional
dimers, as observed previously in DtxR (Qiu et al., 1995). Metal binding activates the
protein’s DNA-binding ability by causing a conformational change in the DNA-binding
domains. This change is mediated by amino acids at the amino-terminal that also

participate in metal binding and therefore link the DNA- and metal-binding domains.
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Fig. 1.15. Regulation of iron metabolism in Mycobacterium tuberculosis. (a) Under
low iron condition, IdeR present in the cytoplasm lacks iron and is inactive for binding to
the promoters of iron-regulated genes. Consequently, genes that are negatively regulated
by IdeR like the mbt clusters and the irtAB operon required for iron uptake are actively
transcribed, whereas the iron-storage genes bfrA and bfrB that are positively regulated by
IdeR are not transcribed. (b) When intracellular iron levels increase, IdeR combines with
Fe" and binds to specific sequences (iron boxes) in the promoter region of iron-regulated
genes modulating their transcription.
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IdeR can be activated in vitro by several metals but iron (the natural cofactor) is
the optimal metal for IdeR function. In the presence of iron, IdeR binds to a 19 bp (5°-
TTAGGTTAGGCTAACCTAA-3’) sequence called the IdeR box in the vicinity of
promoter region of iron-regulated genes. It is a dual function regulator; under high iron
conditions it represses siderophore biosynthesis and induces iron-storage proteins
bacterioferritin and ferritin (BfrA and BfrB) (Gold et al., 2001). In the presence of Fe*",
IdeR-Fe*" complex binds to the iron box, upstream of mbt genes and bfrA and bfrB genes
but it affects their expression in opposite ways (Fig. 1.15). It represses transcription of the
former genes and activates the latter. In low-iron conditions, the IdeR—Fe*" complex is
not formed, and IdeR-repressed genes are transcribed while iron storage genes are not
expressed (Rodriguez and Smith, 2003). Transcriptional profiling of organisms grown
under iron-defined conditions showed that IdeR controls genes encoding putative
transporters, transcriptional regulators, proteins involved in general metabolism,
members of the PE / PPE family of conserved mycobacterial proteins and the virulence
determinant MmpL4 (Camacho et al., 1999).

The essential nature of M. tuberculosis ideR contrasted with the dispensability of
ideR reported in M. smegmatis (Dussurget et al., 1996). In M. smegmatis the inactivation
of ideR resulted in iron-independent production of siderophores (Dussurget et al., 1996)
and salicylic acid (Adilakshmi et al., 2000). A direct role for IdeR as a repressor of
siderophore production was supported by the presence of putative IdeR binding sites in
the promoter regions of exochelin synthesis and transport genes (Yu et al., 1998;
Dussurget et al., 1999).

In M. smegmatis, the ideR mutations resulted in the decreased levels of catalase
and the major superoxide dismutase, SodA (Dussurget et al., 1996), as IdeR is required
for the full expression of katG and sodA. However, this effect is not direct, as there are
no IdeR binding sites in the promoters of these genes (Dussurget et al., 1998). Whereas in
M. tuberculosis, the inactivation of ideR results in increased sensitivity to oxidative stress
is not well understood and no difference was found in the expression of genes involved in
oxidative stress protection between the ideR mutant and the wild-type strains (Rodriguez

et al., 2002). It is possible that there is an increase in a redox-reactive iron pool in the
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ideR mutant, and this, combined with decreased expression of bacterioferritin and ferritin,

may result in increased sensitivity to oxidative stress.

1.10.2. FurA (Ferric uptake regulator)

FurA regulates the expression of catalase-peroxidase encoded by KatG (Pym et
al., 2001). The furA-katG is expressed as an operon (Fig. 1.16), with FurA auto-
regulating its own expression by binding 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.
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(Lucarelli et al., 2008)
Fig. 1.16. Schematic representation of the regulatory functions of M. tuberculosis
FurA and FurB.

In M. tuberculosis (Pym et al., 2001) and M. smegmatis (Zahrt et al., 2001), FurA
negatively regulates the expression of katG, thereby modulating the response to oxidative
stress. This effect, however, is iron-independent in M. smegmatis (Pym et al., 2001). It
was proved by Pym et al. (2001) that FurA is not the principle regulator for siderophore
production. Where as 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 present Staphylococcus epidermidis is an additional iron-
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dependant regulator belonging to the DtxR family. The function of SirR homologue in M.

tuberculosis is yet to be determined.

1.11. Iron-regulated expression of virulence determinants

The intracellular iron levels regulate not only the iron acquisition machinery but
also the expression of virulence factors / toxins in several bacterial systems (Salyers &
Whitt, 1994). This was first demonstrated in C. diphtheriae in which iron levels control
the expression of ‘tox’ gene (Boyd et al., 1990). When Fe’" binds to DtxR as a co-
repressor molecule, the DtxR - Fe binds to the —10 region upstream of transcription start
site of the tox gene encoding diphtheria toxin, thus blocking its transcription by RNA
polymerase. Thus under low iron conditions, the toxin production is increased. Iron
regulates the expression of Shiga toxin in Shigella spp., exotoxinA in P. aeruginosa,
haemolytic toxin of V. cholerae, vero-cytotoxin of enterohaemorrhagic E. coli and o-
hemolysin in E. coli (Litwin & Calderwood, 1993; Sritharan, 2000). The relationship
between iron and bacterial virulence has also been demonstrated in experimental animals
using S. aureus (Gladstone & Walton, 1970), V. cholerae (Ford & Hayhoe, 1976) and Y.
enterocolitica (Robins-Brown & Prpic, 1985). The virulence of the organisms and their
multiplication increased significantly upon injection of exogenous iron into these
animals, while reducing the iron availability helped to control the growth of the pathogen
and thus the infection.

Pathogenic mycobacteria are facultative intracellular bacteria with the ability to
survive and proliferate inside the phagolysosomes of macrophages. One of the
bactericidal mechanisms of macrophages is the production of reactive oxidative
intermediates (ROI) such as superoxide anion (O2"), hydrogen peroxide (H,0;), hydroxyl
radical (*OH) and singlet oxygen ('O2). These oxygen species are extremely toxic to
microorganisms (Edwards et al., 2001). Mycobacteria produce enzymes like catalase-
peroxidase (KatG), superoxide dismutase (SOD), alkyl hydroperoxidase (AhpC) that
provide defence against the ROI.
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DeVoss and his coworkers (2000) reported that the deletion of the peptide
synthetases gene mbtB of the mbt cluster of M. tuberculosis resulted in a mutant unable to
produce either mycobactin or carboxymycobactin. Further the mutant showed a decreasel
n growth both in low iron conditions and inside macrophages. Manabe et al. (1999)
established the relevance of proper IdeR-dependant regulation for the virulence of M.
tuberculosis, by the construction of M. tuberculosis strain expressing an iron-independent
positive dominant corynebacterial dtxR and proved that the wild type IdeR controlled
events influenced the virulence in a murine model of infection. In M. smegmatis
Dussurget et al. (1996) demonstrated the role of IdeR in oxidative stress response in
addition to iron metabolism and showed an increase in sensitivity to hydrogen peroxide
in IdeR mutants due to the decreased activity of catalase-peroxidase (KatG) and
superoxide dismutase (SodA) activity, implying that IdeR is most likely to play a central

role in oxidative stress.

1.12. Mycobacterial catalase-peroxidases

Within the genus Mycobacterium three different types of catalase-peroxidases
have been identified: they include the T, M and A catalases. The heat-labile, H,O,-
inducible KatG catalase-peroxidase (T-catalase) is a member of the HPI group of
catalases. The heat-stable, non-inducible KatE catalase-peroxidase (M-catalase) belongs
to the HPII group. The HPI KatG catalase-peroxidase is resistant to aminotriazole, while
the HPII KatE catalase-peroxidase is sensitive. The third type of catalase (A-catalase)
was identified and described in strains of M. avium and M. intracellulare. It is similar to
the mycobacterial KatE HPII catalase, but has greater resistance to high temperature, has
a different charge, is more hydrophobic, and fails to react with antibody to KatE (Wayne
and Diaz, 1988). M. tuberculosis expresses only a single catalase, the KatG, heat-labile,
H202-inducible, HPI type catalase- peroxidase (Wayne & Diaz, 1982). Different types of
catalase-peroxidases identified in different mycobacterial species are represented in the

Table. 1.6.
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Table 1.6. Catalase-peroxidases in different mycobacterial species (Bartos et al.,
2004).

Mycobacterial species

Catalase-peroxidase

Authors

HPI-type HPII-type

<

< Z

=T 2 L5 L

<

M.

. asiaticum
.aurum

. avium

. bovis

. intracellulare

. gordonae

. kansasii

. leprae

. lepraemurium
. phlei

. scrofulaceum

. Smegmatis

. terrae

. tuberculosis

xenopi

Kat G
Nd
Kat G

Kat G
Kat G

Kat G
Kat G
Nd
Nd
Nd
Kat G

Kat G

Nd
Kat G

Kat G

Kat E
Kat E
Kat E

Nd
Kat E

KatE
KatE
Nd
Nd
Nd
KatE

Nd

Kat E
Nd

Nd

Wayne & Diaz, 1986
Quemard et al., 1991
Wayne & Diaz, 1986, Mayer & Falkinham,
1986; Milano et al., 1996
Wilson et al., 1995

Wayne & Diaz, 1982; 1986; 1988; Mayer &
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1.13. Structure of catalase-peroxidase KatG of M. tuberculosis

The M. tuberculosis catalase-peroxidase is a multifunctional heme-dependent

enzyme. Bertrand et al. (2004) crystallized the enzyme and reported its crystal structure

refined to 2.4-A resolution. The study reveals the dimeric assembly of the protein (Fig.
1.17a) of about 80 kDa, with each subunit of ~ 40 kDa. Each monomer (Fig. 1.17b) is

composed of two domains that are mainly a-helical and display a common core structure

shared by members of the bacterial and plant peroxidase families including yeast
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cytochrome ¢ peroxidase. The N-terminal domain contains the active site of the enzyme,
which includes the heme b prosthetic group. The fold of the C-terminal domain of the
enzyme is similar to that of the N-terminal domain, consistent with the proposal that the

enzyme arose from a gene duplication event. No heme is observed in this domain.

(Bertrand et al., 2004)
Fig. 1.17. Structure of Mycobacterium tuberculosis catalase- peroxidase. (a).
Schematic representation of the homodimer. N-terminal residues of each monomer
subunit form interlocking hooks via hydrophobic interactions. (b). A monomer. The N-
terminal domain is shown in light pink, and C-terminal domain is shown in dark pink.
The heme is shown in gray. N-terminal residues 24—30 are highlighted in green. Residues
278-312 are highlighted in red.
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(Ghiladi, 2005)

Fig. 1.18. Heme environment of M. tuberculosis KatG. Active site residues (R418,
Y229, R104, H108, and S315) are displayed in green
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KatG from M. tuberculosis is particularly important due to its role in the
activation of the drug INH. Considerable interest lies in understanding how the catalytic
site has the enzyme that can bind and the drug. Studies have focused on the determination
of those residues that are involved in this interaction. Among the several observations on
mutations in the katG gene, resulting in a non-functional molecule, Ser-315 is found to be
the most commonly occurring (Bertrand et al., 2004), resulting in up to a 200-fold
increase in the minimum inhibitory concentration for the drug. Ser-315 has reported to be
mutated to asparagine, isoleucine, arginine, and glycine, although the most frequently
occurring mutation is to threonine. It has been postulated that Ser-315 forms hydrogen
bonds to one of the heme propionate groups and that mutation to threonine would,
therefore, modify the heme pocket, altering INH binding. Asp-137 is another amino acid
residue that is thought to play a key role in the binding and activation of INH, as this
residue appears to be a catalase-peroxidase specific proton donor in the enzyme-catalyzed

activation pathway.

1.14. KatG and activation of isoniazid

INH is active against growing tubercle bacilli but not resting bacilli. Oxygen
plays an important role in INH activation since INH has no activity against M.
tuberculosis under anaerobic conditions. The work of several researchers (Lei et al.,
2000; Nguyen et al., 2002) has shed light on the mechanism of action of INH. INH is
activated by KatG to generate a range of reactive (oxygen and organic) species, which
then attack multiple targets in the tubercle bacilli. One of these species, the isonicotinic
acyl radical attacks the nicotinamide group of NAD" to form an INH-NAD adduct (Fig.
1.19). These adducts have been shown to occur in different isomeric forms including the
open isomeric forms and it is not clear which of them is the active species. Adduct
inhibits the InhA which is NADH-specific enoyl acyl carrier protein (NAD reductase)
which is encoded by inhA. InhA is part of the fatty acid synthase type-1I (FAS-II). This
explains the earlier observation by Takayama et al. (1973) who showed that inhibition of
mycolic acid led to the characteristic distribution of membrane and the cell death. The
blocking of the FAS-II pathway leads the accumulation of the FAS I products that blocks
the synthesis of the cell wall. The KatG mediated INH activation can also achieved with
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manganese, which enhances the production of the INH-NAD adduct formation (Nguyen
et al., 2002). Mdluli et al., (1993a) demonstrated the involvement of f-ketoacyl ACP
synthase KasA, also a part of the FAS-II system was a target of INH.
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N =N NH;y
g )
L‘N o-r o~ r 0
ou om ‘X z
Deficient antagonists INFLINAD adduet 5.9 i
NAT ? * -—
. EfpA?
PRt InhA inhibition
Mycolic acid biosynthesis y
DNA damage? iuhlbition NAD metabolism
& Cell death j

Fig. 1.19. Schematic representation of KatG mediated INH activation and its

mechanism of action (Zhang et al., 2005)

1.15. INH resistance: Alterations in katG as a contributing factor

Middlebrook (1952) first demonstrated catalase-peroxidase as a virulence
determinant. He reported spontaneous INH resistant mutations of M. tuberculosis in in
vitro culture and showed that these mutants lacked catalase activity and became
attenuated in guinea pigs. Based on several reports world wide on INH resistant strains it
is now evident that katG deletions and more commonly the katG point mutations are
encountered. Lack of KatG due to alterations in the katG gene, reduces the ability KatG
to activate INH thus leading to INH resistance. Between 20-80% of INH resistant M.
tuberculosis showed a mutation in the katG gene depending upon the geographical
location. Among these mutations the Ser 315 Thr is the most common and occurs in 50-

93% of INH resistant isolates. These mutations reduces the catalase and peroxidase
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activity by 50% and increases the MIC of these organisms to 5-10 pg / mL. This mutation
affects the binding of INH to KatG.

Other genes, which are potentially involved in INH resistance, include kasA,
inhA, mdh (NADH encoding type-II enzyme). Another candidate is the efflux protein
EfpA that is induced by INH (Colangeli et al., 2005). It is also a possibility that aryl
amine N-acetyl transferase (Nat), which is presents in humans as two isoforms Natl and
NatlI and acetylate aryl amine and hydrazine and can inactivate INH could be a candidate
for INH resistance. The Nat homologues are seen in M. tuberculosis and M. smegmatis

on the purified enzyme to convert INH to N-acetyl INH.

1.16. Relevance of studying the role of iron in pathogenic mycobacteria

There are several reports stating that the iron levels contribute to the pathogenesis
of M. tuberculosis. Anemia is frequently encountered in tuberculosis patients, indicating
that this is one of the mechanisms of the mammalian host to lower the bioavailability of
this essential nutrient. The iron-withholding ability of the host, as manifested through the
transferrin and lactoferrin proteins is vital as a defense mechanism against infection and,
if this is compromised by the administration of iron, then the consequences can indeed be
dire for the patient as the iron will preferentially feed the pathogen and not the patient
(Ratledge, 2004). Though there is increasing evidence that pathogenic mycobacteria,
specifically M. tuberculosis grows under conditions of iron limitation in vivo, the
influence of iron levels on the host-pathogen interactions is yet to be understood fully.
This will help in the identification of candidate antigens that can be exploited as potential

drug targets.

Objectives of the study
I. Studies on the iron acquisition machinery in Mycobacterium tuberculosis
1. Establishment of conditions of iron-limitation for the growth of mycobacteria.
2. Analysis of IREPs in M. tuberculosis.
3. Studies on the characterization of the iron-regulated HupB protein.
II. Effect of iron deprivation on mycobacterial catalase-peroxidases and the implications

on the efficacy of the anti-tubercular drug isoniazid on Mycobacterium tuberculosis.
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2.1. Sources of chemicals

Culture media Middle brook 7H9 / 7H10 / 7H11, supplements OADC / ADC,
Bactec 12B vials, p-nitro-alpha-acetyl amino-beta-hydroxy propiophenone (NAP) vials,
Lowenstein Jensen base and iron free chemicals were purchased from Becton &
Dickinson, USA Hi-Media and Alfa AESAR respectively. All fine chemicals, including
hexadecyltrimethyl ammonium bromide (HDTMA), Chrome azurol sulphonate (CAS)
and anhydrous piperazine, cocktail protease inhibitor, Bovine serum albumin (BSA),
Nitro Blue Tetrazolium (NBT), 3,3’-Diaminobenzidine tetra hydrochloride hydrate
(DAB), acrylamide, Ponceau S, agarose, ethidium bromide, isopropyl B-D-1-
thiogalactopyranoside (IPTG), Coomassie Brilliant blue R - 250 and bicinchoninic acid
(BCA) protein estimation kit were purchased from Sigma Aldrich Pvt. Ltd, USA.
Nitrocellulose membrane and 0.2 um syringe filters were purchased from Sartorius,
GmbH, Gottingen. 5-bromo-4-chloro-3-indolyl phosphate / nitroblue tetrazolium (BCIP —
NBT), tetra-methyl benzidine/ hydrogen peroxide (TMB H,0O,) and anti-IgG alkaline
phosphatase (ALP) and fluorescent isothiocyanate (FITC) secondary antibodies were
purchased from Bangalore Genei Pvt. Ltd, India. Bacterial grade media components,
other chemicals, acids, analytical reagents and organic solvents were purchased from
Qualligen / Sisco Research Laboratories / Hi-media / Bangalore Genei Pvt. Ltd. Bug
Buster Ni-NTA His-bind purification kit was purchased from Novagen, USA. DNA gel
extraction kit was purchased from Biogene Reagents Inc. CA, USA. Oligo nucleotide
primers were synthesized from Imperial BioMedics, France. DNA restriction enzymes,
RNaseA, dNTPs, DNA and protein molecular weight markers were purchased from MBI
Fermentas, Lithuvania. Microtitre plates were purchased from Tarsons, India. Mycotest

strips were from GVK Biosciences, India.

2.2. Source of bacterial strains and plasmid vectors

The mycobacterial strains used in the study are Mycobacterium tuberculosis
(ATCC 27294), M. bovis (ATCC 27289), M. kansasii (ATCC 12478), M. smegmatis
mc’155, M. fortuitum and M. vaccae (National Mycobacterial Repository at JALMA
Institute, Agra, India) and strains of M. bovis BCG - Denmark, Birkhaug, Moreau,
Phipps, Sweden, Russia, and Pasteur (a kind gift from Dr. Peter Small, Stanford

44



Materials & methods

University, USA). Escherichia coli strain DH50 was from our lab collection,
Escherichia coli strain BL21 (DE3) and pET-28a (+) vector were purchased from
Novagen, USA.

2.2.1. Source and collection of clinical isolates

Patients attending the Tuberculosis Clinic at Nizam’s Institute of Medical
Sciences, Hyderabad with signs and symptoms of pulmonary tuberculosis were clinically
examined. Based on the provisional clinical diagnosis of tuberculosis, the relevant
investigations, including chest X-ray, Ziehl Neelson (ZN) staining and culture by
BACTEC of pulmonary samples such as sputum, bronchial wash and pleural fluid were
performed.

The culture positive samples were tested for Mycobacterium tuberculosis
complex (MTBC) by performing NAP (p-nitro-alpha-acetylamino-beta-hydroxy
propiophenone) test. In this study, a total number of 40 definite cases of MTBC positive
human clinical isolates sensitive to the front line drugs; Streptomycin, Isoniazid,
Rifampicin and Ethambutol (SIRE) and resistant to Isoniazid (INH) were chosen based
upon the BACTEC drug sensitivity test.

Group I: Isolates susceptible to anti- tuberculosis drugs (20 isolates) (Table 1)
Group II: Isolates resistant to INH (20 isolates) (Table 2)

Table 2.1. List of clinical isolates susceptible to anti- tuberculosis drugs (SIRE)

S.No.|Lab no. |Age/Sex |[Sample AFB X-ray |Culture
1 A236-07 |35/M  Bronchial wash[Negative |Positive [Positive
2 A887-07 48 /M  |Sputum Positive [Positive |Positive
3 A1165-07[20/F  |Sputum Positive |Positive [Positive
4 A1748-07 46 /M  |Bronchial wash[Negative |Positive [Positive
5 PMO053-06/17/ M |Sputum Positive [Positive |Positive
6 PM052-06/19/F  |Sputum Positive |Positive [Positive
7 A3229-08 28 /F  |Sputum Positive |Positive [Positive
8 A2600-08 |72 /M  |Sputum Negative |Positive |Positive
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9 A2835-08|54 /M  [Bronchial wash[Negative |Positive [Positive
10 |A2556-08 30/M  |Sputum Positive |Positive [Positive
11 |A2468-08 36 /F  |Sputum Positive |Positive [Positive
12 |A2419-08|16 /F  |Bronchial wash/Negative |Positive |Positive
13 |A2220-08|55/M |Sputum Negative |Positive [Positive
14 |A2272-08140 /M  |Bronchial wash{Negative |Positive |Positive
15 |A2489-08|54/M |Sputum Negative |Positive [Positive
16 |A2498-08|76 /M  |Sputum Positive |Positive [Positive
17 |A2830-08|55/M |Sputum Positive [Positive |Positive
18 |A2913-0836 /M  |Sputum Positive [Positive |Positive
19 |A2780-08 40/ M  |Sputum Positive |Positive [Positive
20 |PM056-0638 /M  |Sputum Positive [Positive |Positive
Table 2.2. List of clinical isolates resistant to INH
S.No.| Labno. |Age/Sex Sample AFB | X-ray |Culture
i A2765-07 23/M [Sputum Positive [Positive [Positive
2 PM 028-06 30 /F  |Sputum Positive [Positive [Positive
3 PMO049-06 (15/M |Sputum Positive [Positive [Positive
4 PM047-06 32/M  |Sputum Positive [Positive [Positive
5 PMO034-06 24/F  |Sputum Negative |Positive [Positive
6 PMO015-06 24/M  |Sputum Negative |Positive |Positive
7 A5197-06 |46/M |Bronchial wash|Positive [Positive [Positive
8 A2751-08 [54/M |Sputum Negative |Positive [Positive
9 A5351-06 [53/M |Bronchial wash|Positive [Positive [Positive
10 |A3025-08 38/F  |Sputum Negative |Positive [Positive
11 |A4969-08 |[40/M [Pleural fluid [Negative |Positive [Positive
12 |A4787-08 |26 /M  [Bronchial wash[Positive |Positive [Positive
13 |A4891-06 [50/M |Sputum Positive [Positive |Positive
14 |A2828-08 48 /M |Sputum Positive |Positive [Positive
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15 [PM003-06 24 /M Sputum Positive [Positive |Positive
16 |PMO031-06(19/F  |Sputum Positive |Positive [Positive
17  |A4200-07 [40/M |Sputum Positive [Positive |Positive
18 |A4416-06 |55/F  [Bronchial wash[Negative |Positive [Positive
19 [PM033-06 42/M |Sputum Negative |Positive [Positive
20 |PM 024-06 26 /M  |Sputum Positive [Positive |Positive
21  |PMOSI -06[16 /F  |Sputum Positive |[Positive [Positive

2.3. Sources of serum samples
Serum samples from human patients with clinical symptoms of tuberculosis were
collected at Nizam Institute of Medical Sciences (NIMS), Hyderabad. Serum samples

from normal healthy volunteers were collected at University of Hyderabad, Hyderabad.

2.4. Media preparation
2.4.1. Lowenstein Jenson (LJ) egg-based solid medium

5.8 gms of LJ base, 1.8 mL of Tween-80 and 2 mL of glycerol were dissolved in a
final volume of 90 mL of DDW and autoclaved at 15 Ibs / sq. inch pressure for 30 min.
100 mL of egg homogenate was prepared in a sterile 500 mL conical flask, previously
autoclaved with glass beads and the contents of the eggs were added and shaken
vigorously to form a uniform homogenate. Then the prepared egg homogenate and 1 mL
of 2% malachite green solution were added in to the autoclaved LJ base medium and
mixed thoroughly. The medium was filtered and approximately 6-8 mL was aliquoted
into 30 mL McCartney bottles. The slants were coagulated by inspissation at 80°C for 90

min for three successive days.

2.4.2. Middlebrook - enrichment media
0.47 g of 7H9 Middlebrook base, 0.1 g of bacto casitone and 0.2 mL of glycerol
was dissolved in 90 mL of pre- autoclaved double distilled water in a 250 mL conical

flask and autoclaved at 15 lbs / sq. inch pressure for 30 min. Then 10 mL of ADC
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enrichment was added under aseptic conditions and stirred well and stored at 4°C for
future use.

For preparing 7H11 Middlebrook solid medium, 2.1 g of 7H11 Middlebrook base, 0.5
mL of glycerol was dissolved in 90 mL of pre-autoclaved double distilled water in a 250
mL conical flask and autoclaved at 15 lbs / sq. inch pressure for 30 min. Then 10 mL of
OADC enrichment was added under aseptic conditions and stirred well. Slants were

made using 5-7 mL of medium in McCartney bottles and stored at 4 °C till future use.

2.4.3. Iron-free Proskauer and Beck medium

All glassware used for preparation of medium was made iron free by soaking with
2% methanolic KOH overnight (O/N) followed by soaking in 8N HNOs; O/N and
subsequent washes with glass double distilled water. Proskauer and Beck medium was
prepared by dissolving 5 g of L-asparagine, 5 g of potassium dihydrogen orthophosphate
and 20 mL of glycerol in 900 mL of glass double distilled water. The pH was adjusted to
6.8 with 10 N NaOH and the medium was made up to 1 L. Alumina (6 g) was added and
autoclaved at 121°C at 15 Ibs / inch” for 30 min. The media was cooled and filtered using
Whatman grade 541 filters to remove the alumina. The media was aliquoted as 100 mL
volume in 250 mL conical flasks and re-autoclaved.

Before inoculation, added 1 mL of salt solution containing (16.8 mM Mg, 5.01
uM Mn?*" and 17 uM Zn*") to 100 mL medium. Iron was added at 8 pg Fe / mL (144 pM
of Fe) and 0.02 pg Fe / mL (0.36 uM of Fe) for high and low iron media respectively.

2.4.4. Luria - Bertani (LB) media

1 g of tryptone, 0.5 g of yeast extract and 0.5 g of NaCl were dissolved in 100 mL
double distilled water and the pH was adjusted to 7.2. The medium was autoclaved at 15
Ibs / sq. inch pressure for 15 min and stored at 4°C for future use. For preparing solid
agar, a 1.5 g of bacteriological agar was added to the above ingredients before

autoclaving.
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2.5. Growth of Mycobacterium tuberculosis under high and low iron conditions
Mycobacterium tuberculosis and M. bovis BCG strains, maintained as glycerol stocks at -
80°C / LJ slants at 4°C were revived in 7H9 Middlebrook medium supplemented with
ADC enrichment. The revived cultures were used to inoculate 100 mL of iron-free
Proskauer and Beck medium supplemented with 1 mL of salt solution and 8 pg Fe / mL
for high iron conditions and 0.02 pg Fe / mL for low iron conditions.

A homogenous suspension of the organisms grown in 7H9 medium was prepared
by vortexing the sample in the presence of glass beads, diluted to McFarland 4 and 1 mL
was used as the inoculum. The organisms were maintained at 37°C with shaking at 150
rpm for 14 days. The cells were separated by centrifugation at 6000 rpm for 15 minutes
and the spent growth medium and the cell pellet were used for further studies. Growth

was measured by determination of the cell dry weight.

2.5.1. Growth of M. tuberculosis with varying concentrations of iron
Mycobacterium tuberculosis was grown as above in medium supplemented with
iron at 0.02, 0.05, 0.1, 0.2, 0.4, 1, 4, 8 and 12 ng Fe / mL respectively and grown for 14

days as mentioned above.

2.5.2. Time-dependant growth of M. tuberculosis

Mycobacterium tuberculosis was inoculated separately into 5 flasks each of high
(8 ng of Fe/mL) and low iron (0.02 ng Fe / mL) media respectively and grown as
mentioned above. The organisms were harvested on days 4, 8, 12, 16, 20 and 24

respectively.

2.6. Assay of CMb and Mb
CMb and Mb were assayed in the culture filtrate and the cell pellet respectively. CMb
was assayed by Universal CAS assay and Mb was assayed by measuring the absorbance

of the ferri-Mb at 450 nm.
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2.6.1. Assay of CMb by Universal CAS assay (Schwyn and Neilands, 1987)
Preparation of reagents
Solution A
6 mL of hexadecyltrimethyl ammonium bromide (HDTMA) from 10 mM stock
(3.645 g / L of DDW) was pipetted in a standard flask and diluted with 10 mL of DDW.
To this, 1.5 mL of a freshly prepared 1 mM ferric chloride taken from 10 mM stock
(0.1622 g / L) in 10 mM HCI and 7.5 mL of 2 mM Chrome azurol sulphonate (CAS)
(1.211 g/ L) were added slowly.
Solution B
Anhydrous piperazine (4.3 g) was dissolved in a minimum volume of water and
7.25 mL of concentrated HCI was added. All the above solutions were made in iron-free
glassware. To prepare working CAS assay solution, solution B was added slowly to
solution A and made up to 100 mL with iron free DDW.
Procedure
2 mL of CAS assay solution was added to 2 mL of water (blank) and 2 mL of
culture filtrate (test), incubated for 30 min at RT and the absorbance read at 630 nm. The
absorbance is converted to siderophore units, using the equation below:
Siderophore Unit (SU) = (A - A¢/ Ap) X 100
(Ap: ODg30 nm of blank and A: ODg30 nm Of test).

Ferric-CMb was expressed as siderophore units per 100 mg cell dry weight.

2.6.2. Extraction of ferric-CMb (Gobin et al., 1995)

To the 100 mL of spent culture filtrate, approximately 1 mL of saturated aqueous
ferric chloride was added drop wise, till it forms a precipitate. It was centrifuged at 6,000
rpm for 15 min and to the clear supernatant one and half volumes of chloroform was
added to extract the ferri-CMb. The concentration of ferric-CMb was measured by

reading the absorbance of the clear supernatant at 450 nm (E%4s0nm of ferric-CMb = 48).
2.6.3. Extraction of ferric-Mb ((Ratledge & Ewing, 1996)

Ferric-Mb was extracted as follows. To the cell pellet from 100 mL culture, 10

mL of absolute ethanol was added, left at RT for O/N, followed by centrifugation at 6000
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rpm for 15 min. To the cell-free supernatant, 1 mL of saturated ferric chloride (in
ethanol) was added and left for 30 min at RT. The ferric-Mb was extracted with 10 mL of
chloroform, washed thrice with water and the concentration was determined by reading at
450 nm using chloroform as blank. Ferri-Mb was expressed as ODuso units per g dry

weight. (E%4s0nm of ferric-Mb = 43).

2.7. lIsolation of Iron-regulated envelope proteins (IREPs) from M. tuberculosis:
analysis of cell wall and membrane proteins by SDS-PAGE (Hall et al., 1987)
Preparation of solutions

1. Wash buffer: 10 mM Tris-HCI, pH 7.8

2. 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. After complete
dissolution at 4°C for O/N, 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 same volume of above buffer.
Condensation was repeated thrice and stored at 4°C.

3. Dissolving buffer (100 mL): 25mM Tris pH 8.8 (2.5 mL of 1 M Tris pH 8.8), 75 mM
glycine (0.18 g), 2% SDS dissolved in DDW and made up to 100 mL.

2.7.1. Isolation of cell wall and cell membrane fractions

The cells grown in high and low iron condition were harvested at 6000 rpm for 15
min. The supernatant was removed and cells were washed and resuspended in 6 mL of
wash buffer and subjected to sonication (time 20 min at 30 s pulse with 30 s interval,
amplitude 40 Hz, at probe temperature of 4°C in Sonics Vibra cell sonicator). The
sonicate was centrifuged at 6000 rpm at 4°C for 15 min to remove cell debris and the
supernatant was centrifuged at 18,000 rpm for 40 min at 4 °C to pellet the cell wall; the
supernatant was again subjected to ultra centrifugation at 45,000 rpm for 2 h 30 min to
pellet the cell membrane. Both the cell wall and cell membrane pellets were washed

twice with 1mL of wash buffer, to remove the unbound debris.
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2.7.2. Solubilisation of cell wall and membrane using Triton X-114 (Sinha et al.,
2002)

The cell wall and cell membrane pellets were solubilised by adding an appropriate
volume of 5% pre-condensed Triton X-114 and incubating at 4°C overnight with rocking.
The detergent and aqueous phases were separated by incubating in 37°C water bath for an
hour followed by centrifuging at 3000 rpm for 15 min at RT. 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 overnight at -20°C. The precipitated proteins were centrifuged at
12,000 rpm for 20 min, supernatant was discarded and the pellets were resuspended in 2
mL of chilled acetone and again centrifuged at 12000 rpm for 10 min. Later the protein
pellets were dried and dissolved in minimal amount of dissolving buffer and then

subjected to 5-20% gradient SDS-PAGE.

2.7.3. Protein estimation

Total protein concentration in the sample was estimated by BCA protein assay
reagent kit as per manufacturer’s instructions.
2.8. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli, 1970)
Stock solutions
Acrylamide and N, N’-bisacrylamide mix (30:0.8): 30 g of acrylamide and 0.8 g of
bisacrylamide were dissolved in 60 mL of water and made upto 100 mL.
Resolving gel buffer: Tris-HCI (1.5 M, pH 8.8) with 0.4% SDS.
Stacking gel buffer: Tris-HCI (0.5 M, pH 6.8) with 0.4% SDS.
Ammonium per sulfate (APS): 10% APS solution was prepared fresh in double distilled
water.
Sample buffer (2X): 0.125 M Tris-HCI (pH 6.8) containing 4% SDS, 20% glycerol and
0.002% bromophenol blue.
Running buffer: Tris-glycine buffer (25 mM Tris, 250 mM glycine and 0.1% SDS), pH
8.8.
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Staining solution: 0.25% Coomassie Brilliant Blue in 50% methanol and 10% glacial

acetic acid.
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Destaining solution: 20% Methanol and 10% glacial acetic acid in DDW.

Table 2.3. Preparation of resolving gel mix

Volume of the ingredients (mL)

Ingredients Gradient gel
10%

5% 20%
Acrylamide: Bisacrylamide | 2.75 10.60 10.60
Resolving gel buffer 4.00 4.00 8.00
Double distilled water 9.162 1.312 13.232
Ammonium persulphate 0.08 0.08 0.16
TEMED 0.008 0.008 0.008
Total volume 16.000 16.000 32.000

The resolving gel was prepared as 5 - 20% gradient gel or 10% gel using the recipe as
given above. The gradient was prepared using a gradient maker. The resolving gel was
allowed to polymerize and then the stacking gel was poured over it after appropriately
positioning the comb.

Table 2.4. Preparation of 5% stacking gel mix

Components Volume (mL)
Acrylamide: Bisacrylamide | 1.5

Stacking gel buffer 2.5

Double distilled water 6.0
Ammonium persulphate 0.03

TEMED 0.01

Total 10.04

About 40 pg of protein was loaded on to minigels and 50 pg of protein was used
for gradient standard gels. Equal volumes of the protein samples and 2X sample buffer

were mixed, boiled for 10 min and centrifuged for 10 min at 10,000 rpm to remove any
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insoluble material. The clear supernatant was loaded onto gel and electrophoresis was
carried out at 25 mA constant current using Hoefer electrophoresis unit (SE600 series).
The electrophoresis was allowed to run until the tracking dye was run out of the gel,
followed by electrophoresis for an additional 5 min. The gel was stained with Coomassie

Blue for 2 - 4 h and then destained O/N.

2.9. Western blotting analysis (Towbin et al., 1979)

Preparation of stock solutions

Transblot buffer (10X): Stock solution was prepared by dissolving 250 mM Tris and 1.3
M glycine in 400 mL of double distilled water. Working solution was prepared by mixing
200 mL of 10X stock solution and 400 mL of methanol in 1.4 L of double distilled water.
Tris buffer saline (TBS): 50 mM Tris HCI (pH 8.0) containing 150 mM NaCl in 1.0 L of
double distilled water.

Tris buffer saline — Tween solution (TBS-T): TBS containing 0.05% Tween — 20.
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.

The proteins resolved on polyacrylamide gel were electrophoretically transferred
on to nitrocellulose membrane at 30 V constant voltage O/N, employing transblot buffer
using Broviga transfer apparatus (Balaji Scientific). After the transfer, proteins were
visualized by Ponceau S stain to check the efficiency of protein transfer and for marking
the protein molecular weight marker. The membrane was then blocked 2 h using 5% non-
fat milk solution (NFM) dissolved in TBS-T. The membrane was washed thrice with TBS
and incubated O/N with appropriate antiserum (1:2000 for anti-HupB antibodies and 1:
250 clinical serum samples) diluted in TBS-T containing 1% NFM at 4°C. Later, the
membrane was washed 4 times with TBS and incubated in 1:500 dilution of anti-IgG
alkaline phosphotase conjugate in TBS-T containing 1% NFM at room temperature for
1’2 h. Then, the blot was washed thoroughly with TBS and developed using ready to use
5-bromo-4-chloro-3-indolyl phosphate / nitroblue tetrazolium (BCIP — NBT).
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2.10. Purification of Irep-28

Preparation of solutions

1) Elution buffer: 25 mM Tris-HCI (pH 8.8) buffer containing 5% glycerol, 1% SDS and
0.24 mM glycine.

Purification of Irep-28 was done by excising of 28kDa protein bands from a 10%
preparative SDS-PAGE from cell wall detergent phase protein fraction of M. tuberculosis
grown under low iron conditions. The excised slices were crushed with the help of a gel
crusher and protein was eluted using elution buffer and subsequent incubations at 37°C.
Five volumes of acetone was added to the elute and the protein was precipitated. Later
the protein pellets were dried and dissolved in minimal amount of dissolving buffer and
then the purity of the eluted protein was confirmed using 5-20% gradient SDS- PAGE
(detailed protocol refer 2.8).

2.11. Sequence analysis of Irep-28

The purified Irep-28 sample was digested in-gel, S - alkylated, and the tryptic
peptides were separated by liquid chromatography and analyzed by tandem mass
spectrometry (MS/MS) on a Waters Q-TOF Ultima Global as described earlier (done in
the lab of Dr. F. Altmann, Universitaet fuer Bodenkultur, Austria).

2.12. Antibodies against Irep-28

Antibodies against the cell wall associated Irep-28 (shown to be HupB) was used
to immunize rabbit subcutaneously and intramuscularly with 100 pg of purified HupB
mixed with Freund’s incomplete adjuvant. The secondary immunization was done using
50 pg of purified HupB mixed with Freund’s incomplete adjuvant. The rabbit was bled 2
weeks after secondary immunization and serum was separated and stored in - 80°C in

separate aliquots for further use.

2.13. In silico analysis

Nucleotide and amino acid sequences were analyzed using standard SWISS-
PROT bioinformatics and proteomics tools. BLASTN and BLASTX were used to search
the genome of M. tuberculosis. CLUSTALW was used for multiple sequence alignment.
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Sequence analysis and construction of phylogenetic tree for proteins was done using
CLUSTALw and CLC bio programs. SMART software was used to identify the
functional partners of HupB and the functionality prediction of HupB was done using TB

PRED soft ware.

2.14. Evaluation of clinical significance of HupB
2.14.1. Study group: Selection of tuberculosis patients

Study group include, patients attending the Tuberculosis Clinic at Nizam’s
Institute of Medical Sciences (Hyderabad, India), with signs and symptoms of pulmonary
or extra-pulmonary tuberculosis were examined. Based on the provisional clinical
diagnosis of tuberculosis, the relevant investigations, including chest X-ray, ZN staining
and culture by BACTEC and L-J of pulmonary/ extra-pulmonary were performed. In this
study, a total number of 44 definite cases of tuberculosis (confirmed clinically and by lab
testing) were chosen. Serum samples were collected from all these patients and were
tested for antibodies against Irep-28. The serum was also tested by commercial lateral

flow device (Mycotest, GVK BioSciences, India).

2.14.2. Immunoreactivity of serum samples with HupB

Preliminary analysis included immunoreactivity of serum sample by western
blotting analysis of the solubilised wall and membrane proteins was done using serum
from selected tuberculosis patients at a dilution of 1:250 using standard protocols. All
serum samples were subjected to dot blot analysis against the purified HupB antigen. 2.5
ug of HupB was spotted on nitrocellulose membrane. After blocking the membrane with
5% non-fat milk powder in TBS-T, human serum (1:250 dilution) was added and
incubated overnight. After suitable washes anti-human IgG ALP- conjugate (1:500
dilution) was added, followed by development of the blot with the ready-to-use BCIP -

NBT substrate (Bangalore Geneli, India) as per manufacturer’s instructions.
2.14.3. Testing of serum samples with the commercial lateral flow device Mycotest

All serum samples were tested by the commercial Mycotest (marketed by GVK

Biosciences, India), which is a lateral flow device coated with recombinant antigens for
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secretory proteins specific for M. tuberculosis (with a sensitivity and specificity of 87%
and 90% respectively, as per manufacturer’s information). 80-100 pL of serum was
added and the detection of a pink band in addition to the control band within 15 minutes

after addition of serum was considered positive for tuberculosis.

2.15. Molecular biology studies for cloning and expression of hupB
Cloning and expression studies were done following standard molecular biology
protocols (Sambrook et al., 1989). pET-28a (+) vector system (Fig. ), E. coli DH5a were

used for cloning and E. coli BL21 (DE3) was used as host for expression studies.

Xho l{158)
Not l{166)
Eag li186)
Hind 1i{173)
Sal l{179)
Sac l{190)
EcoR 1{192)
BamH l{198)
B Nhe l{231)
AL Nde I(23s)
Nco lj298)
Xba l{a3s)

Pvu I(4428)
Sgf li4428)
Sma |{4300)
i Pl I(1123)

Bel 1(1137)

Cla lia117)
MNru l{4083) BstE ll{1304)
pET-28a(+) Apa |(1334)
(5369bp)
BssH ll;1534
EcoS7 li3r7a) EcoR V(1573
Hpa I{182
AlwM 1(3840)
BssS |(aza7) Psha 1{1968)
BspLU11 l{az24) Bal l{z187)
Sap l(a108) Fsp l(2208)
Bst1107 |{zag5) PspS Il(z230)

Tth111 |{2969)

Fig. 2.1. pET-28a (+) expression vector

2.15.1. Genomic DNA Isolation (van Soolingen et al., 1994)

Preparation of solutions

1) TE buffer: 10 mM Tris-HCI; pH 8.0 containing | mM EDTA

2) Lysozyme (10 mg / mL stock): Dissolved 50 mg of lysozyme in 5 mL double distilled

water, aliquoted and stored at - 20°C.
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3) Proteinase K (10 mg / mL stock): Dissolved 50 mg of proteinase K in 5 mL double
distilled water, aliquoted and stored at - 20°C.

Mycobacterium tuberculosis genomic DNA was isolated by using the standard
detergent-proteinase K lysis protocol. Two loopful of mycobacterial cells were taken and
washed three times in TE buffer (100 mM Tris / HCI, pH 8.0 and 100 mM EDTA), re-
suspended into 600 uL of TE buffer and heat killed at 80°C for 30 min. the cells were
treated with 50 pL lysozyme (stock solution 10 mg / mL) for 1 h at 37°C. The clear
solution was then treated with 6 pL proteinase K (stock solution 10 mg / mL) and 70 pL
SDS (10%) and the mixture were incubated in a water bath at 60°C for 10 min with mild
shaking. The sample was brought to room temperature and to this equal volume of
phenol: chloroform: isoamylalcohol (25:24:1) was added and further incubated for 20
min at room temperature (25°C-28°C) with mild shaking. The sample was centrifuged at
12, 000 g for 15 min at room temperature. The upper phase was separated and mixed with
1 / 100 volume of RNase A stock solution (10 mg / mL), and incubated at 37°C for 30
min. The above phenol: chloroform: isoamylalcohol was repeated again. The DNA was
precipitated with 0.6 volumes of isopropanol at room temperature for 30 min. The DNA
pellet was washed with cold 70% ethanol. The DNA pellet was air dried overnight and
dissolved in an appropriate volume of sterile TE buffer and stored at 4°C. The
concentration and purity of DNA was determined by measuring the absorbance at 260

and 280 nm respectively.

2.15.2. Agarose gel electrophoresis
Preparation of reagents
1) Tris-acetate-EDTA (TAE) buffer: Dissolved 4.84 g Tris, 1.14 mL glacial acetic acid
and 20 mL 0.5 M EDTA in 1 L of double distilled water and pH was adjusted to 8.0.
2) Ethidium bromide: 1 mg / mL stock solution was prepared and added to the gels to
give a final concentration of 0.1 pg / mL.
3) Gel loading buffer: 0.25% bromophenol blue, 0.25% xylene cyanol FF, and 40% (w/v)
of sucrose in water.

Genomic DNA and PCR amplified products were subjected to electrophoretic

separation using 0.8% and 1.2% agarose gels, respectively. The gels were prepared by
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adding appropriate amounts of agarose into TAE buffer and subsequent boiling in a
microwave for complete dissolution. The DNA samples were prepared by adding 6X gel
loading buffer (6:1 - DNA: loading buffer) and loaded onto the gel. The DNA size
standards loaded onto gel included 8 puL of 1 kb ladder or A DNA, EcoRI-Hindlll double
digest (0.5 pg / uL stock). Samples were subjected to electrophoresis at 100 V and the

DNA was visualised in a UV transilluminator.

2.15.3. PCR amplification

PCR amplification of the full-length hupB gene was done using genomic DNA of
M. tuberculosis H37Rv as template. PCR was performed in a final volume of 20 pL,
using 50 — 100 ng of template DNA. The reaction mixture contained 2 pL of 10X Taq
buffer with KCl, 200 uM of each dNTP, 0.5 U Taq DNA polymerase, 0.15 mM MgCl,,
and 100 pmoles of primers L1 (with an Ndel site; 5° GGG AAT TCC ATA TGA ACA
AAG CAG AGC TCA T 3’) and L2 (with an Hind III site; 5° CCC AAG CTT CTA TTT
GCG ACC CCG CCG AG 3’). A negative control without template DNA was included.
PCR was done in a PTC-200 thermal cycler (MJ research, USA). The program consisted
of an initial denaturation step (5 min, 95°C) followed by 30 cycles of amplification (1
min at 60°C, 1 min at 72°C and 1 min at 94°C) with a final extension for 6 min at 72°C.
The hupB (645 bp) product was visualized after separation in 1% agarose gel. It was gel
purified using Biogene DNA gel extraction kit according to manufacturer’s

recommendations and kept at - 20°C.

2.15.4. Cloning and expression of hupB
a) Restriction digestion of vector and hupB amplicon

1 pg of pET-28a (+) plasmid DNA and hupB amplicon were individually
subjected to double digestion with Ndel and Hindlll in a reaction mixture of 50 uL and
incubated at 37°C for O/N. After heat inactivation at 65°C for 10 min, they were purified
using mini-elute reaction clean up kit (Qiagen, Germany).
b) Ligation

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

following formula.
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Concentration of the insert (ng) = ng of the insert x Size of the insert (kb) x Molar ratio

Size of the vector (kb)

The ligation reaction was carried out in a total reaction volume of 10 uL
containing 100 ng of vector DNA, 35 ng of hupB, 1 puL of 10X ligase buffer, 1 uL of T4
DNA ligase (5 U / pL) and made up to 10 pL with sterile double distilled water. The
reaction mixture was incubated at 16°C O/N. After heat inactivation at 65°C for 10 min,

the reaction mixture was stored at - 20°C or used for transformation immediately.

2.15.5. Transformation (Sambrook et al., 1989)

E. coli competent cells were prepared as follows; a single colony of E. coli DH5a
was picked with a sterile inoculation loop and inoculated into 5 mL of LB broth under
aseptic conditions. The culture was incubated O/N at 37°C in an orbital shaker. This was
added to 100 mL of LB medium and when the cell density reached 0.6 (ODgoo nm), the
cells were harvested by centrifugation at 3,000 rpm for 10 min at 4°C. The cell pellet was
re-suspended in 15 mL of 0.1 M CaCl, and incubated in ice for 30 min. The cell
suspension was centrifuged (3,000 rpm for 10 min) and the competent cells were re-
suspended in 1 mL of 0.1 M CaCl,.

10 uL of ligation mixture was added to 200 pL 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 transferred to ice for 2 min. 800 puL of LB broth was
added to the mixture and cells were incubated at 37°C for 1 h in a shaking incubator at
225 rpm. The cells were plated out on LB agar plates supplemented with kanamycin (50
ng / mL). The plates were incubated at 37°C O/N.

The colonies grown were picked serially, streaked on LB agar plate having
kanamycin and allowed to grow for O/N. The isolated colonies were used for colony
PCR. The positive clones were picked and tested for the presence of insert by plasmid

preparation followed by restriction digestion.
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2.15.6. Screening of recombinants
Plasmid DNA preparation: Miniprep method of Birnboim & Doly, 1979.
Preparation of solutions
Solution I: 50 mM glucose was dissolved in 50 mL of 25 mM Tris HCl (pH 8.0)
containing 10 mM EDTA. The pH was adjusted to 8.0 and stored at 4°C.
Solution II: 0.2 N NaOH solution containing 1.5% SDS was prepared fresh.
Solution III: Prepared by mixing 5M potassium acetate (pH 5.2), glacial acetic acid and
double distilled water in ratio of 60.0:11.5:28.5 (v/v).

A single colony was inoculated into 5 mL of LB medium with kanamycin (50 pg /
mL) and incubated overnight with shaking at 37°C. 1.5 mL of the culture was centrifuged
for 5 min at 6,000 rpm at 4°C in an eppendorf tube. The supernatant was removed by
aspiration. The pellet was re-suspended in 100 pL of Solution I by vortexing and
incubated on ice for 5 min. 200 pL of freshly prepared Solution II was added, the
contents were mixed well, and incubated on ice for 5 min. The solution was neutralized
by adding 150 pL of ice-cold Solution III, mixed by inversion for five times and after
incubation in ice for 5 min., centrifuged at 10,000 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) subsequently followed by centrifugation at 12,000 rpm for 10 min. The plasmid
DNA was precipitated with 2 volume of isopropanol at room temperature for 10 min and
centrifuged at 12,000 rpm for 15 min. The plasmid pellet was washed with 70% ethanol,
air-dried, and dissolved in 20 uL of TE buffer and stored at —20°C.

The presence of hupB insert was identified by restriction digestion of 1 pg
recombinant plasmid with Ndel and Hindlll in a reaction mixture of 20 uL and incubated
at 37°C for O/N. After heat inactivation at 65°C for 10 min, the release of insert was

identified using 1.2% agarose gel electrophoresis.

61



Materials & methods

2.15.7. Expression of recombinant HupB protein in E. coli

Recombinant plasmid from a positive clone was isolated and transformed into E.
coli BL21 (DE3) cells for expression studies. A single colony was inoculated in 5 mL of
LB medium supplemented with kanamycin and incubated at 37°C for O/N in an orbital
shaker. The 5 mL of O/N culture was inoculated in to 95 mL of LB medium
supplemented with kanamycin and incubated at 37°C until the ODggp nm of the culture
reached 0.6. An aliquot of culture representing un-induced cells was transferred to a new
tube and 1 mM IPTG was added to the remaining culture and allowed to grow for an
additional two hours. Both un-induced and induced cells were harvested by centrifugation
at 10,000 rpm for 15 min at 4°C, washed thrice and subjected to sonication for 5 min (20
sec pulse in Vibra Cell sonicator). The pellet and supernatant separated by centrifugation

at 10,000 rpm for 20 min were analyzed by SDS-PAGE using a 10% gel.

2.15.8. Purification of rHupB protein
rHupB was obtained as insoluble inclusion bodies and low level of expression
was observed in the soluble fraction as deduced by 10% SDS-PAGE. Purification of

rHupB from the insoluble fraction was done using gel elution procedure (refer to 2.10).

2.16. Surface localization of HupB protein by confocal microscopy

Preparation of reagents

Anti-HupB anti-bodies

Propidium iodide solution: 50 pg of propidium iodide was dissolved in 5 mL of double
distilled water and stored in aliquots at 4°C.

PBS-T: 10mM PBS pH 7.2 containing 0.05% Tween-20.

Confocal microscopy was performed with a Leica TCS SP2 AOBS instrument,
based on the published protocol (Asuthkar et al., 2007). Briefly, mycobacteria were
harvested at 8,000 rpm for 20 min, washed twice with PBS, and re-suspended in PBS
with 2.5% BSA to a cell density equivalent to McFarland standard of 1. A thin smear was
prepared on a slide, allowed to air dry, and then heat fixed by quickly passing the slide
through the flame of a Bunsen burner twice. The smear was then treated with 4%

paraformaldehyde at RT for 30 min and then blocked with 5% BSA for 1.5 h. Anti-HupB
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immunoglobulins were added at a dilution of 1:100 to the fixed mycobacteria and
incubated overnight at 4°C. After four washes with PBS with 0.05% Tween 20, the slide
was incubated with a 1:500 dilution of goat anti-rabbit fluorescein isothiocyanate (FITC)
conjugate (Bangalore Genei) for 1.5 h at room temperature and then subjected to four
washes with PBS to remove the unbound conjugate. Propidium iodide (10 pg / mL) was
applied as a counter stain. A drop of 90% glycerol was added to the slide to keep it moist
and sealed after overlying with a cover slip. The FITC fluorescence was visualized at 535
nm after excitation at 500 nm, while the excitation and emission wavelengths for

propidium iodide are 600 and 732 nm, respectively.

2.17. Ligand-binding studies: binding of HupB with ferric-Mb and ferric-CMb from

M. tuberculosis

2.17.1. Purification of ferric-Mb and ferric-CMb by HPLC

Purification of both ferric-Mb and ferric-CMb was done from M. tuberculosis
grown under low iron by HPLC using published protocols (Ratledge & Ewing, 1996).
The chloroform extracts of both ferric-Mb and ferric-CMb 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.

2.17.1.1. Separation by HPLC (Lane et al., 1998, Barclay et al., 1986)

Both ferric-Mb and ferric-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 ferric-Mb was separated using a
gradient (Table 5) 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 ferric-CMb was
separated using a gradient of 0 to 100% with buffer A (0.1% formic acid) and buffer B
(0.09% formic acid in 90% acetonitrile).
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Table 2.5. HPLC gradient for purification of ferric-Mb and ferric-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 and then subjected to mass spectrometry. The purity of the concentrated sample
was determined by performing spectral scan ranging from 250 nm-600 nm by using
chloroform as blank. The concentration of ferric complexes of siderophores was

determined by using their extinction coefficients.

2.17.1.2. Preparation of desferri-Mb and desferri-CMb (Sharman et al., 1995,
Macham et al., 1977)

16 uM of Mb and 20 uM of CMb (= 100 pL) of HPLC purified ferric-siderophore
was diluted to 1 mL with de-ionized water, mixed with 5.8 mg (1 umol) of 8-
hydroxyquinolone in 1 mL of HPLC grade methanol, and stirred for 20 min at room
temperature and then incubated at 22°C for 2 h for the complete formation of dark green
coloured ferri-8-hydroxyquinoline. The colourless desferri-siderophores were extracted
into redistilled chloroform (100 uL). All the glassware used for preparing desferri-
siderophores was made iron free to prevent the reformation of ferri-complex. The purity
of the desferri-siderophores was confirmed by spectral scan ranging from 250 nm-600 nm

using chloroform as blank and compared with the spectral scan of ferri-siderophores.

2.17.1.3. Titration of iron and desferri-CMb / desferri-Mb

Preparation of solutions

250 uM of Fe in FeCls stock solution: 400 mg of anhydrous FeCl; was dissolved in 1 mL
of acetonitrile (HPLC grade) and then diluted 10 times with acetonitrile.
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The iron binding capacity of the siderophores was determined by titrating 2 mL of
des-ferri siderophores (100 pL of extracted desferri-CMb / desferri-Mb (16 pg) in 1900
puL of chloroform) with 1 puL of FeCl; stock solution stepwise. The complex formation
was measured until the relative Assonm Of the siderophore became constant. The

concentration of the iron bound to the siderophore was calculated from the titration curve.

2.17.1.4. Labeling of des-ferri siderophores with **Fe (Dover and Ratledge, 1996)

For labeling of siderophores, from a stock solution of 7.175 p moles solution of
*Fe (specific activity of 5.77 Ci / g) in acetonitrile, 36 n moles was added to 2 mL of
desferri — siderophores and incubated for 2 h at RT. Sufficient amount of non-radioactive
FeCl; (1.728 p moles) in water was added to the mixture to 95% saturate the siderophore
with iron. The mixture was held at 4°C O/N and the unbound iron was removed by
centrifuging at 5000 rpm for 15 min. The *’Fe bound siderophore counts were measured
in B-counter (Tricarb-2100TR) using 5 mL of Bray’s mixture comprising POP (2 g),
POPOP (0.1 g), naphthalene (30 g), methanol (50 mL), ethylene glycol (10 mL) and
made up to 500 mL with 1, 4-dioxane.

2.17.2. Transblot analysis for the isolation of HupB protein

To demonstrate the interaction of HupB with the ferri-siderophores, HupB was
prepared from the cell wall detergent fraction of M. tuberculosis by Triton X-114 phase
separation (detailed procedure refer section 2.7.2) and 50 pg of protein fraction without
SDS was separated by native preparative gel electrophoresis (7% resolving gel and 5%
stacking gel), followed by transfer on to nitrocellulose membrane. Proteins were
visualized by Ponceau S stain and the 28 kDa HupB protein band (approx. 25 pg) was
excised from the membrane, blocked for 2 h in 20% NFM in TBS-T and used for the

*Fe-siderophore uptake studies.

2.17.3. Radiolabeled studies for the binding of siderophores to HupB

2.17.3.1. Dose dependant binding of *°Fe labeled siderophores to HupB
Dose-dependant binding of 25 pg of cell wall purified HupB with *°Fe labeled

siderophores was done by incubating the M. tuberculosis HupB with varying
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concentration of *’Fe-CMb ranging from 0, 25, 50, 75, 100 and 126 nmoles of iron and to
*Fe-Mb ranging from 0, 26, 52, 78, 104 and 131 nmoles of iron in 1 mL of TBS for 3 h
at RT. The unbound ligand was washed with TBST and the HupB bound *’Fe-CMb and

**Fe-Mb respectively was counted using 5 mL of Bray’s mixture.

2.17.3.2. Specific binding of HupB with the siderophores
a. Blocking studies with anti-HupB antibodies

Specific binding of siderophore to 25 pg of cell wall purified HupB was verified
by inhibition of binding of labeled siderophore to HupB by blocking of HupB sites with
anti-HupB antibodies (1:200 dilution) for 2 h at RT with shaking. After suitable washes
to remove the unbound antibody, the membranes were incubated with *Fe-CMb (74 n
moles) and *Fe-Mb (74 n moles) respectively for 3 h at RT with shaking. The bound
siderophore(s) was measured by taking the counts after the addition of 5 mL of Bray’s
mixture.
b. Displacement studies

Specific binding of siderophores to 25 ng of cell wall purified HupB was also
verified by displacement studies. HupB immobilized on the nitrocellulose membranes
were incubated with 143 n moles of *Fe-CMb and 147 nmoles of *’Fe-Mb for 3 h at RT
with shaking. After suitable washes with TBST, the bound *’Fe - siderophores was
displaced by the addition of cold ferric-Mb and ferric-CMb at concentrations of 0, 3, 9
and 14 nmoles and incubated for 2 h at RT with shaking. The unbound was washed thrice

with TBST and counted using 5 mL of Bray’s mixture.

2.17.4. Spectrofluorimetric studies of interaction of HupB with mycobactin and
carboxymycobactin

Spectrofluorimetric  analysis, performed in Cary Eclipse fluorescence
spectrophotometer, USA, was done with purified rHupB (25 pg) protein in 3 mL of TBS.
The sample was subjected to excitation at 280 nm, and the emission spectra were
obtained from 200 nm to 600 nm. Slit widths of 10 and 5 nm for excitation and emission
respectively were used and the integration time was set at 0.1 s. Ferric form of CMb and

Mb from a stock solution of 160 uM and 200 uM respectively were added from 0.4 uM

66



Materials & methods

tol6 uM stepwise and the emission spectrum was recorded after each addition. The data
obtained was fitted to Wolf’s equation to calculate the binding constant. The intrinsic
binding constant (Kb) was determined from the plot of Bound (I,-I) / ligand (uM) vs.
Bound (I,-I) where [ligand] is the concentration of ferric carboxymycobactin / ferric
mycobactin (uM) and I corresponds to fluorescence intensity at a particular concentration
and Io corresponds to fluorescence intensity in free form. The intercept/slope gives the
binding constant value.

The data were fitted to

Bound (I,-1) / ligand = Bound (I,-I) / ligand + 1/ Kb (I,-I)

Each set of data, when fitted to the above equation, gave a straight line with a
slope of 1/ (I,-I) and a y-intercept of 1/ Kb (I,-I). Kb was determined from the ratio of the
slope to intercept. An in-house non-linear least square analysis program or the Micro Cal

Origin software package was used for curve fitting the data (Arounaguiri et al., 2000).

2.18. Effect of iron levels on mycobacterial catalase-peroxidases
2.18.1. Mycobacterial strains and growth conditions

Slow growers such as Mycobacterium tuberculosis (ATCC 27294), M. bovis
(ATCC 27289) and M. bovis BCG Danish strain and fast growers such as M. kansasii
(ATCC 12478), M. smegmatis mc*155, M. fortuitum and M. vaccae (JALMA) were used
in this study. All the mycobacterial species were grown under high and low iron

conditions as described earlier (for detailed procedures refer methodologies 2.5 & 2.6).

2.18.2. Preparation of cell-free cell extracts

The mycobacterial cells grown under high and low iron conditions were
harvested, washed and re-suspended in phosphate buffer (0.05 M, pH 7.2). Then the cells
were sonicated in a Vibra Cell sonicator (12 pulses with each pulse for 20 s with 20 s
interval at 40 Hz) and centrifuged at 8000 rpm for 20 min to obtain the cell-free extract,

which was stored at -80°C till further use.
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2.18.3. Protein estimation
Total protein concentration in the cell-free extract was estimated by BCA protein

assay reagent kit as per manufacturer’s instructions.

2.18.4. Native-PAGE and activity staining in non-denaturing native gel (Wayne and
Diaz, 1986)

All the stock solutions for native PAGE was prepared as mentioned in Section 2.8 with
out SDS.

Table 2.6. Preparation of resolving gel mix for 7.5% acrylamide gel

Components Volume (mL)
Acrylamide: Bisacrylamide |2

Resolving gel buffer 2

Double distilled water 4

10% Ammonium persulphate | 0.04

TEMED 0.004

The resolving gel was allowed to polymerize and then the stacking gel was poured over it

after appropriately positioning the comb.

Table 2.7. Preparation of 5% stacking gel mix

Components Volume (uL)
Acrylamide: Bisacrylamide 750

Stacking gel buffer 750

Double distilled water 1350

10% Ammonium per sulfate | 30

TEMED 4

About 40 pg of protein was loaded on to gels. Equal volumes of the protein samples and
2X sample buffer were mixed and centrifuged for 10 min at 10,000 rpm to remove any
insoluble material. The clear supernatant was loaded onto gel and electrophoresis was

carried out at constant voltage of 40V at 4°C. The electrophoresis was allowed to run
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until the tracking dye was run out of the gel. The in-gel staining for catalase-peroxidase

was done as described below.

2.18.5. Analysis of catalase and peroxidase activities
2.18.5.1. Dual Staining for catalase and peroxidase in-gels (Wayne and Diaz, 1986)
The gel was washed with 100 mM phosphate buffer (pH 7.2) three times at
intervals of 10 minutes and finally incubated in 100 mL of freshly prepared phosphate
buffer (100 mM, pH 7.2) containing 10 pL of H,O, and 50 mg of 3, 3’-diamino benzidine
(DAB) for 20 min. After the gel was washed thrice with double distilled water, it was
incubated in 100 mL of DDW containing 50 pL of 30% H,O, for 10 min. After
incubation, the gel was washed with increasing amounts of DDW. Then the gel was
transferred in to a freshly prepared mixture of 30 mL of potassium ferricyanide (2%) and

30 mL of anhydrous ferric chloride (2%) and the reaction was stopped with water.

2.18.5.2. Spectrophotometric assay for catalase

Catalase activity was determined spectrophotometrically (Beers and Sizer, 1952)
by measuring the decrease in H,O, concentration by reading the absorbance at 240 nm
(Ea40 = 0.0435 mM'em™). The assay was performed in a quartz cuvette by the addition of
1 mL of reaction mix containing 40 pg of sample, 100 mM phosphate buffer (pH 7.2) and
the reaction was started by the addition of 30 mM 30% H,O,. The decrease in the
absorbance at 240 nm for 1 min was calculated and the specific activity of catalase was

expressed as micromoles of H>O, decomposed per min per mg of total protein.

2.18.5.3. Spectrophotometric assay for peroxidase (Marcinkeviciene et al., 1995)
Peroxidase assay was performed in a microtitre plate. 40 pg of mycobacterial cell
free sonicate was taken in a volume of 100 pL in 0.1 M phosphate buffer (pH 7.2), 100
uL of phosphate buffer was used as blank. To this 100 puL of substrate 1x TMB / H,0,
(Bangalore Genei) in 50 mM citrate buffer (pH 5.5) was added. The plate was incubated
for 15 minutes in dark at room temperature. The reaction was stopped by the addition 50
pL of 1.25 N H,SO4 to each well. Absorbance was measured at 450 nm in ELISA reader.

The peroxidase activity was expressed as A4sonm per mg total protein.
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2.18.5.4. lIsoniazid (INH)-mediated reduction of nitro blue tetrazolium (NBT)
(Joanis et al., 1999)

Peroxidase-mediated activation of INH was assayed by the reduction of nitroblue
tetrazolium (NBT) both spectrophotometrically and by activity staining in native gels
(Saint-Joanis et al., 1999). In the spectro-photometric assay, the reaction mixture consist
of 40 pg of total protein in 1 mL of solution containing NBT (600 pg) and INH (2.04 mg)
in 50 mM sodium phosphate buffer, pH 7.2 (prepared by dissolving 30 mg of NBT and
102 mg of INH in 50 mL of 50 mM of sodium phosphate buffer, pH 7.2) and 30 mM of
H,0,. After 1 h of incubation, 100 uL of isopropanol was added and the absorbance read
at 570 nm.

For the activity staining of gels, essentially the same protocol (except the addition
of isopropanol) was applied after electrophoretic separation of 40 png of total protein

under non-denaturing conditions.

2.18.5.5. Microplate Alamar Blue Assay (MABA) for determining the viability of
mycobacteria in the presence of INH

The microplate version of the Alamar Blue Assay (MABA) (Franzblau et al.
1998) was used to assess the mycobacterial susceptibility to INH. High and low iron cells
of M. tuberculosis, M. bovis, M. bovis BCG and M. fortuitum were adjusted to a cell
density corresponding to McFarland 1 (equivalent to 1.5 x10 ® cells / mL). In a microtitre
plate, a sterile solution of INH (stock solution of 8§ mg / mL in water was diluted to get a
working solution of 4 pg / mL) was serially diluted from 4 pug / mL to 0.0125 pg / mL.
To two such separate sets of the drug dilutions, 100 uL of high and low cell suspensions
were added respectively. Controls included wells containing the respective organisms
minus the drug. The microplate was incubated in an atmosphere of 5% carbon dioxide at
37°C for 5 days. Then 50 pL of Alamar Blue, prepared by mixing equal volumes of
Alamar Blue with 10% Tween 80 was added to each well. The color changes were

recorded visually after 30 min and 2 h after addition of the dye.
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2.18.6. Analysis of the clinical isolates for catalase-peroxidase activity

Clinical isolates were obtained from Nizam’s Institute of Medical Science (NIMS,

Hyderabad; cultures were kindly provided by Dr. V. Lakshmi Head, Microbiology). Fig.

2.2 shows the detailed processing of the clinical isolates. The clinical isolates were

categorized as sensitive (SIRE) to Streptomycin, Isoniazid, Rifampicin and Ethambutol

and Isoniazid resistant based on the drug sensitivity testing. The cultures were revived

from the BACTEC 12B vials into 7H9 / ADC medium. They were subcultured in

Proskauer and Beck liquid medium under high (8 pg Fe / mL) and low (0.02 pg Fe / mL)

iron conditions. Mycobacterium tuberculosis (ATCC 27294) strain was used as positive

control (refer 2.5).

Clinical isolate) ——pp»

Category of
isolates

Lab investigation ¢

Analysis of clinical isolates

AFB
Culture by BACTEC
Chest X ray

BACTEC drug
susceptibility test

Subculture in 7H9
Middle brook with
ADC

P & B medium with 8 ug Fe / mL and
0.02 pg Fe / mL

v

Expression of siderophores, b
mycobactin & carboxymycobactin [N actlvatlo_n
by NBT reduction

Catalase & peroxidase \
enzyme assays

Fig. 2.2. Analysis of clinical isolates

The clinical isolates were assayed for catalase, peroxidase as described for the

reference strains (for detailed protocols refer to methodologies 2.18.2, 2.18.4, 2.18.5

respectively).
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3.1. Studies on the effect of iron limitation in M. tuberculosis

3.1.1. Influence of iron levels on the expression of mycobactin and
carboxymycobactin

Mycobacterium tuberculosis was grown in Proskauer and Beck medium with iron
added to a final concentration of 0.02, 0.05, 0.1, 0.2, 0.4, 1, 4, 8 and 12 pg Fe / mL
respectively. A five-fold increase in the expression of both mycobactin (Mb) and
carboxymycobactin (CMb) was seen at 0.02 pg Fe / mL (Fig. 3.1) when compared to 8
and 12 ug Fe / mL respectively. There was a steady decrease in the levels of both these
siderophores with increasing iron concentration in the growth medium. The cut-off point

was 0.4 ng Fe / mL, above which there was repression of both Mb and CMb synthesis.

Mycobactin

Mycobactin
(OD450 nm / gm cell dry weight)

0 T T T T T T T
0 2 4 6 8 10 12 14

Concentration of iron in the growth medium
(ng Fe/mL)
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Fig. 3.1. Effect of iron levels on the expression of Mb and CMb. Mycobacterium
tuberculosis was grown with 0.02, 0.05, 0.1, 0.2, 0.4, 1, 4, 8 and 12 ug Fe / mL
respectively and the siderophores were assayed as described in Methods. Mb is expressed
as OD450 nm units / gm cell dry weight and CMD is expressed as SU / 100 mg cell dry
weight. The vertical bars represent the standard deviation of the mean from three
independent experiments.

3.1.2. Identification of iron-regulated envelope proteins (IREPs): coordinated
expression of Irep-28 with Mb and CMb

As described in the methods, the cell wall and cell membrane, obtained by
differential centrifugation was solubilised by Triton X-114. Figure 3.2 shows the SDS-
PAGE protein profile of the detergent and aqueous phases of cell wall and cell membrane
proteins. A 28 kDa protein (henceforth called Irep-28) in the cell wall detergent fraction
was found to be influenced by iron levels; maximal expression was seen in cells grown
with 0.02 pg Fe / mL in the medium with the level decreasing with increasing iron until
at 12 ug Fe / mL, there was complete repression of protein (Fig. 3.2 A). There was
coordinate regulation of Irep-28 with Mb and CMb; high level of expression of all these
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three components were seen at concentrations below 1 pg Fe / mL with almost complete
repression above 8 pug Fe/ mL.

Several other iron-regulated proteins were also identified. In the cell wall aqueous
phase, a 130 kDa protein (Irep-130) was seen under high iron conditions, with expression
up-regulated in organisms grown with 0.4 pg Fe / mL to 12 pg Fe / mL (Fig. 3.2 b, lanes
4-8). A 54 kDa protein (Irep-54) was seen in the cell membrane aqueous phase upon iron
limitation (Fig. 3.2 d), with the expression seen in organisms grown in 0.02 pg Fe / mL to
1 pg Fe / mL (lanes 1-5). An interesting observation was the expression of a 24 kDa
(Irep-24) in organisms grown with 0.02 to 8 ug Fe / mL (lanes 1-7) and a 26 kDa (Irep-
26) in organisms grown with 12 pg Fe / mL (Fig. 3.2 b). This pattern of expression of the
two proteins was reversed in the aqueous phase of cell membrane proteins (Fig. 3.2 d),
with the Irep-24 seen as a major band at 12 pg Fe / mL (lane 8) and the Irep-26 seen in all
the lower concentrations of iron (lanes 1-7).

All subsequent studies were done with 0.02 pg Fe / mL and 8 pg Fe / mL for

representing low and high iron growth respectively.
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116

66

45
35

Fig. 3.2. Protein profile of cell wall and membrane fractions of M. tuberculosis
grown under various iron concentrations. The proteins in the detergent and aqueous
phase of the Triton X-114 solubilized cell wall (a and b respectively) and cell membrane
(c and d respectively) were separated on a 5 - 20% gradient SDS-PAGE with lanes 1 to 8
corresponding to cells grown with iron 0.02, 0.05, 0.1, 0.4, 1, 4, 8, and 12 pg Fe / mL
respectively. Arrows indicate the different iron-regulated envelope proteins.

3.1.3. Time-course studies

Six sets of flasks with iron added at 8 ug Fe / mL (high) and 0.02 pg Fe / mL
(low) respectively were inoculated with 1 mL of McFarland 4 equivalent of cell
suspension grown under low iron conditions. The cells were harvested on days 8, 12, 16,
20 and 25 respectively. Both Mb and CMb were assayed and the time course of
expression of the Irep-28 was analyzed. Figure 3.3 a & b show the variations in the levels
of Mb and CMb with increasing periods of growth. In four-day-old cultures, the spent
growth medium showed high levels of CMb in both high and low iron organisms.
However, since the cell growth was low, Mb and Irep-28 were not analyzed. From day 8,
there was a steady increase in the levels of both Mb and CMb in low iron organisms, with
a six-fold increase on day 20. High iron organisms showed low levels of both the

siderophores, until on day 20; the CMb began to increase, reflecting the onset of iron
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limitation in these cells that were originally iron sufficient. Mb was slower to increase as

seen on day 25.
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§ 12 16 20 24

Day of harvest
Fig.3.3. Time-course studies: expression of Mb and CMb. Mycobacterium
tuberculosis, grown under high iron (8 pug Fe / mL) and low iron (0.02 pg Fe / mL)
conditions were harvested on days 8, 12, 16, 20 and 24 respectively. Mb is expressed as
OD450 nm units / gm cell dry weight and CMb is expressed as SU / 100 mg cell dry

weight. The vertical bars represent the standard deviation of the mean from three
independent experiments.
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The expression of Irep-28 coincided with the siderophore profile. As the inoculum
was from low iron culture, a faint band was detected in both low and high iron cultures
on day 8. With increase in growth, on days 12 and 16, negligible expression was noted in
the high iron cultures (Fig. 3.4), with significant levels in the corresponding low iron
organisms. In the 20-day old high iron cultures, simultaneous with the expression of

CMb, there was up-regulation of Irep-28 (Fig. 3.3 b), though mycobactin was still low.

M L1 H1I L2 H2 L3 H3 L4 H4

116

66

45

350

2%

18

14

Day of harvest

Fig. 3.4. Time course studies: expression of Irep-28. The detergent fraction of the
Triton X-114 solubilised cell wall pellet was subjected to SDS-PAGE on 5 - 20%
gradient gel. Lanes H and L represent the samples from high (8 pg Fe / mL) and low iron
(0.02 pg Fe / mL) grown cells harvested on days 8, 12, 16 and 20 respectively.

3.1.4. Purification, sequencing and identification of the IREPs

3.1.4.1. Irep-28: DNA-binding protein HupB
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Irep-28 was purified by preparative gel electrophoresis and shown as a single
band in SDS-PAGE (Fig. 3.5). The purified protein was sequenced by tandem mass
spectrometry after subjecting to tryptic digestion. Three distinctive peptides, comprising
of residues 20 to 34, 87 to 94, and 95 to 103 were obtained (Fig. 3.6a). The amino acid
sequence of these three peptides identified it as the DNA binding HU homologue HupB /
histone-like protein, hlp (Accession No. Rv2986¢, Swiss-Prot P95109).

The purified protein was also used to raise polyclonal mono-specific antibodies in

rabbit.

116

66

45

35

Irep- 28 >
25

18
14

Fig. 3.5. Purification of Irep-28. The purified Irep-28 is represented in lane 1 with lanes
2 and 3 showing the unfractionated cell wall detergent proteins from cells grown with
0.02 pg Fe / mL and 12 ug Fe / mL respectively and. Lane M represents the molecular
weight marker.
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Fig. 3.6. Sequencing analysis. Panel (a) shows Irep-28 that was identified as Histone-
like DNA binding protein, HupB (Swiss-Prot P95109); the three tryptic peptides
sequenced by MS/MS are represented in boxes. In Panel (b), both Irep-26 and Irep-54
were identified as the 50S ribosomal protein L4 (Swiss-Prot P60729); the red boxes
represent the tryptic peptides of Irep-26, while the green boxes represent the tryptic
peptides that overlapped between Irep-26 and Irep-54.

3.1.4.2. Irep-54 and lrep-26: 50S ribosomal protein L4

Irep-54 and Irep-26, purified and sequenced in a similar manner to Irep-28 were
identified as the 50S ribosomal protein L4. The three peptides of Irep-26 comprised of
residues 15 to 44, 130 to 145 and 177 to 196; the sequences of the overlapping peptides
in Irep-54 comprised of residues 15 to 44 and 20 to 48 (Fig. 3.6b), unambiguously
identified the two proteins as the 50S ribosomal protein L4 from M. tuberculosis. The
overlapping peptide sequences between the two proteins can be seen from the sequence

information listed in Table.3.1.
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Table.3.1. Peptide residues identified by sequencing Irep-54 and Irep-26

Sample | MS / MS identified peptides Protein identified as
e VDGAIELPAELFDVPANIALMHQV
P60729RL4 MYCTU 50S
VTAQR ‘ ‘
Irep-54 ribosomal protein L4 -
o TPAGKVDGAIELPAELFDVPANIAL . .
Mycobacterium tuberculosis
MHQVVTAQR

e [HAITELVEGQNPSTK

e NLPGVHILAPDQLNTYDVLR _ _
Irep-26 ribosomal protein L4 -
e TPAGKVDGAIELPAELFDVPANIAL

MHQVVTAQR

P60729|RL4 MYCTU 50S

Mycobacterium tuberculosis

3.1.5. Studies on the characterization of HupB

3.1.5.1. Bioinformatic analysis

The N-terminal 90 amino acids of the 214 amino acids long HupB of M.
tuberculosis showed homology with the corresponding homologue expressed by other
bacteria. The C-terminal end of HupB was found to be unique to mycobacteria, as seen
from the multiple sequence alignment of the HupB from M. tuberculosis with that of
other bacteria (Fig. 3.9). This stretch of the protein, rich in the basic amino acid lysine
was composed of several repeats comprising of lysine and alanine residues. This, in
addition to the helix-turn-helix repeats predicted by the Scratch protein structure program
implied the DNA binding property of the protein (Fig. 3.7). The presence of lysine
residues conferred a high pl value of 12.5 to the protein and resulted in the faster

migration of the 22 kDa protein as a 28 kDa protein.
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MNKAEL IDVLTQKLGSDRRQATAAVENVVDT IVRAVHKGDSVT ITGFGVFEQR
CCHHHHHHHHHHHCCCCHHHHHHHHHHHHHHHHHHHHCCCEEEEEECCEEEEE
RRAARVARNPRTGETVKVKPTSVPAFRPGAQFKAVVSGAQRLPAEGPAVKRGV
CCCCCCCCCCCCCCEEEECCCCCCCCCCHHHHHHHHHHCCCCCCCCCHHHHCH
GASAAKKVAKKAPAKKATKAAKKAATKAPARKAATKAPAKKAATKAPAKKAVK
HHHHHHHHHHHCCHHHHHHHHHHHHHHCCHHHHHHHCCHHHHHHHCCHHHHHH
ATKSPAKKVTKAVKKTAVKASVRKAATKAPAKKAAAKRPATKAPAKKATARRG
HcCcCHHHHHHHHHHHHHHHHHHHHHHHHCCHHHHHHHCCCCCCCHHHHHHHCC
RK

CC

Fig. 3.7. Secondary structure prediction of HupB. Using Scratch protein prediction
software, the secondary structure of HupB predicted is hypothesized to be helix-turn
helix without disulfide bonds. The red coloured letter H represents alpha helix, the black
E is the extended strand and C represents structures other than these.

Comparison of the amino acid sequence of HupB among the members of the M.
tuberculosis complex (Fig. 3.10) revealed that the protein from the vaccine strain BCG
Pasteur and the M. bovis ANS, used in the lab for production of bovine PPD showed
deletion of 9 amino acids (137-146 amino acids) while M. marinum showed a relatively
higher number of amino acids residues (220) when compared to the HupB protein from
M. tuberculosis. Extension of the comparison of the primary sequence of the protein with
other mycobacterial species showed several differences, as seen from multiple sequence
alignment (Fig. 3.8). Phylogenetic tree construction revealed that the ancestral
mycobacteria such as M. ulcerans, M. marinum and M. kansasii formed a distinct well-
separated cluster; M. avium, M. paratuberculosis and M. intracellulare came together
from a single branch while M. leprae deviated to form a separate branch. The closely
related M. bovis AF2122/ 97 and M. tuberculosis grouped together; BCG Pasteur, derived
from M. bovis and the laboratory grown M. bovis ANS5, both of which expressed HupB
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with 9 amino acid deletion separated out from M. tuberculosis (Fig. 3.11). The
relatedness of the mycobacteria with Nocardia, Rhodococci and Streptomyces is evident
from Fig. 3.6 Further, from the phylogenetic analysis of HupB performed across

members of different genera of bacteria, it is evident that other bacteria form a separate

cluster, with little relatedness to the mycobacterial HupB (Fig. 3.12).
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Fig. 3.8. HupB comparison of among different mycobacterial species. EBI
CLUSTALW multiple sequence alignment of Mycobacterial spp indicating variable
deletions in the C-terminal region among the members
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Fig. 3.9. Comparison of HupB among the different bacterial species. EBI
CLUSTALW multiple sequence alignment of bacterial spp. indicates the significant
deletions in the C-terminal region in comparison with M. tuberculosis.
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Fig. 3.10. Heterogeneity of HupB among the members of M. tuberculosis complex
(MTBC). EBI CLUSTALW multiple sequence alignment of MTBC members. The
boxed region indicates the region (amino acids 137-146) of deletion in M. bovis BCG
Pasteur and M. bovis ANS5
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Fig. 3.11. Phylogenetic analysis of HupB among different mycobacterial spp. The
phylogenetic tree generated by neighbor joining analysis using 100 bootstrap replicates,
rooted at midpoint and bootstrap values. The numbers shown as a percentage refers to the
divergence between the sequences.
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Fig. 3.12. Phylogenetic analysis of HupB from all bacteria. The phylogenetic tree was
generated with neighbor joining analysis using 100 bootstrap replicates, rooted at
midpoint and bootstrap values. The numbers were shown as percentages refer to the
divergence between the sequences.
Role of HupB in M. tuberculosis

As the expression of HupB was regulated by iron and shown to be associated with
that of the two siderophores mycobactin and carboxymycobactin, studies were done to
see if HupB played a role as ferric siderophore receptor. The ligand binding studies,
described below were done to assay the association of the protein with mycobactin /
carboxymycobactin.

In silico analysis of the functional partners of HupB (Fig. 3.13), predicted by

SMART software revealed that the smaller and larger subunits of isopropylmalate
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isomerase (encoded by leuC and leuD respectively) and a 233 amino acid protein
encoded by Rv2989 annotated as a probable transcriptional regulator occurred as
neighborhood genes and mfd, a transcriptional repair coupling factor and rplR, coding for

508 ribosomal subunit L18 were predicted to be co-occurrence genes.

- v
Qrugn |
9 hup DlNF\l-binding protein HU homalag (Histone-like pratein) (Hip) (21 kDa laminin-2- g% g %g n g;
binding protein) (214 aa) gt vE %;9
(Mycobact, tuberculosis H378u) SL3graE g
E‘g g 5 gﬁ ‘;:‘ o ¥
. d YUpoxlgT k
Predicted Functional Partners: zopoouors §
11111177 w
leuD  3-isopropylmalate dehydratase small subunit (EC 4.2.1.33) (Tsopropylmalate isomera,., » 0,845
©leuC  3-isopropylmalate dehvdratase large subunit (EC 4.2.1.33) (Isopropylmalate isomera.., # 0,306
Rvz939 PROBABLE TRANSCRIPTIONAL REGULATORY PROTEIN (233 aa) * 0644
@mfd  Transcription-repair coupling factor (EC 3.6.1.-) (TRCF) (ATP- dependent helicase mfd... . 0.547
SrplR 505 ribosornal protein L1A {122 aa) ' 0.509

Fig. 3.13. Functional partners of hupB, as identified by SMART soft ware.

3.1.5.2. Surface localization of HupB
(@). In silico analysis

Using TB PRED software, HupB was predicted to be a membrane protein
anchored to the membrane by lipid.
(b). Confocal microscopy

The surface localization of HupB was evident in the low iron organisms of M.
bovis BCG Moreau subjected to immunoreactivity with anti-HupB antibodies. Propidium

Iodide used as a counter stain showed equal number of high iron organisms that however
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did not express HupB as deduced from the lack of the green fluorescence in Panel B1

(Fig. 3.14).

FITC Propidium iodide Merged image

Fig. 3.14. Surface expression of iron-regulated HupB in M. bovis BCG Moreau by
confocal microscopy. Low-iron (Al to A3) and high-iron (B1 to B3) organisms were
incubated with anti-HupB antibodies and detected using FITC-conjugated secondary
antibody. The bacteria were counter stained with the DNA stain propidium iodide.

3.1.5.3. Variation in the expression of HupB among M. bovis BCG strains

Eight M. bovis BCG strains including Denmark, Birkhaug, Pasteur, Moreau,
Connaught, Phipps, Russia and Sweden were subjected to growth under high (8 pg Fe /
mL) and low (0.02 ug Fe / mL) iron conditions. All the strains showed a 3-15 fold
increase in the levels of Mb and CMb, when compared to high iron conditions (Fig. 3.15
a & b). While the levels of CMb among the BCG strains were almost identical, notably
high level of Mb was expressed by the Denmark strain, with low levels of expression in

BCG Russia.

Mycobactin
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Fig. 3.15. Expression of Mb and CMb in M. bovis BCG strains. M. bovis BCG strains
were grown under high iron (8 pg Fe / mL) and low iron (0.02 pg Fe / mL) conditions
respectively. Mb and CMb were assayed and were found up regulated upon iron
limitation in all the strains. The vertical bars represent the standard deviation of three
independent experiments.

These BCG strains also showed variations in HupB. (Fig. 3.16 & Table 3.2). Low

levels of the protein, irrespective of iron levels were noted in the strains Pasteur, Phipps
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and Sweden. Iron limitation induced HupB in Denmark, Birkhaug, and Connaught
similar to that seen in M. tuberculosis. Under the conditions in this study, HupB could not
be detected in BCG Russia. The HupB protein profile observation in SDS-PAGE was

reflected in the immunoblots developed with anti-HupB antibodies.

Fig. 3.16. Expression of HupB in M. bovis BCG strains. The cell wall detergent phase
was subjected to SDS-PAGE (Panel a) and immunoblotting with rabbit anti-HupB
antibodies (Panel b). Lanes H and L represent high iron (8 pug Fe / mL) and low iron
(0.02 pg Fe / mL) samples.
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Table.3.2. Influence of iron levels on the expression of HupB in the different M.
bovis BCG strains.

BCG strains Denmark Birkhaug | Pasteur | Moreau | Connaught | Phipps Russia Sweden H37Ry
Level of HupB ++ + ++ +++ + ++ ++ ++
expression Not
Influence of iron levels I+ I* Cr* I+ I+ s | detected |, I+
on expression

* Induced under low iron conditions, **Constitutively expressed

3.1.5.4. Ligand binding studies

In order to study the interaction of HupB with Mb and CMb, the protein and the
respective siderophores were first purified as shown below.

(a) Purification of HupB protein

HupB protein was obtained both from the cell wall fraction and as a recombinant protein

by cloning of the full-length gene.

e Purification of the native HupB protein. HupB was purified from the Triton X-114
solubilized cell wall detergent fraction of M. tuberculosis (as described in the
Materials and Methods 2.10).

e Cloning, expression and purification of recombinant HupB

The cloning and expression of rHupB is represented in Fig. 3.17 & Fig. 3.18. The
full-length 645 bp hupB amplicon and the vector pET-28a (+), subjected to double
digestion with Ndel and Hindlll were ligated and initially transformed into E. coli DH5a.
Positive clones were selected by colony PCR. The recombinant plasmid pUH-hupB was
isolated and transformed into the expression host E. coli BL21 (DE3). One of the positive
clones, identified by colony PCR was used for preparation of rHupB (Fig. 3.17).

The transformants were small and the growth rate was relatively low as compared
to the host organism. The rHupB was expressed as insoluble protein in inclusion bodies
upon induction with 1 mM IPTG for 2 h at 37°C (Fig. 3.18). The insoluble pellet,
obtained by centrifugation was solubilised in sample buffer and subjected to SDS-PAGE.

The rHupB, purified by gel elution was re-run and shown to be a single band.
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The mobility of the rHupB was slightly retarded as compared to the HupB from
cell wall fraction. This is evident from the immuno blot of the two preparations

developed with anti-HupB antibody (Fig. 3.18).
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Fig. 3.17. Cloning of hupB gene (645bp) from M. tuberculosis. Panel (a) represents the
645 bp hupB amplicon (lane 1) and Panel (b) shows the pET-28a (+) plasmid (lane 1)
were digested and ligated to generate the recombinant plasmid pUH-hupB (Panel c). The
hupB amplicon was detected in several E. coli DH5a transformants (Panel (d), lanes 1-5,
¢ and d representing positive control and blank respectively). Panel (¢) shows the 645 bp
insert in the E. coli BL21 (DE3) transformants (lanes 1-4) in which lane C represents the
positive control. Lane M is the 100 bp ladder used as molecular marker.
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Fig. 3.18. Expression and purification of rHupB. SDS-PAGE analysis of the lysate of
un-induced (lane 1) and IPTG induced (lane 2) E. coli BL21 (DE3). Panel (b) shows the
purified rHupB protein (lane 1). Lane M represents the molecular weight marker. The
mobility shift of the rHupB (lane 2) showing slower migration than the cell wall
associated HupB (lane 1) is shown in the immunoblot of the respective proteins with anti-

HupB antibody

(b) Purification of Mb and CMb

Using reverse phase HPLC, the hydrophobic Mb was separated with a gradient of
methanol, acetonitrile and water, while the relatively more hydrophilic CMb was
separated with acetonitrile and water gradient. As reported earlier (Barclay et al., 1986)
both the siderophores separated out as a mixture of almost identical compounds with
maximal absorbance at 450 nm. Mb resolved into 9 peaks with retention time between

12-28 min (Fig. 3.19a), while CMb resolved into 15 compounds with retention time
between 15-23 min (Fig. 3.19b).
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Fig. 3.19. Purification of Mb and CMb by HPLC. The chloroform extracts of Mb and
CMb were subjected to reverse phase HPLC on Water’s C18 column (150 mm x 4.6 mm
id, 5 pm). The eluate, monitored at 450 nm shows the mixture of compounds representing
Mb and CMb respectively in Panels (a) and (b).
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Fig. 3.20. UV-Visible Spectral scan of Mb and CMb. Panels (b) and (¢) show the
absorption maximum of ferric-Mb and ferric-CMb respectively at 450 nm. The
corresponding peak was not observed in the desferri forms of Mb and CMb (Panels (c)
and (f)) and the chloroform blank (Panels (a) and (d)).
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3.1.5.4.1. Preparation of *’Fe- Mb and **Fe- CMb

Prior to the preparation of the radiolabelled ferric siderophores, the amount of
Fe’* required to bind a known concentration of the siderophore was determined. Desferri
Mb and CMb do not absorb at 450 nm while the ferric forms showed absorption
maximum at 450 nm (Fig. 3. 20).
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Fig. 3.21. Determination of iron-binding capacity of Mb and CMb. Increasing
amounts of ferric chloride from a stock solution of 250 mM was added to 16 pg of Mb /
CMD respectively. The amount of the ferric-Mb and ferric-CMb formed was measured by
reading at OD450 nm. The saturation value was determined as the point where further

addition of iron did not result in the further increase in OD450 nm.
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Hence titration of known concentration of Mb and CMb with increasing amount
of Fe*" was done. It was determined that 16 pg of Mb / CMb bound 2 pmoles of Fe'"
(Fig. 3.21). Radioactive Fe*™ (specific activity 5.77 Ci / gm) was suitably diluted with
cold iron and 2 pmoles of *’Fe’" was added to 16 pg Mb / CMb respectively to prepare
**Fe- Mb and *’Fe- CMD respectively.
3.1.5.4.2. Binding studies

(a). Radiolabeled studies

25 ng of HupB protein purified from the cell wall fraction was immobilized on
nitrocellulose membrane and several such individual strips were incubated with
increasing concentrations of *’Fe-Mb / *’Fe-CMDb respectively (Fig. 3.22). The amount of
radioactivity associated with each strip was measured and plotted to show the dose-
dependent binding of the ferric-siderophores to HupB. With increasing concentrations of
the ferric-siderophore, it was observed that both Fe-Mb and Fe-CMb bound HupB in a
dose-dependent manner until it reached a plateau indicating the saturation value that was
almost similar for both the siderophores.

The specificity of the binding of *’Fe-Mb / *’Fe-CMb to HupB was demonstrated
by the inhibition of binding of the ferric-siderophores by anti-HupB antibodies; more
than 50% inhibition was achieved with both ferric-Mb and ferric-CMb (Fig. 3.23). The
specificity of this binding was evident from the relatively low level of binding to a non-
specific protein BSA used as control. Non-specific binding of the ferric-siderophore to
the nitrocellulose membrane was almost negligible.

From the displacement studies (Fig. 3.24), it was evident that addition of cold
ferric-siderophore(s) displaced the bound label from HupB. With increasing addition of
the cold ferric-siderophore(s), there was a corresponding displacement of the bound *’Fe-

Mb / ¥Fe-CMb.
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Fig. 3.22. Dose-dependent binding of Mb and CMb to HupB. Increasing amounts of
*Fe-Mb (Panel a) and *Fe-CMb (Panel b) was incubated with 25 pg HupB and after
suitable washes, the amount of bound radioactivity was measured. The vertical bars

represent the standard deviation of the mean from three independent experiments.
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Fig. 3.23. Specificity of binding of Mb and CMb to HupB: Inhibition of binding by
anti-HupB antibodies. Panels (a) and (b) show the inhibition of binding of >’ Fe Mb and
*Fe CMb to HupB by anti-HupB antibodies. The non-specific binding of the ferric-
siderophores to the nitrocellulose membrane was almost negligible. BSA was used as a
control protein to which the ferric-siderophores showed a low level of binding. The
amount of the > Fe-Mb / *’Fe ~CMb bound is represented as percentage of the ratio of
bound versus added radioactivity. The vertical bars represent the standard deviation of
the mean from three independent experiments.
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Fig. 3.24. Displacement of bound *’Fe-siderophores using cold ferric-siderophore.
The dose-dependent decrease in the bound radioactivity with increasing addition of cold
ferric-siderophore was observed with both “Fe-Mb / *’Fe-CMb. The vertical bars
represent the standard deviation of the mean from three independent experiments.

(B). Spectrofluorimetric analysis

The association of both Mb and CMb to the iron-regulated HupB protein was
strengthened by spectrofluorimetric analysis (Fig. 3.25 & Fig. 3.26). The rHupB protein,
excited at a wavelength of 280 nm showed an emission peak at 384 nm. Upon addition of
Fe-Mb to the protein sample, the intensity of the emitted light decreased; increasing
aliquots of the ligand resulted in the steady decrease in the intensity of the emitted light
(Fig. 3.25 b). A similar observation was observed upon addition of Fe-CMb (Fig. 3.26).
Both the siderophores and the buffer used in the reaction, serving as negative controls

showed negligible baseline fluorescence.
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From the Scatchard plot, the binding capacity (Bma.x) of Fe-Mb (Fig. 3.25¢) / Fe-

CMb (Fig. 3.26c) was calculated as 1.045 mM and 0.551 mM respectively. The

association constant (Ky) values, derived from the ratio of the slope to intercept were

determined as 0.247 uM™" and 0.122 pM™" respectively for Fe-Mb and Fe-CMb.
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Fig. 3.25. Spectrofluorimetric analysis: Association of Fe-Mb to HupB. The peak
intensity of the emitted spectrum of the purified HupB (ug total protein), with base line
fluorescence of buffer and Fe-Mb is represented in Panel (a). The decrease in the
intensity of the emitted light upon addition of increasing aliquots of Fe-Mb (stock
concentration of 160 uM) can be seen in Panel (b). From the Scatchard plot (Panel c), the
binding and the dissociation constants were obtained.
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Fig. 3.26. Spectrofluorimetric analysis: Association of Fe-CMb to HupB. The peak
intensity of the emitted spectrum of the purified HupB (ug total protein), with base line
fluorescence of buffer and Fe-CMb is represented in Panel (a). The decrease in the
intensity of the emitted light upon addition of increasing aliquots of Fe-CMb (stock
concentration of 200 pM) can be seen in Panel (b). From the Scatchard plot (Panel c), the

binding and the dissociation constants were obtained.
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3.1.5.5. Clinical Significance of HupB expression in M. tuberculosis: Detection of
anti-HupB antibodies in the serum of patients with tuberculosis

Serum from tuberculosis patients, with clinical and culture confirmation of the
disease were analysed for the presence of antibodies against the HupB protein. The cell
wall detergent phase proteins of M. tuberculosis, subjected to growth under varying
concentrations of iron showed HupB expression under low iron conditions with
repression of synthesis at 8 and 12 pg Fe / ml (section 3.1.2). One of the serum samples,
incubated with the above cell wall detergent phase proteins reacted with the HupB
protein, the immunoblot profile reflecting the iron-regulated expression of this protein
(Fig. 3.27).

Subsequent dot blot analysis was done using cell wall-purified HupB (2.5 pg)
antigen and the detection of anti-HupB antibody was compared with culture, radiological
examination and a commercial screening device Mycotest. Of the 44 patients in the
study, culture by BACTEC was done in 40 cases, chest X-ray examination was
performed for 41 cases, and 42 of the serum samples were tested by using the Mycotest
device (Fig. 3.28 a,b & c). A total of 28 of the 33 culture-positive cases and 33 of 39
chest X-ray positive cases showed antibodies to HupB. The commercial Mycotest (with a
sensitivity of 87% and a specificity of 90%) identified only 22 cases versus the 36 cases
identified by immuno-reactivity with HupB. Figure 3.29 shows the comparison of the

immuno-reactivity of HupB with the mycote%.
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Fig.3.27. Detection of anti-HupB antibodies in the serum of patients with
tuberculosis.

A. HupB protein expressed under low iron concentrations (section 3.1.2) reacted with
anti-HupB antibodies in the serum of a tuberculosis patient. Panel A shows the proteins
separated by SDS-PAGE and stained with Coomassie blue (i) while (ii) represents the
corresponding immunoblot. Lanes 1 to 7 in both panels A and B represent cells grown
with iron added at 12, 8, 4, 1, 0.1, 0.05, and 0.02 pg of Fe / mL, respectively.

B. Dot blot analysis of serum samples from tuberculosis patient’s VS Mycotest. Samples
(a), (b), (c) and (d) represents the serum samples positive for both HupB and Mycotest.
Panel (e) represents the serum sample positive HupB but negative for Mycotest and Panel
(f) represents the negative control.
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(B). Immuno-reactivity of HupB in relation to
BACTEC culture

BACTEC culture

+ - Tatal
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(C). Immuno-reactivity of HupB in relation to Mycotest

My cotest
+ - Total
HupB + 20 16 36
2 4 f
Total oy 20 42

Fig. 3.28. In vivo expression of HupB. Panels A, B and C represents the analysis of 44
serum samples from confirmed tuberculosis patients are presented. The detection of
antibodies to HupB is compared to conventional diagnostic tests including culture, chest
X-ray, and the commercial antibody-detection lateral flow device Mycotest. The results
show the high degree of correlation of the detection of anti-HupB with culture and chest

X-ray compared to the Mycotest.
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3.2. Effect of iron levels on mycobacterial catalase-peroxidases

3.2.1. Establishment of iron limitation in different mycobacterial species
Mycobacterium tuberculosis, M. bovis, M. bovis BCG Denmark, M. fortuitum, M.

kansasii, M. smegmatis and M. vaccae were grown in Proskauer and Beck medium with

iron added at 4 pg Fe / mL (high) and 0.02 ug Fe / mL (low) respectively. The

extracellular siderophore CMb / exochelin showed 3-4 fold increase under low iron

conditions in all the mycobacterial species (Fig. 3.29) except M. vaccae, in which low

levels of exochelin were observed.
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Fig. 3.29. Influence of iron levels of expression of CMb / exochelin in different
mycobacterial species. Iron-limited organisms of M. tuberculosis, M. bovis, M. bovis
BCG (Denmark), M. kansasii, M. smegmatis and M. vaccae showed increased levels of
the extracellular siderophore CMb / exochelin upon iron limitation (0.02 pg Fe / mL) as
compared to high iron conditions (4 pug Fe / mL). It is expressed as siderophore units
(SU) and the vertical bars represent the standard deviation of the mean from three
independent experiments.
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3.2.1.1 Spectrophotometric assay of catalase and peroxidase activities:
Demonstration of low levels in iron-limited organisms

Peroxidase activity was seen in all the mycobacterial species when grown under
high iron conditions (Fig. 3.30a), the levels being 3 - 4 fold higher in M. bovis BCG, M.
fortuitum and M. kansasii when compared to M. tuberculosis and M. bovis; low levels of
activity were seen in M. smegmatis and M. vaccae.

Iron limitation resulted in a dramatic decrease in the peroxidase activity (10-13
folds) in all the mycobacterial species tested except in M. vaccae. In the latter, both
peroxidase and catalase activities were unaffected by iron levels, though the relative
activity of catalase was high comparable to that of M. kansasii and M. fortuitum grown
under high iron conditions. Catalase activity also showed a significant reduction in all the

mycobacterial species except M. vaccae (Fig. 3.30b).

(a)
100
I High iron
[ Low iron

g

Q o

2 80

-

o

=
55 8
R i
20 60
< o0
o g
m ~
S8
o llo=
e 5 40 -
£

(e

v

<t

A 20 A

O i

O ﬁ
\ \\\S a( \)ﬁ“ 5\ \S g
\)\05 S o O N e G c,()
\\)‘OQ‘G %C Oe W o€ \\l\\(\‘a N\ “\QQ \I\

107



Experimental Results

(b)
500
I High iron
= [ Low iron
B)
S 400 A
g
2=
@ o
L
5 S 300 A
)
o E
22
2 E
g Z 200 +
N
2 O
o o
S
“2 © 100
L
o
g
= | m
0
\S NS W W \\ \\S
o N e\ N S 2!
s 0O Gen® &0““\\ a‘\c"a PO .
N\'\\p BCG W WS NS

Fig. 3.30. Spectrophotometric assay of peroxidase and catalase activities. The cell-
free sonicates of M. tuberculosis, M. bovis, M. bovis BCG Denmark, M. kansasii, M.
smegmatis and M. vaccae grown in high iron (4 pg Fe / mL) and low iron (0.02 ug Fe /
mL) conditions were assayed for peroxidase (a) and catalase (b) activities. Peroxidase
activity was measured using TMB / H,0O, as substrate and catalase was measured by the
decrease in the H,0O, concentration per min at 240 nm. The vertical bars represent the
standard deviation of three independent experiments.

3.2.1.2 Activity staining of the isoforms of catalase and peroxidase in polyacrylamide
gels

Dual staining for the activity of catalase and peroxidase revealed several isoforms
in the different mycobacterial species, with variation seen in the number, enzymatic
activity and heat inactivation among these isoforms.

Two isoforms with dual activity were seen in high iron cells of M. tuberculosis,
M. bovis and M. bovis BCG; of the two isoforms, one of them is a major band with
significant activity, which is completely lost and cannot be detected in low iron
organisms (Fig. 3.31). Heat treatment of the cell sonicates from high iron cells of all the

above species resulted in a marked loss of the peroxidase activity. The catalase activity
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was also much lower in low iron organisms, the difference being apparent in M.

tuberculosis and M. bovis while it was relatively more stable in M. bovis BCG, even upon

heat treatment.

M. tuberculosis M. bavis M bavis BCC
B

M. Fansasii

H L H* L’

M. iam;mm:
M. sminmﬁs M. vaceoe
H L H’ L’ H L H L

Fig. 3.31. In-gel activity staining for catalase and peroxidase activities. Dual staining
method of Wayne and Diaz (1986) was employed for the demonstration of catalase and
peroxidase activities. Cell-free extracts of M. tuberculosis, M. bovis, M. bovis BCG
Denmark, M. fortuitum, M. kansasii, M. smegmatis and M. vaccae grown in high iron (4
ug Fe / mL, lanes H) and low iron (0.02 pg Fe / mL, lanes L) conditions. The lanes H’
and L’ represent the activity of an identical aliquot subjected to heat treatment at 55°C for
10 min. The dark coloured bands represent peroxidase and the hollow represents catalase
activity.

Both M. fortuitum and M. kansasii showed four isoforms; however differences
were observed among the isoforms in the two species. Of the four isoforms in M.
fortuitum, two of them showed dual activity with high levels of peroxidase; the other two

isoforms showed only catalase activity. The former was seen only in high iron organisms

109



Experimental Results

with faint bands of activity in low iron cells (Fig. 3.31). All the four isoforms were
completely lost upon heat treatment. In M. kansasii, three isoforms showed dual activity
while the fourth possessed only catalase activity that was found to be both heat stable and
unaffected by iron levels (Fig. 3.32¢). In the former three isoforms, both peroxidase and
catalase activities were drastically reduced in low iron organisms; there was complete
loss of peroxidase activity at 60 C in all of them (Fig. 3.32a & c), while the catalase
activity was unaffected in one of the isoforms (Fig. 3.32¢).

Similarly, the non-pathogenic mycobacteria M. smegmatis and M. vaccae showed
differences in the number and activities among the isoforms (Fig. 3.31). In the former, a
unique band with heat resistant catalase activity was seen in low iron organisms. Low
level of peroxidase activity was seen in this isoform that was also heat resistant. On the
other hand, the peroxidase activity of the high iron organisms was lost upon heat
treatment. Four isoforms expressed by M. vaccae possessed dual activity in three of
them; there was relatively less influence by iron on the peroxidase activity, which
however was heat sensitive. As seen in some of the above mycobacteria, catalase activity

(indicated in Fig. 3.32) remained unaffected by iron levels and heat in one of the

isoforms.
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Fig.3.32. Influence of temperature on peroxidase and catalase activities in M.
kansasii. Identical aliquots of the cell-free sonicate of M. kansasii grown in high iron (4
ug Fe / mL) and low iron (0.02 ug Fe / mL) conditions were heat treated at different
temperatures of 37, 40, 45, 50 and 60°C and assayed spectrophometrically for peroxidase
(a) and catalase (b). The vertical bars represent the standard deviation of three
independent experiments. Activity staining of the same extracts is represented in (c).
Lanes 1, 3, 5, 7 and 9 represent high iron organisms while lanes 2, 4, 6, 8 and 10
represent low iron organisms.
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3.2.2. Role of peroxidase in the activation of anti-tubercular drug isoniazid (INH):
studies with high and low organisms of M. tuberculosis
Spectrophotometric assay and activity staining were done to demonstrate the role

of peroxidase in the activation of INH; cell free sonicates of high and low iron grown
mycobacteria were used as the latter failed to express peroxidase activity. Further, the
viability of high and low iron grown organisms were studied by the Microplate Alamar
Blue assay that showed that high iron organisms, expressing the peroxidase were
susceptible to INH while low iron organisms were unaffected. Mycobacterium fortuitum,

which has a relatively much higher MIC to INH, was used as a control.

3.2.2.1. Spectrophotometric assay and activity staining in polyacrylamide gels.

The cell free sonicates of high iron organisms of M. tuberculosis, M. bovis and M.
bovis BCG catalysed the INH-mediated NBT reduction, as assayed by the
spectrophotometric assay (Fig. 3.33); relatively insignificant reduction of NBT was seen

by extracts of M. fortuitum.

10

I High iron
[ Low iron

0% |ﬂ |ﬂ I ic

M. tuberculosis M. bovis BCG Denmark M. fortuitum

NBT reduction
OD56( nm units / mg of total protein

Fig. 3.33. Spectrophotometric assay of INH-mediated NBT reduction. The peroxidase
mediated INH activation was assayed by the reduction of NBT using the cell-free extracts
of M. tuberculosis, M. bovis, BCG and M. fortuitum grown in high iron (4 ug Fe / mL)
and low iron (0.02 pg Fe / mL) conditions.. The vertical bars represent the standard
deviation of the mean from three independent experiments
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Activity staining for peroxidase and NBT reduction in native polyacrylamide gels
provided concrete evidence for the role of peroxidase in INH activation. The cell free
sonicates of high iron organisms of M. tuberculosis, M. bovis and M. bovis BCG showed
clear reddish brown bands of peroxidase with diaminobenzidine while low iron
organisms completely lacked the peroxidase bands (Fig. 3.34b). This pattern coincided
exactly with the purple-colored bands in the identical gel subjected to INH-mediated
NBT reduction (Fig. 3.34a). While sonicates of high iron organisms showed the purple
bands, none could be detected in low iron organisms.

Interestingly, despite the high peroxidase activity in two of the isoforms M.
fortuitum, no NBT reduction was seen, which correlated with the above
spectrophotometric observations. In confirmation with these observations, viability assay
(discussed below) showed that M. fortuitum, irrespective of the iron status was unaffected

by the drug.

(@) M formitum M wberculosis M bovis M bovis BCG

(b) . Fhg h :

B

[ e H L H L L

Fig. 3.34. Activity staining of peroxidase-mediated INH activation. Panel a & b
represents the activity staining to show the direct relation between peroxidase activity and
INH-mediated NBT reduction. (Panel a)- Activity gels developed with INH and NBT and
(Panel b) - Activity staining of peroxidase by diaminobenzidine. Lanes H and L in panels
a & b corresponds to the cell-free extracts of high iron (4 pg Fe / mL) and low iron (0.02
ug Fe / mL) conditions of M. fortuitum, M. tuberculosis, M. bovis and BCG Denmark
respectively.
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3.2.2.2. Viability testing by Microplate Alamar Blue Assay (MABA)
High and low iron organisms of M. fortuitum, M. tuberculosis, M. bovis and M.

bovis BCG were grown in the presence of increasing concentrations of INH. The
findings, presented in Table clearly showed that M. fortuitum, irrespective of the iron
status was unaffected by the drug at all concentrations while in the three members of the
M. tuberculosis complex, the high iron cells were susceptible to the drug even at the least
concentration of 0.125 pg /mL while the low iron cells were unaffected even at high

concentrations.

Table.3.3: Iron levels and the effect of INH on the viability of M. tuberculosis, M.
bovis and M. bovis BCG and M. fortuitum (MABA)

High iron (4 ug Fe /mL) cells Low iron (0.02 ug Fe / mL) cells
INH
(Mg / M Vi
: . | bovis ; 2 : 1
tuberculosis | bovis BCG fortuitum | tuberculosis | bovis | gcg | fortuitum

0.125 - - - +++ +++ ++ ++ -+
0.25 - - - +++ +++ ++ ++ +++
0.5 - - - +++ +++ ++ ++ +++
1 - - - 4+ +++ ++ ey +++
2 - - - g +++ & ++ T
4 - - - +++ +++ H ++ +++

The results were scored visually as follows: dark purple (-), light purple (+), pink (++),
completely yellow (+++). The experiment was performed thrice and identical results
were obtained.

3.2.3. Studies on catalase-peroxidase activities in clinical isolates of M. tuberculosis
Clinical isolates of M. tuberculosis obtained from BACTEC culture of sputum
samples from patients with tuberculosis (a total of 40 samples) were categorized as drug
sensitive isolates (SIRE samples sensitive to Streptomycin, Isoniazid, Rifampicin and
Ethambutol) and INH-resistant isolates. These clinical isolates were subjected to growth
under high and low iron conditions and the profile of the catalase and peroxidase
activities analysed by spectrophotometeric analysis and by activity staining in native

polyacrylamide gels.
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3.2.3.1. Expression of Mb and CMb upon iron limitation

All the clinical isolates in the two categories, expressed both CMb (Fig. 3.35) and
Mb (Fig. 3.36) at significant levels when grown in Proskauer and Beck medium with 0.02
ug Fe / mL (low iron) as compared to growth under high iron conditions (8 pug Fe / mL).
The increase in expression of CMb and Mb varied widely (2 - 18 fold) among the

different isolates.
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Fig. 3.35. Influence of iron levels on the expression of CMb in clinical isolates. Panel
(a) represents drug sensitive clinical isolates and Panel (b) represents INH resistant
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clinical isolates grown under high iron (8 pg Fe / mL) and low iron (0.02 pg Fe / mL)
conditions respectively. The extracellular CMb was assayed as described in Methods and
expressed as SU / 100 mg cell dry weight. The vertical bars represent the standard
deviation of the mean from three independent experiments.
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Fig. 3.36. Influence of iron levels on the expression of Mb in clinical isolates. Panel
(a) represents drug sensitive clinical isolates and Panel (b) represents INH resistant
clinical isolates grown under high iron (8 pg Fe / mL) and low iron (0.02 pg Fe / mL)
conditions respectively. The Mb was assayed as described in Methods and expressed as
OD450 nm units / gm cell dry weight. The vertical bars represent the standard deviation
of the mean from three independent experiments.
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3.2.3.2. Influence of iron levels on peroxidase and catalase activities

The cell-free sonicates of drug sensitive and INH resistant isolates were analysed
for peroxidase and catalase activity by in-gel activity staining. Fig. 3.37 & 3.38 shows
three panels, Panel A, B and C representing peroxidase staining by diaminobenzidine,
dual staining for catalase & peroxidase and INH mediated NBT reduction. In the drug
sensitive samples (Fig. 3.37), it was seen that in most of the samples (Table3.4), the
peroxidase and the catalase activity was not affected by iron levels in the growth
medium, showing similar activity in both high and low iron grown organisms, however in
clinical isolate A236 the molecular size of the isoforms differs from the other clinical
isolates. Further, the peroxidase activity correlated with the purple coloured band
representing INH-mediated NBT reduction. The laboratory grown M. tuberculosis used
as a control showed peroxidase activity and subsequent activation of INH in high iron

organisms; no peroxidase activity was observed in low iron organisms.

In the INH resistant organisms (Fig. 3.38), notable was the influence of iron levels
on the peroxidase activity; iron limitation resulted in the loss of activity in a majority of
the isolates, whereas loss of catalase activity was observed in majority of the isolates
irrespective of the iron status. Compared to the control M. tuberculosis, no INH
activation was evident in the clinical isolates, as seen by the absence of the purple

coloured band upon NBT reduction. (Table.3.5)
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A2835 A2468 A2556 A2498 PMO056

Fig. 3.37. In-gel assay for catalase and peroxidase in drug sensitive clinical isolates.
The cell- free sonicates of drug sensitive isolates grown in high iron (8 ug Fe / mL) and
low iron (0.02 ng Fe / mL) conditions were used for the analysis of peroxidase (Panel a),
dual staining (Panel b) and INH mediated NBT reduction activity (Panel c¢) from the
native gels. M. tuberculosis grown under the similar conditions was used as a positive

control.

M. th A2765 PM028 PMO049 PMO047 PM034 PMO1
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A5197 AS5351 A2828 A2751 A4969 A4416 A4200
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Fig. 3.38. In-gel assay for catalase and peroxidase in INH resistant clinical isolates.
The cell- free sonicates of INH resistant clinical isolates grown in high iron (8 pg Fe /
mL) and low iron (0.02 pg Fe / mL) conditions were used for the analysis of peroxidase
(Panel a), dual staining (Panel b) and INH mediated NBT reduction activity (Panel c)
from the native gels. M. tuberculosis grown under the similar conditions was used as a
positive control.
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Table.3.4. Peroxidase activity and the INH mediated NBT reduction in the SIRE

sensitive clinical isolates

Peroxidase INH-mediated NBT
No. Strain activity reduction
M. tuberculosis High Low (Correlation with
Iron Iron peroxidase activity)

1. H37Rv i - +

2. A236 + + =

3 A887 + - »

4 A 1748 + + +

5 PMO053 H- s +

6 PM 052 8 i +

7 A2600 iy o +

8 A2200 g _k T

- A 2419 o + -

10 A 2830 + + +

11 A 3229 + + +

12 A 2489 + - =

13 A 2913 + + +

14 A 2483 + - .

15 A 1165 s + +

16 A 2780 + + +

17 A 2835 == . +

18 A 2468 - - -*

19 A 2556 - - -

20 A 2498 il + +

21 PM 056 + + -

No activity could be detected for peroxidase / catalase
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Table 3.5 Peroxidase activity and the INH mediated NBT reduction in the INH

resistant clinical isolates

Peroxidase activity INH-mediated NBT
No. Strain High Iron Low reduction
M. tuberculosis Iron (correlation with
peroxidase activity

1 H37Rv (control) . - +

2 A2765 = = =

3 PM 028 + = 3

4 PM049 + - =

5 PM047 A e -

6 PMO034 + L L

7 PMO15 + = 2

8 A5197 =13 + -

9 A5351 + + |

10 A2828 - -® -

11 A2751 + 5 =

12 A4969 + r E

13 A4416 + = -

14 A4200 + = B

15 A4787 + - -

16 A3025 + + =

17 PMO003 + + L

18 PMO031 + = -

19 PMO51 + . -

20 A4891 + + -

21 PM024 + - -

* No activity could be detected for peroxidase / catalase
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Discussion

4.1. Iron and mycobacteria

Tuberculosis still remains a major killer among infectious diseases, despite the
worldwide use of a live attenuated vaccine and several antibiotics (WHO report, 2009).
New vaccines and drugs are needed to stem the worldwide epidemic of the disease that
kills two million people each year. The problem is compounded due to the development
of drug-resistant organisms, co-occurrence of the disease in HIV patients and the increase
in the number of opportunistic mycobacterial pathogens causing disease (WHO report,
2008). There is a need to identify novel candidates for vaccines, diagnosis and as drug
targets. To rationally do this, it is essential to understand the M. tuberculosis-host
interactions, more so at the molecular level to learn how these bacteria circumvent host
defenses and cause disease. Iron acquisition is an important aspect of host-pathogen
interactions that contributes to the pathogenicity of several bacteria, as described in
Review of Literature. The aim of this study was to understand the influence of iron
limitation on mycobacteria, specifically M. tuberculosis. First aspect of the study focused
on the effect of iron limitation on the iron acquisition machinery; we report the
identification and characterization of an iron-regulated envelope protein Irep-28 in M.
tuberculosis as HupB protein, which showed coordinate regulation with the two
siderophores Mb and CMb. Secondly, we present our findings on the effect of iron
deprivation on mycobacterial catalase-peroxidases and the ensuing effects on the efficacy
of the anti-tubercular drug isoniazid.

There is increasing evidence to show that pathogenic mycobacteria face
conditions of iron deprivation in vivo (Ratledge, 2004; Gold et al., 2001). Iron, at
physiological pH has a solubility of approximately 1.4 x 10° M. The solubility of Fe’*
increases by 10° M for every unit that the pH drops so that, for example, at pH 5 the
solubility of Fe’* is 10” M, making it biologically available; however, this concentration
will be further lowered within the mammalian system, where iron-withholding proteins
like transferrin and lactoferrin come into play (Griffiths & Chart, 1999). The intracellular
M. tuberculosis and other pathogenic mycobacteria, growing within the phagocytic
vacuoles of the macrophages, where the pH is between 6.1 and 6.5 face a maximum
concentration of free Fe’" between 1 and 10 ng / mL, a value which is further lowered

due to the lactoferrin in the macrophages that can hold the iron efficiently even at acidic
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pH (Aisen & Leibman, 1972). Therefore, these pathogens, in order to grow and cause
disease within a host, must compete against the host for its supply of iron. Addition of
exogenous iron favoured bacterial multiplication, as shown by Douvas et al. (1993) on M.

avium -infected macrophages.

4.2. HupB as an iron-regulated protein in M. tuberculosis

Mycobacteria respond to iron limitation in in Vitro cultures by the expression of
significant levels of both the intracellular and extracellular siderophores Mb and CMb /
exochelins respectively. Today, there is considerable information on the biosynthesis of
these molecules (detailed earlier in Review of Literature), though their exact role in iron
uptake remains unclear. Unlike in other bacterial systems, like E. coli, in which specific
cell-surface receptors to the ferric-siderophores have been systematically characterized
and structurally elucidated, much remains to be done in mycobacteria. Though the 29
kDa iron-regulated envelope protein in M. smegmatis has been proved to be ferri-
exochelin receptor (Hall et al., 1987, Dover & Ratledge, 1996), structural elucidation as a
receptor protein has not been done. Though several IREPs have been reported in other
mycobacteria (Sritharan & Ratledge 1989, 1990), including in vivo grown mycobacteria,
none of them have been shown to be ferric-siderophore receptors. In M. tuberculosis,
iron-regulated proteins are reported (Rodriguez et al., 2002); however, they did not show
much promise as ferric-siderophore receptors, except the IrtA and IrtB, encoded by irtAB
as part of the mbt-2 operon that was implicated in CMb uptake and transport across the
membrane (Rodriguez & Smith 2006).

The slow progress in the analysis of ferric-siderophore receptors could perhaps be
due to the difficulty of analysis of the lipid-rich cell envelope of mycobacteria that causes
poor resolution of the cell wall / membrane proteins. Mycobacterial proteins have been
detected by techniques that include single dimension denaturing gel electrophoresis and
two-dimensional gel electrophoresis; these, along with a combination of sophisticated
mass spectrometry techniques and comparison with the genome sequence to analyze
protein patterns have made possible the identification of several cytoplasmic and
excretory-secretory proteins (Rosenkrands et al., 2000). However, envelope proteins

analysed by these methods are not satisfactory. Sinha et al. (2000, 2005) used Triton X-
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114 to extract the envelope proteins before subjecting them to denaturing gel
electrophoresis. Further they observed that single dimension gel electrophoresis was
better in the identification of mycobacterial envelope proteins. We adopted the method of
Sinha et al. (2000) for our studies (discussed below).

Our studies on the influence of iron levels on the cell envelope proteins of M.
tuberculosis were done as reported for M. smegmatis (Hall et al., 1987). However,
solubilisation of the cell wall and membrane proteins by SDS did not result in a good
resolution of the proteins, possibly due to the interference by the lipids present in these
sample preparations. Hence, the method of Sinha et al. (2002), using Triton X-114 was
adopted for the analysis of the cell envelope proteins. Mycobacterium tuberculosis
responded to iron deprivation by increased synthesis of both Mb and CMb (Yeruva et al.,
2006). Four preparations of envelope proteins, comprising the detergent and aqueous
phases of cell wall and membrane were analysed; a 28 kDa protein, referred to as Irep-28
was identified as an iron-regulated protein in the cell wall detergent fraction. Use of the
Triton X-114 extraction protocol allowed complete solubilization of the lipid-rich wall
and membrane samples and allowed for the relatively easier detection of Irep-28. When
the added iron ranged between 0.02 to 12 pg Fe / mL, maximal expression of both these
siderophores was seen when iron level is below 0.4 ng Fe / mL. The levels of both these
siderophores decreased with increasing iron levels. Earlier studies in several
mycobacterial species showed that concentrations of 0.02 and 4 pug Fe / mL, respectively,
indicated low-iron and high-iron conditions (Sritharan & Ratledge, 1990; Hall et al.,
1987). However, we did not find appreciable differences in the protein pattern in M.
tuberculosis under similar growth conditions, although differences in the siderophore
levels were seen. Here, in a detailed analysis, we found detectable levels of Mb, CMb,
and Irep-28 even at 4 ng Fe / mL; at 8 pg Fe / mL none of them were expressed. It is
possible that a relatively higher level of the intracellular iron is required to repress the
iron acquisition machinery in M. tuberculosis as compared to other mycobacteria. Since
the iron status of the organism is reflected directly by the induction of siderophore
expression, Irep-28 showing coordinated expression with both Mb and CMb is indeed an
iron-regulated protein. Time-course analysis of the expression of Mb, CMb and Irep-28

showed that Irep-28 and CMb were the first indicators of iron limitation due to nutrient
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depletion; Mb was slower to increase, an observation that is in accordance with the view
of Ratledge (2004) that this siderophore is an intra-envelope iron storage molecule,
holding the excess iron temporarily as ferric-Mb and releasing it slowly into the
cytoplasm for immediate utilization and / or storage in the iron storage molecule
bacterioferritin (BfrA and BfrB).

Irep-28 is perhaps similar to the Irp28 reported by Calder and Horwitz (1998) in
their initial study using single dimension electrophoresis, but these authors did not
emphasize it as an iron-regulated protein. They did not detect Irp28 protein in their
subsequent analysis by two-dimensional gel electrophoresis (Wong et al., 1999)
indicating that not all proteins are resolved by the latter technique. We used preparative
gel single dimension electrophoresis for the separation and purification of not only Irep-
28 but also other iron-regulated envelope proteins. They include two proteins, seen upon
iron limitation, namely Irep-52 and Irep-26, both of which are seen in the cell membrane
detergent phase upon extraction with Triton X-114. Both Irep-52 and Irep-26 proved to
be 50S ribosomal protein L4 upon sequence analysis. Under high iron conditions, two
proteins were up regulated, namely Irep-130 and Irep-24, the former probably
representing bacterioferritin; however sequencing of the protein was not done in this
study.

Irep-28 was identified as the DNA-binding HU homologue HupB protein
(Rv2986¢) and will be the focus of further analysis in this study. Information on HupB
from the M. tuberculosis genome annotation (Cole et al., 1998) showed it to be 214
amino acids in length, rich in amino acids lysine, alanine, arginine and proline, with an
exceptionally high isoelectric point of 12.4 that could have been responsible for the
failure to detect in the 2D gels. HupB probably does not conform to the predicted size of
21.8 kDa and migrates as a 28 kDa protein due to the high content of positively charged
lysine residues. Comparison of the HupB sequence with the corresponding homologues
in other bacteria showed that the N-terminal 90 amino acids of the protein is homologous
to HupB of E. coli (and several other bacterial species) while the C-terminal region is
unique to mycobacteria. Phylogenetic analysis of HupB from different genera
representing Enterobacteria, Mycobacterium, Rhodococcus and Streptomyces groups the

ancestral mycobacteria such as M. ulcerans, M. marinum and M. kansasii as a distinct
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well-separated cluster. This indicates the presence of an ancestral copy of the hupB gene
that would have subsequently rearranged in more contemporary forms such as M. leprae,
M. bovis AN5 and BCG Pasteur. The latter two formed a separate branch when only the
members of the genus Mycobacterium were analysed. This segregation may be due to
‘artificial’ rearrangement, as the deletion was observed in M. bovis AN5 and BCG
Pasteur that have been passaged and sub-cultured for vaccine production. This could be a
random deletion introduced during subculturing, as frequent deletions and duplications
have been reported during the production of BCG vaccines (Brosch et al., 2007).
Prabhakar et al. (2004) made of the use of this deletion in M. bovis ANS5 by the
development of a PCR-based diagnostic test. They developed a nested PCR to amplify
segments of hupB gene that helped in the differentiation of the field strains of M. bovis in
India from M. tuberculosis, with which it shares similarities in growth characteristics and
very close homology at the genomic level. The relevance of the deletion may be worth
further analysis, instead of just attributing the deletion due to simple growth conditions as
mentioned above, as these authors performed PCR with in vivo derived M. bovis from
cattle samples from India.

Phylogenetic analysis of HupB also showed that the free-living saprophytic
mycobacteria (M. avium complex and M. smegmatis) are clustered together due to the
genetic relatedness of these organisms. It is thus highly likely that this protein is widely
conserved and maintained in the genome of different bacteria. Though there are no
reports to know how the plasticity of this gene regulated its functionality, the presence of
various homologues hints at the possibility that the gene may be dispensable under in
vitro and free-living conditions, indicating that it may not be absolutely essential for the
survival of these bacteria. It is possible that it has a role in vivo, as can be speculated from
the presence of a functional HupB in M. leprae that forms a distinct separate branch in
the tree. Though this could indicate rearrangement of the gene due to the dominant trend
of pseudogenisation in the M. leprae genome, the functionality of the protein probably
reflects its importance in Vivo, support for this presumption comes from the
demonstration of the protein (referred to as laminin-binding protein LBP in M. leprae) as

an adhesion molecule that is necessary for binding to Schwann cells (described below).
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A detailed analysis of the different strains of the M. bovis BCG revealed that the
hupB gene was under the control of the intracellular iron concentration in only some of
the strains, though all of them responded to iron limitation by the expression of
siderophores. All the eight strains of BCG expressed almost similar levels of CMb, while
Mb levels were relatively higher in BCG Denmark with low levels in BCG Russia. The
HupB profile, as analysed by SDS-PAGE and western blotting with anti-HupB antibodies
showed marked up-regulation in BCG Moreau, similar to that seen in M. tuberculosis
H37Rv upon iron limitation. Appreciable increase in expression was seen in BCG
Denmark with a marginal increase in expression in Birkhaug and Connaught. A low level
of the protein was seen in both high and low iron organisms of BCG Pasteur, Phipps and
Sweden. Under the conditions of the study, we could not detect the protein in BCG
Russia. It is becoming increasingly evident that there are several changes among the BCG
strains at the molecular level (Behr & Small, 1997), possibly due to the differences in the
growth and maintenance conditions that were adopted before standard protocols of
cryopreservation were adopted. From the genealogy of the BCG strains, BCG Russia,
seen as an early strain after the first BCG strain in 1921, showed maximal expression of
HupB upon iron limitation, while the late strain BCG Pasteur showed constitutive
expression of HupB. The protein is probably not required for growth under in vitro
conditions as the strain was repeatedly passaged in vitro, so in iron-sufficient growth
medium it would be interesting to see if BCG Pasteur, repeatedly grown in low iron
medium would show an increase in the expression of the HupB protein. These studies
would perhaps help in the assessing the role of the protein in iron acquisition.

To summarize our findings, HupB protein in M. tuberculosis is a cell wall-
associated, surface-exposed protein, whose expression is coordinately regulated with that
of the siderophores Mb and CMb that are proven indicators of iron acquisition. Based on
our observations and published reports on HupB by other researchers, we hypothesize
two possible roles for HupB. First, by virtue of the positively charged amino acid
residues present in the C-terminal region and the helix-turn-helix repeats in the protein,
HupB is a DNA-binding protein and perhaps plays a regulatory role. Evidence to this
DNA-binding property has reported by other researchers (discussed below). Second, the

surface localization and the iron-regulated expression of the protein led us to propose a
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role of the protein as a putative ferric-siderophore receptor for the extracellular
carboxymycobactin. In this study, the latter was addressed by performing ligand-binding
studies of the purified protein with both the siderophores.

Ligand-binding studies demonstrated the ability of the purified HupB protein to
bind both Mb and CMb. The chloroform extracts of the cell pellet and spent growth
medium of low iron M. tuberculosis, containing ferric-Mb and ferric-CMb were
subjected to HPLC to purify these siderophores. Both Mb and CMb eluted out as a
mixture of closely related compounds due to varying levels of esterification and were
thus seen as mixture of peaks (9 for Mb; 16 for CMb) instead of a single peak (also
reported by earlier researchers, including Barclay et al., 1986). Cell wall-associated
HupB, purified by preparative gel electrophoresis was used to study the binding of *’Fe-
labelled Mb / CMb. Both ferric-Mb and ferric-CMb bound HupB, the specificity of
which was demonstrated by inhibition of the binding upon pre-incubation of HupB with
anti-HupB antibodies. Additionally, displacement of *’Fe-labelled Mb / CMb bound by
the purified protein by the addition of cold ferric-siderophore provided additional
evidence. We did not observe any difference in the binding of the two siderophores to
HupB. However, from the spectrofluorimetric studies performed with rHupB, the binding
affinity of the ferric-Mb was found to be relatively higher than that of ferric-CMb,
calculated as 1.045 mM and 0.551 mM respectively. Though the intensity of the emitted
light decreased with increasing addition of the ferric-Mb / ferric-CMb, no spectral shift
was observed. Spectral shift has been reported in the emitted light when ferric-
siderophore (Meyer et al., 1990) / hemin receptors (Asuthkar et al., 2007) bind with
ligand.

In M. smegmatis, the 29 kDa protein IREP, shown to be the ferri-exochelin
receptor (Hall et al., 1987; Dover & Ratledge, 1996) was recognized by the anti-HupB
antibody (results not shown), showing the similarity between HupB and the ferri-
exochelin receptor. As antibodies against the 29 kDa protein significantly inhibited the
uptake of ferri-exochelin by M. smegmatis, it was presumed that HupB was a possible
receptor to ferric-CMB. Contrary to the expectation of specific binding of the
extracellular ferric-CMb to HupB, both ferric-Mb and ferric-CMb bound the protein, with

the former showing higher affinity. Whether this binding is specific or occurs non-

130



Discussion

specifically due to the hydrophobicity of the protein needs to be addressed. Further work,
preferably uptake studies with ferric-carboxymycobactin using live organisms in the
presence and absence of anti-HupB antibodies probably would help to understand the role
of HupB as a receptor.

Reports on HupB by other researchers attribute varied roles to the protein in the
mycobacterial system. Incidentally, HupB is referred by several synonyms, including
histone-like protein Hlp in M. smegmatis (Lee et al., 1998), Hlp protein in M.
tuberculosis with DNA-binding property (Prabhakar et al., 1998), laminin binding
protein LBP21 in M. leprae by Brennan & group (Marques et al., 2000; Soares et al.,
2005), mycobacterial DNA-binding protein 1 (MDP1) in M. smegmatis and BCG
(Katsube et al., 2007). In M. smegmatis, Hlp was shown to express under dormancy;
disruption of the gene however did not affect the viability of the dormant culture proving
that it was not an essential gene (Lee et al., 1998). In M. leprae, LBP is a 200-amino acid
protein and was demonstrated as a surface-exposed cell wall-associated protein in
organisms isolated from infected armadillo tissues (Shimoji et al., 1999). The protein has
been implicated as an adhesion molecule used by M. leprae for the invasion of Schwann
cells and thought to initiate nerve damage in leprosy. It has been experimentally proved
that the protein can bind laminin, heparin and heparan sulfate. Interestingly, it was shown
that the interaction of Hlp / LBP with laminin and heparin was mainly mediated by the C-
terminal domain of the protein (Marques et al., 2000; Soares et al., 2005). Matsumoto et
al. (1999) showed that MDP1 bound DNA and RNA and localized not only in the
nucleoid but also at the 50S ribosomal subunits and cell surface. The same group
(Katsube et al., 2007) provided experimental evidence to prove that it is necessary for the
cell wall biogenesis in M. smegmatis and BCG. Their observations indicate that the
protein interacts with both Ag85 complex proteins (mycolyltransferases) and trehalose-6-
monomycolate, thereby controlling the transfer of mycolic acids to sugars by Ag85
complex. A recent report by Lewin et al. (2008) using recombinant M. bovis BCG
expressing the MDP1-antisense gene re-iterated the role of the protein as an adhesion
molecule and its association with cell wall assembly. They showed that the MDP1 protein
in the recombinant M. bovis BCG containing the MDP1-antisense plasmid was reduced

by about 50% compared to the reference strain M. bovis BCG containing the empty
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vector. They showed that the antisense strain grew faster than the reference strain and
also reached a much higher cell mass in stationary phase. There was less aggregation in
the recombinant strain and it was suggested that HupB plays a role in aggregation similar
to heparin-binding hemagglutinin HBPA that was thought to be mainly responsible for
mycobacterial aggregation (Verbelen et al., 2007). Aggregation and clumping, more
pronounced in virulent strains of mycobacteria (Zhang et al., 1998) not only complicates
many experimental procedures like determination of growth but also influences other
important features like accessibility of antibiotics into the bacteria. Studies by Lewin et al
(2008) also showed that the protein played an important role in the adaptation of the
bacteria to hypoxic conditions, which is a prerequisite for the survival in the granuloma.

HupB and HBPA are found to be closely related proteins. These two proteins
share several common features. Both proteins produce a band at MW 28 kDa in SDS
gels, are surface exposed and promote binding to epithelial cells (Menozzi et al., 1996).
They are both post-translationally methylated and show cross-reactivity due to the
presence of copies of the motif APAKKAA (Soares et al., 2005). Knock out mutants of
hupB gene in M. smegmatis probably did not show the anticipated effect due to the
compensatory role by the closely related HBHA.

A possible in vivo role of HupB gains strength from the detection of anti-HupB
antibodies in the serum of patients with tuberculosis (Yeruva et al. 2006; Cohavy et al.,
1999; Prabhakar et al., 1998) (indicates a possible role in the survival within the
mammalian host). In our studies with tuberculosis patients, we detected anti-HupB
antibodies that showed good correlation with BACTEC culture, radiological examination
and clinical history. Though antibody-based detection methods are not useful in diagnosis
of tuberculosis, detection of anti-HupB antibodies correlated well, not only with standard
testing protocols but also with a commercial lateral flow device that was based on the M.
tuberculosis-specific ESAT proteins. It is likely that HupB expression reflected active
infection, and was expressed only upon iron limitation in vivo, though direct evidence for
the iron-regulated expression in vivo is warranted. HupB probably plays an important role
in the survival of the organism within the mammalian host; a presumption that needs to

be experimentally verified.
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4.3. Iron, mycobacterial catalase-peroxidases and INH activation

Iron limitation influences not only the components of the iron acquisition
machinery in bacterial systems but also several genes, notably virulence / toxin genes that
are associated with the survival of the organism, particularly in vivo within the
mammalian host (Salyers & Whitt, 1994; Sritharan, 2000). In mycobacteria, despite a
wealth of knowledge on the mycobacterial iron acquisition machinery, there are lacunae,
particularly on the role and interplay, if any, among the iron regulators, not only on the
iron acquisition machinery but also on the expression of other genes required for the
survival of the organism. In the second half of our study, our objective was to analyze the
association of iron levels with oxidative stress, mainly the effect of iron limitation on the
known virulence determinant catalase-peroxidase KatG of M. tuberculosis H37Rv and
other mycobacteria. Oxidative stress response and protection against reactive oxygen
intermediates and reactive nitrogen intermediates have been implicated in the intracellular
survival of pathogenic mycobacteria and their persistence in the host. We then extended
the study to understand the influence of catalase-peroxidase on the activation of the front-
line drug isoniazid INH, not only in M. tuberculosis H37Rv but also in clinical isolates of
M. tuberculosis that were resistant to the drug and compared the findings with drug-
sensitive clinical isolates.

As reviewed earlier in Chapter I, different classes of mycobacterial catalases are
seen, with different isoforms among them. Wayne and Diaz (1986) demonstrated both
catalatic and peroxidatic activities in polyacrylamide gels. In our study, we extended the
influence of iron levels analysis of the enzyme activities, as catalase-peroxidase contain
iron in the heme centre of the molecule. Our initial studies focused on the catalase-
peroxidases in different mycobacteria. Selected mycobacterial spp. including M.
tuberculosis, M. bovis, M. bovis BCG, M. fortuitum, M. kansasii, M. smegmatis and M.
vaccae were grown under high and low iron conditions: they responded to iron limitation
by the production of extracellular CMb / exochelins, thereby reflecting the iron status of
the organisms. The cell sonicates of these mycobacteria, assayed for catalase and
peroxidase activities both by spectrophotometric and by in-gel assays clearly indicated
that iron limitation drastically influenced these enzyme activities. When sufficient iron is

present in the growth medium, significant levels of both catalase and peroxidase were
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seen; however, iron limitation during growth of the organisms resulted in a dramatic 10-
13 fold decrease in the peroxidase activity in all the mycobacterial species tested.
Mycobacterium vaccae was exceptional in that low levels of peroxidase and catalase
were seen even under high iron conditions though the relative activity of catalase was
high comparable to that of M. kansasii and M. fortuitum grown under high iron
conditions. Catalase activity also showed reduction in all the mycobacterial species
except M. vaccae.

The total enzymatic activities, distributed among the various isoforms were
detected by the dual staining method of Wayne & Diaz (1986); variations were seen in
the number, enzymatic activity and heat inactivation among these isoforms, with iron
availability contributing further to this variability. Two isoforms of T- catalase with both
catalase and peroxidase activities were seen in high iron cells of M. tuberculosis, M.
bovis and M. bovis BCG; of the two isoforms, one of them is a major band with
significant activity which is completely lost and could not be detected in low iron
organisms. Heat treatment of the cell sonicates from high iron cells of all the above
species resulted in a marked loss of both the enzyme activities. Notable feature was that
in low iron M. bovis BCG, a prominent band of catalase activity that was unaffected by
heat was seen; this was clearly absent in M. tuberculosis and M. bovis. It is likely that this
is M-catalase expressed by the vaccine strain. It is not clear if this is present in high iron
organisms, as it is likely that it is masked by the T-catalase isoform that was co-migrating
with it. However, in M. kansasii, the band of M-catalase was evident in both high and
low iron organisms, due to the distinct mobility of the band and it was seen that this band
remained unaffected by the iron status and heat treatment. M-catalases were also seen in
M. smegmatis and M. vaccae; they were unaffected by iron and heat unlike the T-catalase
bands which lost the peroxidase activity upon iron limitation and was also heat-sensitive.
In conclusion, it was evident that the peroxidase activity (and to a relatively lesser extent,
the catalase) in most of the mycobacterial species, except M. vaccae was found to be
highly sensitive to iron limitation and increase in temperature (Yeruva et al., 2005).

Although katG is a known virulence factor, the regulation of expression is not
completely understood. OxyR, product of the oxyR gene, known to be the central

regulator of oxidative stress response in E. coli is inactivated in M. tuberculosis due to
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multiple mutations (Deretic et al., 1995; Sherman et al., 1995). The changes in oxyR are
seen in all members of the M. tuberculosis complex. The loss of M. tuberculosis oxyR
appears to be related to the altered expression of the closely linked and divergently
transcribed ahpC gene encoding a homolog of alkyl hydroperoxide reductase and katG,
both of which are up-regulated by OxyR in E. coli and several other bacteria, where this
antioxidant system plays a role in reducing organic peroxides and detoxifies targets
particularly sensitive to peroxide-mediated damage, such as lipids and nucleic acids.
However, it is now proved that in M. smegmatis (Zahrt et al., 2001) and M. tuberculosis
(Pym et al., 2001), katG is negatively regulated by the FurA protein, encoded by furA
located directly upstream of katG. Milano et al. (2001) identified two more regions called
the pfurA and pkatG that controlled the expression of katG. Our observations clearly
show the role of iron in the regulation of expression of the catalase-peroxidase in M.
tuberculosis; however, the role-played by FurA and IdeR need to be addressed. The exact
role of IdeR in katG expression in M. tuberculosis is not clear though both IdeR mutants
of M. smegmatis and M. tuberculosis are more sensitive to hydrogen peroxide and
superoxide (Dussurget et al., 1996; Rodriguez et al., 2002). Though no IdeR binding
regions are identified upstream of the katG and sodA genes, IdeR is required for the full
expression of catalase and superoxide dismutase in M. smegmatis (Dussurget & Smith
1998), while in M. tuberculosis there is no increase in their expression. This effect was
shown to be iron-independent in M. smegmatis (Pym et al., 2001).

The activity of catalase-peroxidase is closely associated with the efficacy of
isoniazid as an anti-tubercular drug. Isoniazid and rifampicin comprise the backbone of
the current chemotherapy program for tuberculosis and resistance to one or both of them
results in the therapeutic failure and worse, the development of drug resistance, with the
subsequent risk of the spread of these resistant organisms that contributes to the success
of the pathogen and has made human efforts to combat this disease more difficult.
Rifampicin resistance has been studied extensively (Telenti et al., 1993). Resistance to
INH (discussed in detail in Chapter I) has involved one or more genes, the more common
of which involves the inactivation or mutation of the katG gene (Heym et al., 1994;
Zhang et al., 1993). The other mutations that are seen in INH-resistant strains occur in

dispersed gene loci including inhA (enoyl-acyl reductase) (Banerjee et al., 1994), kasA

135



Discussion

(B-ketoacyl ACP synthase) (Mdluli et al., 1998a), mabA (3-ketoacyl reductase) (Ducasse-
Cabanot et al., 2004), and ndh (NADH dehydrogenase) (Lee et al., 2001); mutation in the
promoter region of ahpC (alkyl hydroperoxidase) resulting in an increased production of
AhpC was also found to be associated with INH resistance (Kelley et al., 1997).

In this study, we demonstrated how a simple, yet essential micronutrient like iron
can influence the catalase-peroxidase activity and hence the activation of INH. The loss
of catalase-peroxidase activity and the failure of activation of isoniazid were evident both
by NBT reduction assay and by viability studies. Two main points emerged from our
study; first, the peroxidase activity of M. tuberculosis was associated with the activation
of the drug and second, there was species specificity of the enzyme for the drug, as the
peroxidase of M. fortuitum failed to act on the drug. The direct effect of the peroxidase on
INH activation was evident from the coinciding banding pattern for the peroxidase and
INH-mediated NBT reduction (See Results, Fig. 3.34). This is in accordance with the
strong evidence provided by Shoeb et al. (1985 a and b) who demonstrated that the
toxicity of the drug is potentiated by the peroxidase activity of the catalase-peroxidase;
experimentally induced mutations in the N-terminal heme-containing domain of KatG in
M. tuberculosis resulted in the abolishing of peroxidase activity and subsequent failure to
act on INH. Most strains of M. tuberculosis are sensitive to INH with the reported
minimal inhibitory concentration of the drug being 0.02 pg / mL. Other species of
mycobacteria show a range of sensitivities to INH, for example M. smegmatis is highly
resistant with minimal inhibitory concentrations being as high as 32 pg / mL (Zhang et
al., 1992). This refractoriness to INH is perhaps due to the lack of specificity of the
peroxidase for the substrate. In our study, we have directly demonstrated the
refractoriness of M. fortuitum to INH to be due to the ineffectiveness of the peroxidase;
though it is expressed at high levels, it does not act on INH. Both our observations were
further reiterated in the viability assay; high iron M. tuberculosis as susceptible to INH
while M. fortuitum, irrespective of the iron status was unaffected by the drug even at high
concentrations. Sequence differences of KatG among the different mycobacterial species
(Zamocky et al., 2001) could influence heme coordination number and spin state as
studied in M. tuberculosis (Chouchane et al., 2003), which could contribute to the target

specificity of the peroxidase for INH by influencing the binding to the drug and the
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catalytic activity. Multiple sequence alignment reveals notable differences in the protein
sequence of the enzyme from M. fortuitum (Fig.4.1) as compared to that of M.
tuberculosis, and M. bovis, which share perfect homology between them (Yeruva et al.,
2006). Further studies are needed to prove if these differences in the amino acid residues
contribute directly to the binding of INH or indirectly alter the folding of the molecule
resulting in altered affinity of binding to the drug.

There are several reports on the association of INH resistance with mutations in
the katG gene (Ramaswamy et al., 2003; Marttila et al., 1996; Heym et al., 1994).
Though deletion of the gene with no functional protein has been seen in some isolates,

single point mutations have been noted in several isolates, notably the two mutations seen

in INH-resistant M. tuberculosis, Thr-275 to Pro and Ser 315 to Thr in the N-terminal
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Fig. 4.1. Multiple sequence alignment (CLUSTAL W?2) of M. tuberculosis, M. bovis
and M. fortuitum. Identical amino acid residues are marked with (*) and similar residues

are marked with (:, .).
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domain of the molecule that are proved to affect the functioning of the enzyme. However,
all INH-resistant isolates do not show these mutations and strains with these changes do
not always result in INH resistance. In the context of the findings on INH resistance with
reference to functional katG, it is our hypothesis that a simple alteration of the level of
the micronutrient iron is an additional contributing factor towards ineffective INH
activation (Fig. 4.2). As there is now increasing evidence to show that these pathogens
face conditions of iron limitation within the phagocytes (Sritharan et al., 2006; Ratledge,
2004; Gold et al., 2001) and anemia is frequently encountered in tuberculosis patients,

the serum iron levels in these patients may be monitored during the chemotherapy.

High iron Low iron
o KatG
Dxidase
inhitition (3
k& ctive INH INH, inactive
} I
Arti-tabercular effect Mo Anti-tuberouar effect

Fig. 4.2. Iron enhances the susceptibility of pathogenic mycobacteria to isoniazid

In strains with katG mutation, there is usually an up-regulation of AhpC. M.
tuberculosis being facultative intracellular pathogen needs to overcome the reactive
oxygen and reactive nitrogen intermediates generated within the environment of the
phagolysosome where it resides. The regular strain of M. tuberculosis has a high

resistance to killing by up to millimolar concentrations of hydrogen peroxide (Dussurget
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et al., 1996), due to the enzymatic activity of KatG and by AhpC. In INH-sensitive
strains, when the KatG is active, usually the levels of AhpC are low. But in some INH-
resistant strains, it was observed that the level of AhpC increases considerably (Sherman
et al., 1996). This is due to a mutation upstream of ahpC that results in an up-regulation
of the protein. This probably helps to overcome the low or no activity of KatG, as M.
tuberculosis cannot survive the high concentrations of hydrogen peroxide in the absence
of both KatG and AhpC.

We extended our observations on M. tuberculosis H37Rv to clinical isolates. The
catalase and peroxidase activities of twenty drug sensitive and twenty INH-resistant
clinical isolates were assayed in the cell-free sonicates of these organisms grown under
high and low iron conditions. All of them responded to iron levels by the production of
the siderophores Mb and CMb, though there was some variation in their levels, as
assayed by our methods. A notable feature in these isolates was the peroxidase activity;
both high and low iron organisms showed peroxidase activity in a majority of the drug
sensitive organisms, with no inhibition of the peroxidase activity in low iron organisms.
This was reflected in the ability of these cell sonicates to activate INH in the NBT
reduction assay. On the contrary, the low iron organisms of the majority of the INH-
resistant isolates (few exceptions were seen) did not show peroxidase activity, some of
which did not show the enzymatic activity even under high iron conditions. INH
activation was thus ineffective, as noted by the negative NBT reduction assay. In all these
assays, the cell sonicate of M. tuberculosis H37Rv functioned as a positive control,
showing clearly the peroxidase activity and NBT reduction in high iron organisms. Our
observations would have gained strength with viability assays and AhpC levels, which
were not done in this study. Exposure of high and low iron drug-sensitive and INH-
resistant clinical isolates to varying concentrations of the drug will help to confirm our

above observations with the cell sonicates.

Conclusions & Future Perspectives
Our studies on the influence of iron limitation in mycobacteria, specifically M.
tuberculosis focused on the identification of novel cell envelope proteins, whose

expression was regulated by iron. We identified and characterized a 28 kDa cell wall
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associated protein, localized on the cell surface as HupB protein (Rv2986¢). The features
of the protein, as annotated in the mycobacterial genome and deduced from the amino
acid sequence showed it to be a protein rich in the positively charged lysine that was
present as part of repeat sequences with alanine at the C-terminal end, unique to
mycobacteria. The helix-turn-helix and positively charged lysine residues, similar to the
eukaryotic histone proteins was indicative of DNA-binding ability of the protein.
However, due to its co-expression with the mycobacterial siderophores Mb and CMb and
its surface localization, we performed ligand-binding studies to see if it was a receptor for
the extracellular CMb. Contrary to the expectation that HupB may serve as a specific
receptor to CMb, the affinity for Mb appeared to be higher. Since both these siderophores
share similarity in structure, it is perhaps not surprising that both the molecules interacted
with the protein. Uptake studies with whole organisms in the presence of antibodies
against HupB would help to understand further its role. Our ongoing studies include
transcriptional profiling of a hupB mutant of M. tuberculosis that will help us to unravel
the role of the protein. The protein is likely to play to role in vivo, as serum from patients
with tuberculosis showed the presence of antibodies against the protein.

A second important aspect of this study focused on the effect of iron limitation on
the virulence determinant catalase-peroxidase. Iron limitation drastically abolished the
peroxidatic activity of the catalase-peroxidase activity in M. tuberculosis that was shown
to influence directly the activation of the anti-tubercular drug INH, as shown by the NBT
reduction assays and viability of the pathogen in the presence of the drug. Peroxidase of
M. fortuitum failed to activate INH, proving the substrate specificity of the enzyme for
INH. We extended the studies to clinical isolates of M. tuberculosis that were resistant to
INH. Iron limitation resulted in the loss of peroxidase activity in a majority of the INH
resistant strains, unlike in the drug sensitive strains that did not show any influence of
iron. Further work, including screening of the isolates for katG deletions, AhpC activity
can be done to understand the mechanism of INH resistance in these strains.

Our studies show how a simple micronutrient could have considerable
implications in the outcome of an infection by M. tuberculosis within the mammalian
host During the regular monitoring of tuberculosis patients during chemotherapy, an

additional parameter of the iron profile may be included; supplements of iron, given to
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correct anemia in these patients must be done with careful monitoring to prevent
aggravation of the disease. Unlike in vitro conditions where it is possible to maintain the
organisms under defined iron levels, the in vivo organisms must be continually exposed
to varying concentrations of the metal ion and the successful mycobacterial pathogen
must have adapted to these fluctuations and is probably continuously altering its profile
to suit the immediate iron status. Hence, the in vivo organisms must be on the “cusp”, the
word put forth by Ratledge (2004) indicating the easy switch on and off of the different
genes, both for iron acquisition and for successful survival in the hostile intracellular
environment of the macrophage. Ours has been a small effort in the long journey towards

the understanding of the iron metabolism in this human pathogen.

141



CHAPTER 5

SUMMARY



Summary

Summary

Iron acquisition machinery is the focus of research in our lab. Though the
mycobacterial siderophores are well studied, little is known about ferric-
siderophore receptors in mycobacteria. Iron limitation in pathogenic M.
tuberculosis was established with increased expression of the siderophores.
Coordinated expression of a cell wall associated 28 kDa protein (Irep-28) with
both Mb and CMb was demonstrated.Irep-28 was purified and sequenced by
tandem mass spectrometry and identified as HupB (Rv2986¢). It is annotated as
histone- like DNA- binding protein.In silico analysis and confocal microscopy
showed the protein to be surface associated, probably anchored via lipid molecule
to the membrane.

Ligand-binding studies with both Mb and CMb were done to see the role of the
protein as a putative ferri-siderophore receptor. However, both the siderophores
bound the protein in a dose-dependant manner. With spectrofluorimetric studies,
though quenching of the emitted light was observed upon ligand binding, the
results were not conclusive about the role of HupB as a receptor.

Heterogeneity of HupB was seen among the members of M. tuberculosis
complex. Deletions were observed in M. bovis AN5 and M. bovis BCG.
Considerable variations in HupB expression among the different strains of M.
bovis BCG were observed, with low levels of expression in the recent strains
BCG Pasteur, that was not induced by iron limitation; iron limitation resulted in
up regulation of the protein in the old strains like BCG Moreau.

Anti-HupB antibodies in the serum of tuberculosis patients indicate the expression
of the protein in vivo. The detection of antibodies against HupB showed good
correlation with clinical examination, culture and radiological examination, thus
making possible the use of HupB as a diagnostic antigen. However, larger
samples need to be screened to validate the potential as a diagnostic antigen.

Iron limitation was demonstrated to influence the activity of catalase-peroxidase
(KatG) that was proved to be a virulence determinant necessary for the survival of
the pathogenic M. tuberculosis within the hostile environment of the macrophages

in the mammalian host.
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Mycobacteria express both catalase-peroxidase (KatG, T catalases) and catalase
alone (M catalase). The influence of iron limitation on these enzymes from
different mycobacterial species were studied and it was observed that iron
limitation drastically abolished the peroxidase activity and to a lesser extent the
catalase activity of T catalases with little or no effect on the M catalases. The
observations were also demonstrated among the different isoforms in
polyacrylamide gels.

Mycobacterium tuberculosis expresses only KatG that was demonstrated to affect
by iron deprivation. The loss of peroxidase activity was correlated with the failure
to activate the anti-tubercular drug INH.

It was also observed that there was substrate specificity of the peroxidase for the
drug, as the peroxidase of M. fortuitum failed to act on INH.

Our studies were extended to INH resistant clinical isolates and compared with
that of drug sensitive isolates; in the former, iron regulated the activity of the
KatG with almost negligible effect in the latter.

Iron is an important factor that is not only required for the growth of the organism
but is also used at the molecular level to regulate genes that influence the survival
of the organism as a whole. There is increasing evidence to show that M.
tuberculosis is growing under conditions of iron deprivation in vivo and our

observations are discussed with reference to the in vivo status of the pathogen.
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