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Introduction

Fathomed as the ‘ducks’ of the bacterial world, Mycobacteria, are
unicellular, aerobic, Gram-positive bacteria, taxonomically related to
the antibiotic-producing streptomycetes. They are exceptional among
bacteria in having an extremely thick, hydrophobic cell wall that
protects them from desiccation. Many mycobacteria are innocuous
and ecologically useful as they can fix nitrogen and degrade organic
matter in soil. Better known paradoxically, are the few pathogenic
mycobacteria which cause tuberculosis (M. tuberculosis, M. bovis M.
microti and M. africanum,) and leprosy (M. leprae).

Mycobacterium tuberculosis (M. tb) is a facultative intracellular
pathogen usually infecting mononuclear phagocytes (e.g.
macrophages). An obligate aerobe, it grows most successfully in
tissues with high oxygen content, such as the lungs. They are slow
growers, with a generation time of 12 to 18 hours. M. tb spreads
through aerosol, but not till 16" century was it known to be
contagious. Earlier efforts to trace the evolutionary history of
tuberculosis pointed their origin from Mycobacterium bovis. M. bovis
was causing TB in the animal kingdom long before invading humans.
However, after the domestication of cattle between 8000-4000 BC,
there is archaeological evidence of human infection by M. bovis
probably thought to be through milk consumption (Bates and Stead,
1993). M. tb is likely a human-specialized form of M. bovis that
developed among milk-drinking population, a hypothesis that is
debatable in the present post genomics era. It later spread to the rest
of the world due to extensive migration. By 1000 BC, M. tb and
pulmonary TB had spread throughout the world. At the end of 19"
century, Dr. Robert Koch isolated the dreaded organism that was the
etiological agent of tuberculosis (Koch, 1882; Barnes 2000). Since
then, there had been desultory experiments with a variety of medical
applications in the management of pulmonary tuberculosis. The first
success, marking the antibiotic era, came in the year 1944, with
introduction of streptomycin for tuberculosis treatment. In 1952, the
wonder drug isoniazid was introduced which was found to be far
more effective than streptomycin. Years 1954, 1962 and 1963 saw
the introductions of pyrazinamide, ethambutol and rifampicin,
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respectively. The joy of triumph over TB by the combinatorial therapy
(Heym and Cole, 1996) did not last very long with reports of emerging
multi-drug resistant strains in the early 1970s (Cohn et al, 1997,
Chowgule et al, 1998; Das et al, 1995). Adding to the misery is the
synergism of M. tb with Human Immunodeficiency Virus (HIV)
(Iseman and Sabarbaro, 1992; Pitchenik et al, 1990; Edlin et al,
1992; Coronado et al, 1993; Ahmed et al, 2003; Siddiqi et al, 1998;
Raman et al, 2000, Ahmed et al, 1998). Today, despite being a
completely curable disease, the morbidity and mortality statistics of
tuberculosis is so extravagant that in the world someone dies of TB
every 15 seconds (WHO report 2003). Even today, TB remains a
global emergency.

The statistical records maintained around the world highlight a
significant character of this pathogen, that is, its ability to escape the
host immune system and remain undetected in lungs for decades.
For instance, in India, every day, more than 20,000 people become
infected with the TB bacillus but only 5000 develop the disease
(RNTCP report, 2004). In the remaining, Mycobacterium tuberculosis
is either cleared or remains undetected by the host immune system.
Every year 18 lakh (or 1.8 million) people develop TB, of which nearly
8 lakh (0.8 million) are infectious (sputum-positive) and the
remaining 10 lakh remain asymptomatic (RNTCP report, 2004).
These asymptomatic cases remain undetected and untreated.
Untreated pulmonary TB patients spread infection to others in the
community -each infectious patient can infect 10-15 persons in a
year unless effectively treated. Hence, the major threat to mankind
from Mycobacterium tuberculosis is its persistence and latency in
human host.

If persistence and latency of M. tb is a major problem for the human
host, it is also a major challenge for the pathogen itself that
encounters diverse environmental pressures and an over abundance
of hostile conditions inside the human macrophages. As in other
model of host-microorganism interactions such as Rhizobium meliloti

(symbiosis), Vibrio cholerae or Pseudomonas aeruginosa
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(pathogenesis) adaptive response is likely to play a crucial role in the

virulence, persistence and latency of Mycobacterium tuberculosis.

Efforts to fight tuberculosis have intensified recently, and an
important tool for researchers is the genome sequence of
Mycobacterium tuberculosis H37Rv (Cole et al, 1998; Cole et al,
1994). Since its isolation in 1905, the H37Rv strain of M. tb has
found extensive, worldwide application in biomedical research
because it has retained full virulence in animal models of
tuberculosis, unlike some clinical isolates; it is also susceptible to
drugs and pliable to genetic manipulations. Mycobacterium
tuberculosis research got tremendous boost from the whole genome
sequencing of H37Rv (Cole et al, 1998) marking the beginning of post
genomics era in tuberculosis research and disease management.
Researchers around the world are now using this information to look
for genes that alter the pathogen’'s metabolism to adapt inside
human lung macrophages, their natural niche (Chakhaiyar et al,
2004; Hasnain, 2003; Ahmed and Hasnain, 2004). The facts
disclosed by the genome sequence, including the presence of 13
different sigma factors, clearly suggest that the bacterium is well
equipped for adaptation to environmental changes at the
transcriptional level. The post genomics efforts, assisted by powerful
bioinformatic tools, are attempting to understand Mycobacterium
tuberculosis in terms of its adaptive physiology and evolution.

The present work is an effort to understand two important
adaptations by M. tb inside host macrophages with respect to TCA
cycle enzymes isocitrate dehydrogenase and aconitase. These are (I)
adaptation to controlled energy flux during altered carbon source
and (II) adaptation for maintaining metal ion homeostasis. Before
going into the details of the work done, it is important to present an
overview of genomic clues to altered physiology and immunology of
Mycobacterium tuberculosis inside host to understand its adaptive

responses, virulence and immunogenicity.
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Genomic clues to adaptive responses and virulence in
Mycobacterium tuberculosis

Mycobacterium tuberculosis has co-evolved with the human host and
has established itself as one of the most efficient pathogen in the
history of mankind. In doing so, it has mastered the art to adjust its
physiology according to the need for intracellular survival and host
immune evasion. Therefore, there exists a distinct difference in
physiology of Mycobacterium tuberculosis during intracellular and
extracellular growth and understanding these differences can lead to
clear perception of the survival strategy applied by the pathogen and
hence rational validation of antitubercle targets. M. tb faces a very
hostile condition inside host macrophages where it confronts altered
carbon source, absence or altogether low levels of essential nutrients
like amino acids, purines and pyrimidines or altered levels of
essential metal cofactors, like magnesium, zinc or iron, deficiency or
excess of which can be lethal for the pathogen (Boon et al, 2002;
Boon et al, 2001).

One of the most remarkable advantages of the completion of the M.
tb genome and its annotation is the promotion of comparative
genomics through development of DNA arrays (Behr et al, 1999;
Brosch et al, 2002; Brosch et al, 2000; Cole et al, 2001; Mariani et al,
2000; Wei et al, 2000; Ahmed et al, 2003; Majeed et al, 2004).
Microarrays have made it possible to get a global picture of the
expression profile of all the M. tb genes under varied conditions in
considerable less time (Schoolnik 2002, Mariani et al, 2000; Stewart
et al, 2002; Wernisch et al, 2003). The post genomics efforts have
seen researchers creating mutants for genes encoding enzymes in
the biosynthetic, biodegradative or acquisition pathways for
elucidating their role in pathogenesis. Energy flux being an
important criteria, genes encoding respiratory enzymes and enzymes
that protect against oxidative stress have been mutated to
understand their importance during normal aerobic respiration, as
well those created by infected hosts. Also, several other techniques,
such as, subtractive hybridization, signature-tagged mutagenesis,
complementation and selective capture of transcribed sequences
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(SCOTS) have been applied, aided by genome information, to
elucidate the details of host-pathogen interactions, antigenic
variations and immune response to Mycobacterium tuberculosis. For
pragmatically understanding the pathogenesis of Mycobacterium
tuberculosis, one has to understand its genetics, physiology and
immunology. Presented below is a synopsis of some of the important
genes involved in altered physiology and immunology of the
pathogen.

Physiological changes in Mycobacterium tuberculosis in

response to host infection

Adaptation to altered carbon source: M. thb shifts from a
metabolism that preferentially uses carbohydrates when growing in
vitro to one that utilizes fatty acids when growing in the infected host
(Segal et al, 1956; Segal et al, 1957). Inside macrophages, M. tb is
more lipolytic than lipogenic owing to abundance of fatty acids as
carbon source. These earlier observations are consistent with the
genome information that found more than 250 genes involved in
fatty acid metabolism as compared to only 50 in Escherichia coli.
Some of these genes have been proved essential in such altered

conditions experimentally.

Isocitrate lyase (RvO467) is an enzyme that converts isocitrate to
succinate in the glyoxylate shunt. This ultimately links to the Kreb’s
cycle via malate synthase and allows M. tb to grow on acetate or fatty
acids as sole carbon sources. Initial observations showed that
isocitrate lyase activity increases as the cells reach stationary phase
(Wayne et al, 1982) in an in vitro model and also its mRNA level
increases when M. tb infects human macrophages (Dubnau et al,
2002; Graham et al, 1999). Allelic replacement of icl in M. tb Erdman
strain showed that mutant cannot grow on C2 carbon sources and
hence cannot survive inside activated macrophages (McKinney et al,
2000; Shi et al, 2003).
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Comparative proteomics of H37Rv and H37Ra showed that fadD33
(Rv1345), a possible polyketide synthase, involved in lipid
degradation, is expressed at much higher levels in virulent H37Rv
than in the avirulent H37Ra strain. There are 36 genes annotated as
putative orthologs of E. coli fadD that catalyze the first step in fatty
acid f-oxidation by adding a Coenzyme A moiety to free fatty acids.
Rv1345 gene was inactivated and the mutant showed tissue specific
attenuation in mice (Rindi et al, 2002; Dubnau et al, 2002).

Pantothenate operon (PanC/PanD) participates in a crucial step that
synthesizes coenzme A (CoA) that is central to fatty acid biosynthesis
as well as degradation, intermediary metabolism, and other cellular
processes. The mutants were attenuated for virulence
(Sambandamurthy et al, 2002). When injected into mice, the mutant
was also protective against an aerosol challenge with virulent M. tb,

showing protection similar to that conferred by M. bovis BCG.

Phospholipases cluster plcABC (plcA, plcB, plcC, plcD) is
characteristic of M. tb and is absent in M. bovis and its BCG
derivatives (Raynaud et al, 2002). plcA, plcB, and plcC, are closely
linked to each other in M. tb genome, but plcD is not. plcD is
polymorphic in different strains of M. th. The triple and quadruple plc
mutants of M. tb grew normally in THP-1 macrophage cell lines but
were found to be attenuated in mice (Fuangthong et al, 2002).

Adaptation for maintaining metal ion homeostasis: Metals form
important cofactors in majority of biochemical pathways. Some are
highly crucial, like, replication requires magnesium and iron is an
important part of all iron-sulphur cluster and heme proteins that
participate in a variety of life supporting functions. However,
paradoxically, there always exists a love-hate relation between the
concentration of these metal ions and both excess and deficit of
these can be detrimental. Thus, genes responsible for altered
physiology to maintain homeostasis inside macrophage may be very
important to the pathogen and mutants that affect the uptake of
these metals cause the attenuation of virulence. For example, MgtC
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(Rv1811) is a transporter involved in magnesium uptake (Moncrief et
al, 1998) and is essential for M. tb to grow in low-magnesium media
and in macrophages, indicating that this environment is limiting for
this divalent cation (Groisman, 2001; Buchmeier et al, 2000).

Iron is essential for most life forms and a delicate balance between
free and bound iron is maintained inside cell. Since most of the time
iron is in the form of the insoluble ferric salts in the environment,
iron uptake systems are required to solubilize and transport the iron
into the cell. In pathogenic bacteria, siderophores are the iron
acquisition systems that chelate and solubilize iron from host iron-
containing protein and the solubilized iron is internalized by high
affinity transporters. The host, as a defense mechanism, sequesters
iron to prevent bacterial growth (Litwin et al, 1993; Lounis et al,
2001). The mbt operon of M. tb comprises of ten ORFs, mbtA through
mbtJ, and is central to synthesis of mycobactin and
carboxymycobactin (De Voss et al, 2000; Quadri et al, 1998), the
major siderophores in M. tb (Ratledge et al, 1996). This regulon is
repressed by IdeR in high-iron conditions (Gold et al, 2001;
Rodriguez et al, 2002). IdeR is an iron dependent regulator that
binds to specific DNA regions depending upon the availability of iron
or related divalent cations (Pohl et al, 1999; Schmitt et al, 1995,
Wong et al, 1999). 1deR is an essential gene in M. tb and is the major
mycobacterial regulator of iron uptake and storage genes, repressing
the former and activating the latter (Dussurget et al, 1996; Gold et
al, 2001; Rodriguez et al, 1999; Rodriguez et al, 2002).

Biosynthesis of essential amino acid and purines for in vivo
survival: Some of the amino acids have been found to be essential
for the survival inside host macrophages and inactivation of enzymes
in the biosynthesis of these amino acids have resulted in attenuated
growth inside macrophages. Interestingly, some of these mutants
could protect mice against M. tb infection just like BCG. Some of
these genes include anthranilate phosphoribosyl transferase
(Rv2192c¢, trpD) (Parish et al, 1999; Smith et al, 2001), pyrroline-5-
carboxylate reductase (RvO500, proC) involved in proline
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biosynthesis, isopropylmalate isomerase (Rv2987c, leuD), an enzyme
that functions in the biosynthesis of leucine (Hondalus et al, 2000;
McAdam et al, 1995; Bange et al, 1996), and 1-
phosphoribosylaminoimidazole- succinocarboxamide synthase
(Rv0780, purC) (Jackson et al, 1999).

Genes important in anaerobic respiration: A strict aerobe, yet M.
tb encounters microareophilic environment in lung granulomas
during later stages of infection. Genome sequence and subsequent
experiments on M. tb have shown the presence of narG (Rv1161)
which is a subunit of nitrate reductase, an enzyme involved in
anaerobic respiration (Wayne, 1994). Anaerobic nitrate reductase
activity increases when M. tb becomes microaerophilic. A narG
mutant of M. bovis BCG showed a significant virulence in infected
mice, but growth remain unaffected either under aerobic or
anaerobic conditions in vitro (Weber et al, 2000). These results have
not been established in M. tb yet, it is proposed that anaerobic or
microaerophilic growth is a significant property of M. tb physiology

during infection.

Coping with oxidative stress: Peroxides are the by-products of
aerobic respiration. These, when accumulate, give rise to highly toxic
reactive oxygen intermediates (ROIs). Therefore, every aerobic
organism is equipped with a battery of peroxidases and catalases.
These enzymes are also important for the response to various
external oxidative stress. Since phagocytic cells produce ROIs to kill
invading bacteria, it is expected that these enzymes are important for
M. tb virulence. KatG is the only enzyme with catalase activity in M.
tb that degrades H,0, and organic peroxides. In addition to its
catalase activity, it converts isoniazid from its prodrug form to
activated form. Mutation in katG has been correlated with resistance
to isoniazid (Marcinkeviciene et al, 1995; Siddiqi et al, 2002; Siddiqi
et al, 2001; Siddiqgi et al, 1998). In M. smegmatis (Zahrt et al, 2001)
and M. tb (Pym et al, 2001) katG is negatively regulated by the FurA
protein, whose gene is directly upstream of katG. The
interdependence of Fur A and KatG is still not clear and neither any

10
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experimental evidence is available to show that FurA is a virulent
factor. AhpC is an alkyl hydroperoxide reductase, a member of family
of enzymes that detoxify organic hydroxyperoxides. Sherman et al.
demonstrated that all KatG mutant M. tb strains overexpressed AhpC
protein at significantly higher levels than INH-sensitive strains. It
was hypothesized that AhpC can compensate for the lack of KatG
activity in M. tb. However, levels of AhpC could not be correlated with
the virulence of katG mutants (Heym et al, 1997). SodA is the iron-
factored while SodC is the Cu, Zn-factored superoxide dismutase of
M. tb that degrades superoxides produced due to aerobic respiration
within the pathogen or superoxides produced by the host
macrophages upon phagocytosis. Sod A inhibits induction of the
cellular immune response by inhibiting the redox signaling by
macrophages. Hence, it is an essential enzyme for intracellular

survival.

Transcriptional regulators and regulatory machinery

The intricacy of the environmental conditions encountered by M. tb
necessitates comprehensive regulatory machinery. But contrary to
other bacteria, M. tb has only 11 complete pairs of sensor histidine
kinases and response regulators, and a few other regulatory genes.
Thirteen putative sigma factors govern gene expression at the level of
transcription initiation and more than 100 regulatory proteins are
predicted. The relative scarcity in signal transduction pathways is
probably balanced by the presence of a phosphorelay system
comprising of eukaryotic-like serine/ threonine protein Kinases
(STPKs). This also indicates a complexity of the regulatory machinery
involving cross talk between proteins of regulatory pathways. In the
last few years, much effort has been put in understanding these
regulatory factors that act as ‘switches’ and allow the pathogen to
selectively transcribe genes required for the new environment (Das
Gupta et al, 1993; Dellagostin et al, 1995; DeMaio et al, 1996; Primm
et al, 2000). Some of them are discussed below.

Sigma factors: The promoter specificity of RNA polymerases is
because of different sigma factors that recognize specific promoters

11
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and allow the transcription of genes suitable for the new ‘lifestyle’ of
the pathogen. M. tb genome has also shown presence of several such
sigma factors and response regulators. Sigma A (Rv2703, sigA) is the
essential principal mycobacterial sigma factor and is presumably
necessary for most mycobacterial housekeeping gene transcription
(Gomez et al, 1998; Predich et al, 1995). Sigma E (Rv1221, sigE)
dominantly controls expression of the genes that are induced as
bacterial response to various environmental stresses like high
temperature or detergent stress (Manganelli et al, 1999). M. tb
encounters these stresses as the outcome of host inflammatory
response. Hybridization-based methods showed that sigE mRNA
levels increased during M. tb growth in human macrophages
(Graham et al, 1999; Jensen-Cain et al, 2001). DNA arrays of the
sigE mutant and the wild-type parent were compared. It showed that
during normal growth, (Brosch et al, 2002) genes are under
regulatory function of sigma E, while 23 additional genes are
upregulated by Sig E after sodium dodecyl sulfate (SDS) stress.

Two-component systems: Elaborate signal transduction pathways
occur in M. tb, apart from various regulatory sigma factors, to adapt
to hostile conditions inside the host. These are the “two-component
systems” where sensor proteins (usually histidine kinases) receive
and respond to the environmental signal and in turn, activate related
effector proteins called the response regulators, which are usually
transcriptional regulatory factors. Each two-component system
responds to a specific stimulus. Some of these are PhoP (Rv0757,
phoP) (Groisman, 2001; Perez et al, 2001), PrrA (Rv0903c, prrA)
(Graham et al, 1999; Ewann et al, 2002) and mycobacterial
persistence regulator (Rv0981, mprA) (Zahrt et al, 2001).

Amongst other transcriptional regulators are HspR (Rv0353, hspR) a
repressor of heat shock genes like hsp70 (Gomez et al, 2000; Lee et
al, 1995; Stewart et al, 2001) and WhiB (Rv3416) speculated to be
participating in persistence or latency of M. tb (Gomez et al, 2000;
Soliveri et al, 2000).

12
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Genomic clues to the immune response to tuberculosis

Immune responses to tuberculosis have been largely studied in the
animal models that are capable of developing and expressing
resistance to infection with virulent mycobacteria when vaccinated
with M. bovis BCG. The immunity against M. tb parted by BCG
vaccination is measured in animal models reduction in the size and
severity of tissue damage in the primary lung lesion (Smith et al,
1989). The ‘host’ factors play a very important role in the kind of
immune response to M. tb infection and actually may decide if the
infected person will be an asymptomatic carrier or will have full
blown TB (van Crevel et al, 2002).

Humoral response to M. tb antigens

Antibody response to M. tb has not yet been explored substantially as
humoral response is thought not to contribute to resistance in
tubcrculosis (Kaufmann, 1989). Animal model (guinea pig) infected
with either BCG alone or aerosolized with M. th H37Rv alone were
studied extensively for immune response to M. th. Antibodies against
both recombinant M. bovis Hsp65 and M. tb Hsp 70 antigen were
detected in dot blot immune assay within 1 to 2 weeks after primary
infection (Bartowr et al, 1990). These results indicated that B-cell
epitopes are indeed recognized in infected animal sera. The
regulatory or modulatory importance of these circulating secreted or
released immune complexes became evident by experiments in
animal models (Bartowr et al, 1990). It was postulated that these act
through lymphocytes expressing crystallizable fragment Fc receptor
for IgG. The removal of FcyR+ lymphocytes from PPD-induced
cultures in vitro enhanced the proliferation of non-Fc receptor
bearing T-lymphocytes (Mcmurray et al, 1992). It was experimentally
shown (Mcmurray et al, 1992) that removal of immune complexes
from such serum by polyethylene glycol precipitation relieved the
suppression mediated by FcyR+ lymphocytes. Thus, humoral
response may modulate cellular reactivity and, by inference, also
modulate antituberculous resistance. This also rationalizes why
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attenuated live vaccines are more effective in generating an antibody

response than killed vaccines.

Culture filtrate proteins:

A large number of proteins, approximately 200 (Sonnenberg et al,
1997), have been observed to be present in the culture medium in
which M. tb is grown. These are called culture filtrate proteins or
CFPs, for many of which the mechanism of secretion is not defined.
This also includes some of the cell wall associated proteins and also
proteins that have no leader sequence required for protein secretion.
Recently, CFPs have been given much importance as many of them
could be recognized by the sera of TB patients, indicating that these
are released inside the host as well and possibly elicit B-cell
response. Many of the proteins found in the culture filtrate are
involved in general metabolism of M. tb, such as KatG (catalase-
peroxidase) (Braunstein et al, 2000), GInA (glutamine synthase)
(Tullius et al, 2001), SodA (superoxide dismutase) (Tullius et al,
2001) etc. These proteins are released during early stages of growth,
indicating that their localization in medium is physiological and is
not related to lysis of the cell. Amongst the proteins that are used as
autolysis marker are malate dehydrogenase and isocitrate
dehydrogenase of TCA cycle. (Anderson, 1991). Amongst the
thoroughly studied enzymes are KatG (catalase-peroxidase) and
SodA (superoxide dismutase). Presence of these enzymes that
degrade ROIs in the culture filtrate may be of significance in M. tb
survival via more efficient detoxification of injurious molecules
produced by the host in the infected phagosome (Braunstein et al,
2000). However, experiments indicate only highly stable and
overexpressed proteins such as GInA and SodA are found in early
culture filtrates (Tullius et al, 2001) and the probable explanation
could be bacterial leakage or lysis. Therefore, it has been claimed
that live attenuated M. tb vaccines are better than those made from
heat-killed cells because during growth in the host, M. tb releases
several proteins that stimulate host immune mechanisms (Andersen,
1991). Some of the other proteins in the culture filtrate include HspX
(Rv2031c, hspX) (Wayne, 1994). Esat6/CF-10 (Rv3875, Rv3874)
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(Skjot et al, 2000; Renshaw et al, 2002), 19-kD protein (Rv3763,
IpgH). (Noss et al, 2001; Thoma-Uszynski et al, 2001) and several
others (Choudhary et al, 2003; Choudhary et al, 2004; Chakhaiyar et
al, 2004).

The Esat6 and CF-10 fall in the RD-1 region, a region that is
essentially absent in all BCG strains (Lewis et al, 2003). Absence of
RD1 in BCG as compared to other members of M. tb complex could
account for the attenuation and hence these ORFs could be a
probable answer to the virulence of pathogenic mycobacteria
(Mahairas et al, 1996; Pym et al, 2002).

The PE and PPE multigene families

The most remarkable discovery in the M. tb genome is the presence
of a hitherto new and unique family of proteins called the PE and
PPE multigene families. Almost 10% of the genome is devoted to
these two unknown families of proteins that exhibit distinct motifs of
Pro-Glu (PE) and Pro-Pro-Glu (PPE) at their highly conserved N-
terminals. PE family consists of 99 members with a highly conserved
~110 amino acids at N-terminal while the C-terminal is variable and
differ in the copy number of repeats. The PE proteins are further
classified into sub-classes, the largest of which has 61 members
characterized by the presence of highly repetitive poly glycine rich
regions (PGRS). This sub-class of proteins, called PE-PGRS, is
glycine rich (up to 50%) due to multiple tandem repetitions of Gly-
Gly-Ala or Gly-Gly-Asn motifs. PPE family, on the other hand, has 68
members with ~180 amino-acid residues conserved at N-terminal.
Atleast three groups have been marked in this class, of which the
multiple tandem repeat (MPTR) class is characterized by tandem
copies of the motif Asn-X-Gly-X-Gly-Asn-X-Gly, second group has
conserved motif at 350 position and the third group houses the
unrelated PPE proteins. The C-terminal of these proteins is highly
variable and for this reason it was suggested that these proteins are
involved in conferring antigenic variations amongst M. tb strains
(Banu et al, 2002; Cole et al, 1998; Choudhary et al, 2003;
Choudhary et al, 2004).
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T-cell mediated immunity to M. tb antigens

M. tb is controlled by the cooperative actions of CD4, CD8 T cells and
macrophages mediated by cytokines. The uptake of mycobacteria by
macrophages is by conventional phagocytosis (Armstrong et al, 1975;
Schlesinger, 1993). Binding of complement components from the
surrounding serum may be the key mediators of this event
(Schlesinger et al, 1990; Schlesinger et al, 1991). In addition,
mannose receptors on the macrophages may also play a role
(Schlesinger et al, 1993; Stokes et al, 1993; Chatterjee et al, 1992)
and are directed preferentially to the lipoarabinomannan (LAM)
structure on the mycobacterial cell wall (Schlesinger et al, 1993;
Stokes et al, 1993; Crowle et al, 1991).

After mycobacterial antigens are induced into an endosomic pathway
in the macrophage, peptides of the antigen are subsequently
presented on the macrophage cell surface in the cleft of class 11 MHC
encoded molecules. These complexes are then recognized by T-cells
bearing complementary receptors that trigger acquired resistance.
The cascade of cytokines that is produced during the infectious
process is the key immunomodulator that drive these events. Some
of these cytokines are IL-1, IL-6, IL-8, factors with antimicrobial
activity like TNF, IL-10, IL-12, T-cell growth factor beta (TGFf),
macrophage colony stimulating factor (M-CSF), granulocyte-
macrophage colony stimulating factor (GM-CSF), granulocyte colony
stimulating factor (G-CSF), platelet-derived growth factor (PDGF) and
others (Cooper et al, 1993; Flynn et al, 1993; Barnes et al, 1992).

An overall model for T-cell generation during the course of
tuberculosis infection (mouse-model) is summarized in Figure 1.1. In
an early protective phase, CD4 T-cells recognize secreted or exported
proteins of the bacillus presented in association with class II MHC-
encoded molecules and begin to secrete IFN-y and other important
cytokines resulting in macrophages activation and monocyte
recruitment. y6 T-cells also accumulate and may augment protective

16



Introduction

Migration from
the primary site
of infection

Stimulate Protective CD4
proliferation

-2 Cytolytic CD4
A
Pathogen
stimulus DTH effector
Activated infected macrophage CD4
Stress proteins
. A—
Stimulate
v8 cell Cytotoxic CD8
< >
Protection
phase
Memory CD4
<+ >
Immunosurveillance

phase

Figure 1.1: T-cell generation during the course of tuberculosis
infection (mouse-model) [After Rom WN and Garay SM (Eds).
Tuberculosis. 1995. 1% Edition, Little, Brown and Company (Inc),
USA.]
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T-cell proliferation by secreting IL-2 (Pancholi et al, 1993). What
actually triggers yd cells is unclear, but it is postulated that it may be
induced by stress proteins expressed by the infected macrophages.
As the infection progresses, some sensitized T-cells leave the site of
infection and differentiate into longer-lived population. These cells
participate in immune surveillance and try to contain the spread of
the infection. The DTH effector T-cells recirculate and on recognition
of the bacilli antigens, rapidly mediate the initiation of
granulamatous response at the site. Other cells have cytolytic
functions, presumably to release bacillus from crippled or heavily
infected macrophages (CD4 cells) or from cells which can present
only class I MHC molecules (CD 8 cells) (Xu et al, 1994; Cox et al,
1989; Orme, 1988; Hussein et al, 1987).

Energy Metabolism and Energy cycle Enzymes in Mycobacterium
tuberculosis

The central metabolic pathways in bacteria, especially in E.coli, have
been extensively studied to understand the physiology of the
organisms under altered carbon sources (Holms, 2001). In
prokaryotes where an enormous diversity exists in terms of
environmental parameters, energy production and expenditure along
with substrate utilization are closely monitored and regulated.
Tricarboxylic acid cycle is the universal pathway for energy
production. The enzymes of the universal, tri-carboxylic acid energy
cycle have been found to be operative in mycobacterial species
(Katoch et al, 1987; Prabhakaran, 1986; Sharma et al, 1985; Kannan
et al, 1985). In most bacteria including Mycobacterium tuberculosis,
apart from the TCA cycle, there exists an alternate pathway to
metabolize two carbon sources called the glyoxylate shunt pathway.
Degradation of fatty acids leads to formation of acetyl coenzyme A
(acetyl-CoA) (Lakshmi et al, 1978). To grow on the acetyl- CoA
produced when fatty acids are present as the sole carbon source, as
is the case in M. tb infected macrophages, a mechanism must be
available to replenish the dicarboxylic acids drained from the
tricarboxylic acid cycle for cellular biosynthesis (Kornberg 1966).
This is accomplished by the glyoxylate shunt (Figure 1.2). The two
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Figure 1.2: Energy metabolism: Tricarboxylic acid (TCA) cycle and
Glyoxylate shunt pathways in bacteria.
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unique enzymes of the glyoxylate shunt, isocitrate lyase and malate
synthase, are induced when acetate or fatty acids serve as the sole
carbon source (Kornberg, 1966; McKinney et al, 2000; Shi et al,
20083).

When M. tb infects macrophages, the carbon source is altered from
six-carbon to two-carbon, owing to abundance of fatty acids in
human macrophages. McKinney et al (2000) showed that persistence
of M. tb in mice is facilitated by isocitrate lyase, the first enzyme in
glyoxylate shunt mechanism. They could also show that icl gene
disruption attenuated bacterial persistence and virulence in
immune-competent mice without affecting bacterial growth during
the acute phase of infection. This was apparent at the level of the
infected macrophages where activation of infected macrophages
increased expression of ICL, and the icl mutant was markedly
attenuated for survival in activated but not resting macrophages.
These data suggested that the metabolism of M. tb in vivo required

shift from TCA cycle to Glyoxylate shunt pathway.

Mycobacterium tuberculosis Isocitrate Dehydrogenases

One of the key regulatory enzymes of the TCA cycle is isocitrate
dehydrogenase that allosterically regulates the conversion of
oxidative decarboxylation of D-isocitrate to a-ketoglutarate and CO,
in the presence of a cofactor (Stryer, 1995). This rate-limiting step is
the first NADPH-yielding reaction of the TCA cycle (Stryer, 1995). To
sustain aerobic growth and persistence within the macrophages, the
pathogen has to swap from TCA cycle to Glyoxylate shunt. Glyoxylate
shunt pathway enzyme isocitrate lyase and TCA cycle enzyme
isocitrate dehydrogenase share a common substrate, isocitric acid.
However, isocitrate lyase has a relatively high Km value (and hence
lower affinity) for the substrate isocitric acid and has to compete with
isocitrate dehydrogenase for the same. The flux of isocitrate at this
point is largely regulated by altered biochemistry of isocitrate
dehydrogenase. It is known in other bacteria that phosphorylation of
isocitrate dehydrogenase results in four fold decrease in Vmax of the
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enzyme resulting in accumulation of isocitric acid which then
becomes available to isocitrate lyase and the energy production shifts
from TCA cycle to glyoxylate shunt, resulting in persistence of the
pathogen. Thus, knowledge about the biochemical characters of M. tb
isocitrate dehydrogenases becomes crucial for understanding the

survival strategy of the bacillus inside the host.

M. tb genome has two isoforms of isocitrate dehyrogenase, RvOO66¢
(ICD-2) is annotated as NADP' dependent monomeric isocitrate
dehydrogenase while Rv3339 (ICD-1) is a probable isocitrate
dehydrogenase based on homology (Cole et al, 1998). The primary
structure of the two isoforms shows only ~19% identity but the
signature residues of the ICD family are conserved. M. tb isocitrate
dehydrogenase has been evaluated in earlier reports for its
immunogenic properties (Ohman and Ridell, 1996; Ohman and
Ridell, 1995) and as a marker of autolysis during the late logarithmic
growth phase (Anderson et al, 1991). However, little is known about

the enzymological behaviour of M. tb isocitrate dehydrogenases.

Mycobacterium tuberculosis Aconitase

Another important enzyme that is common between the TCA cycle
and Glyoxylate shunt is Aconitase. M. tb aconitase (Acn) is an
enzyme involved in the energy cycle pathway that belongs to a family
of monomeric, Fe-S cluster containing proteins. Such proteins are
known to act as iron regulatory and sensor proteins. The iron
sulphur cluster of these proteins not only participate in electron
transport during reversible isomerization of citrate and isocitrate in
citric acid cycle (Beinert et al, 1996) but also serve as iron and
oxygen sensors of the cell (Beinert et al, 1997; Kang et al, 2003). The
binary activities are exerted through the assembly and dissasembly
of iron and sulfur cluster. Protein with the intact [4Fe-4S] cluster, is
the holoprotein, that functions as aconitase, whereas the apoprotein,
[3Fe-4S] is an RNA-binding translational regulator (Rouault and
Klausner 1997; Haile et al, 1992). The stability and functionality of
aconitases as a translation regulator is affected not only by iron

levels, but also by oxidative stress, which induces these Iron
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Regulatory Proteins (IRPs) to bind to Iron Responsive Elements (IREs)
and maintain iron homeostasis (Rouault et al, 1996; Fillebeen et al,
2002). IRPs maintain iron homeostasis by post transcriptional
binding to conserved RNA stem-loop structures, Iron Responsive
Elements (IREs), either at 5 or 3' end of untranslated regions of
mRNA. Depending on whether the IRE is present on 3" or 5 end,
binding of IRPs to IREs either protects the mRNA from degradation
or inhibits their translation (Alén et al, 1999). For instance, ferritin,
an iron storage protein, under low iron condition needs to be down
regulated. Hence binding of IRP to its 5’ end results in inhibition of
translation by preventing ribosome to bind (Koeller et al, 1989). On
the other hand, mammalian TfR, coding for transferrin receptor, is
required to be upregulated under low iron conditions for uptake of
iron. This is accomplished by binding to five IREs present at 3’ end,
which stabilizes the mRNA and prevents its degradation (Koeller et
al, 1989). Thus, IRPs ensure coordinated regulation of iron
utilization and uptake, maintaining threshold levels of iron in a cell.
IRE like sequences are present in the UTRs of atleast two enzymes of
citric acid cycle, aconitase and succinate dehydrogenase in
mammals, implying that IRPs play an important role in mediating
iron regulation of mitochondrial energy production (Gray et al, 1996).
IRPs have also been shown to be activated by both hydrogen
peroxide and iron mediated oxidative stress (Nunez et al, 2003). The
reactivity of H,0O, with iron (Fenton reaction) intimately connects
oxidative stress and cellular iron metabolism (Pantopoulos et al,
1995). Thus, recruitment of IRPs constitutes a highly effective
strategy employed by the pathogen for cell survival.

Aconitases and IRPs are related with respect to the conserved amino
acid residues across the family. This became evident when active site
residues identified in pig heart mitochondria aconitase crystal
structure were found to be conserved across mammalian IRPs
(Frishman and Hentze, 1996). Based on primary structure similarity,
all bacterial aconitases, including the a - proteobacterial aconitases
are categorized mainly either into the aconitase group similar to
eukaryotic IRP or cytosolic aconitase (Acn A / IRP group), or the
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aconitase group found only in bacteria (AcnB) (Walden, 2002;
Baughn et al, 2002). Several bacteria such as, E. coli, have two
isoforms of aconitase, AcnA and AcnB, with different physiological
properties and expression profiles (Jordan et al, 1999; Tang et al,
2002; Varghese et al, 2003), while prokaryotes like Bacillus or
Xanthomonas, have only one aconitase in their genome.
Muycobacterium tuberculosis also carries a single copy of aconitase
gene (acn) coded by Rv1475c. Sequence comparisons of
Mycobacterial aconitase (Swissprot ID: O53166) with Escherichia coli
aconitase AcnA (Swissprot ID: P25516) and AcnB (Swissprot ID:
P36683) showed that mycobacterial aconitase has closer identity to
AcnA of E. coli (60% identity) rather than AcnB (20% identity). Earlier
reports showed that AcnA of E. coli is induced in stationary phase or
during oxidative stress (Jordan et al, 1999, Tang et al, 2002,). It is to
be noted that AcnA / IRP group is less sensitive to oxygen mediated
inactivation (Walden, 2002; Varghese et al, 2003) and therefore, it is
logical to argue that aerobic respiration in M. tb would use the more
stable AcnA / IRP aconitases for energy metabolism, a feature
important for survival under oxidative stress. The fact that M. tb
aconitase expression was downregulated 4.74 folds in starvation
model (Betts et al, 2002) and upregulated at high iron stress (Wong

et al, 1999) associates it to both energy as well as iron metabolism.

The work presented in this thesis constitutes complete biochemical
characterization of the two isoforms of M. tb ICDs, Rv3339 (ICD-1)
and Rv0066c¢c (ICD-2). The studies provide experimental proof
confirming that Rv3339 codes for ICD. Unusual behaviour of M. tb
ICDs became evident when they were found to elicit strong B-cell
response in TB-infected patient sera. As discussed earlier proteins
that are released from Muycobacterium tuberculosis during late
logarithmic growth phase are often considered as candidate
components of immunogenic or autolysis markers. Isocitrate
dehydrogenase (ICD) was found to be one such protein along with
enzymes like superoxide dismutase etc. The immunological
properties of the M. tb ICDs were evaluated through detection of
anti-M. tb ICD antibody in sera of different categories of TB patient

23



Introduction

sera through enzyme linked immunosorbent assays. The sensitivity
and specificity of ICDs were compared to distinguish TB and non-TB
patients vis-a-vis the conventional control - M. tb Hsp 60 and
purified protein derivative (PPD). The result points to the advantage
of the M tb ICDs in discriminating BCG vaccinated healthy control
from TB patients. In the present work, the possibilities of M. tb
aconitase being a bifunctional protein have also been explored,
showing enzyme activity when reconstituted by iron and RNA
binding activity when the enzyme is deprived of iron. The present
work further elaborates upon the functional oligomeric state and
basic biochemical properties of M. tb aconitase as a TCA cycle
enzyme and also defines its ability to bind to selected IRE like
squences in M. tb genome. The identity of the likely amino acid
residues associated with the functional specificity of M. th aconitase
as a TCA cycle enzyme is highlighted. These results also point out
that the two properties of this protein are mutually independent.
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Biochemical characterization of M. tb ICDs

INTRODUCTION

Controlled energy flux and metabolismn are critical for pathogenic
bacteria that encounter a plethora of hostile conditions inside host.
One of the key regulatory enzymes in the tri-carboxylic acid energy
cycle is the isocitrate dehydrodenase that allosterically regulates the
conversion of oxidative decarboxylation of D-isocitrate to o-
ketoglutarate and CO, in presence of a cofactor (Stryer, 1995). This
rate-limiting step is the first NADPH yielding reaction of the TCA
cycle (Stryer, 1995). ICD lies at the branch-point between citric acid
cycle and glyoxylate shunt pathway (Nimmo et al, 1987; Holms,
1987). In E.coli, complex patterns of control of isocitrate
dehydrogenase have been shown where glyoxylate bypass and citric
acid cycle operate concurrently (Holms, 1987; Holms, 1996).
Isocitrate dehydrogenase belongs to a family of enzymes that exhibits
diversity with regard to amino acid composition, cofactor specificity,
metal ion requirement and oligomeric state. ICD from different
organisms has been phylogenetically affiliated to three subfamilies
(Steen et al, 2001). Majority of the bacterial ICDs fall into subfamily 1
that includes archaeal and bacterial NADP dependent ICDs (Steen et
al, 2001).

Mycobacterium tuberculosis, an intracellular pathogen, is exposed to
different environmental constraints during its course of infection that
necessitates a tight regulation of substrate utilization for energy flux.
The glyoxylate shunt pathway in M. tb has been observed under
hostile conditions inside macrophages where C, substrates, such as
fatty acids, are the only carbon source (McKinney et al, 2000). To
sustain aerobic growth and persistence within the macrophages the
glyoxylate shunt pathway enzyme isocitrate lyase, which has
relatively high Km value for isocitrate, has to compete with isocitrate
dehydrogenase of citric acid cycle for the available substrate isocitric
acid. The flux of isocitrate at this point is largely regulated by
phosphorylation of ICD that results in four fold decrease in Vmax of
the enzyme resulting in accumulation of isocitrate (Singh et al, 2002;
Kornberg et al, 1966). Therefore, information on the biochemistry of
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isocitrate dehydrogenase becomes crucial for understanding the

survival strategy of the bacillus inside the host.

Two isoforms of isocitrate dehydrogenase, has been noted in M. tb
genome. Rv0066¢c or icd 2 (ICD-2) was annotated as NADP*
dependent monomeric isocitrate dehydrogenase while Rv3339 or icd-
1 (ICD-1) is a probable isocitrate dehydrogenase based on homology
(Cole et al, 1998). The percentage identity at amino acid level of two
isoforms is only about 19% but the signature residues of the ICD
family are conserved. In the present work the possible reasons for
the presence of two isoforms of isocitrate dehydrogenase in M. tb
genome have been explored. Further questions pertaining to their
expression in vivo, differences in the biochemical properties,
functional oligomeric state and differential expression of the two

ICDs under different stages of growth have been addressed.

MATERIALS AND METHODS

RNA extraction and Reverse Transcriptase PCR: All the glassware
were treated and the solutions were prepared with DEPC- water to
inhibit RNAse activity. H37Rv was grown in Middlebrooks 7H9 media
and cells were periodically harvested on 3™ (early log), 7", 10" (log),
12" (late log) and 18™ (stationary phase) day by centrifuging at
2300Xg at 4°C for 10 minutes. RNA from H37Rv was extracted using
the Qiaquick total RNA extraction Kit (Qiagen, USA). The RNA was
stored in alcohol at -70°C till further use. Internal primers for M. tb
icd-1 (FP- gcg geg ggg ctg acc tac gag; RP- gta atc cge ggg tee agg caa
aga) and M. tb icd-2 (FP- gta ccg ccc gea cga gaa cga; RP- tge geg gee
agc tct tgt g) were used to confirm in vivo transcription of these genes
using the Access RT-PCR kit (Promega Inc., USA). A control pair of
primers (FP- gcc gee gac teg ccg cee cag ac and RP- tca ccg ceg ceg
acc aca cta aac) was designed to amplify a 245 bp region of the house
keeping gene Rv1437 coding for phosphoglycerate kinase. A 50ul RT-
PCR reaction contained ~200 ng of RNA, 100 ng each of both the
primers, 0.2mM dNTPs, 1 X of the reaction buffer, 1.5mM MgSO,,
0.05 U of AMV reverse transcriptase and Tfl polymerase. First strand
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synthesis was carried out at 48°C for 45 minutes followed by an
incubation of 94°C for 2 minutes to denature the reverse
transcriptase. Second strand synthesis was carried out for 40 cycles
at 94°C - 30 seconds, 60°C - 30 seconds and 68°C - 1 minutes. A
final hold at 68°C for 7 minutes was included. The resulting RT-PCR
product of 310 bp (M. tb icd-1) and ~ 530 bp (M. tb icd-2) and ~245 bp
(Rv1437) were resolved by electrophoresis in a 2% agarose gel and the
products' band intensities were compared using 'Quantity One (4.1.1)'
gel documentation software (BioRad, USA).

Cloning, expression and purification of M.tb ICD-1 and M.tb ICD-
2: The ORFs, corresponding to M.tb ICD-1 (Rv3339c, 1.230 kb) and
M.tb ICD-2 (RvO066¢c, 2.238 kb) were PCR amplified from the genomic
DNA of H37Rv. BamHI and Hindlll restriction sites were incorporated
in the 5' end of forward and reverse primers respectively for both M.tb
ICD-1 and M.tb ICD-2. The primers and parameters for thermal cycle
amplification have been tabulated below

Primers Sequence

M.tb icd-1FP: ggatccATGTCCAACGCACCCAAGATA
M.tb icd-1RP: aagcttCTAATTGGCCAGCTCCTTTTC

M.tb icd-2 FP: AGCTTggatccATGAGCGCCGAACAGCC
M.tb icd-2 RP: CATGGaagcttTCAGCCTTGGACAGCCT

PCR Amplicol
Parameters Size

94°C for 2’ ~1.2 Kb

(35 Cycles)
94°C for 30~
50°C for 1’
72°C for &
72°C for T

94°C for 2’ ~2.23Kb

(10 Cycles)
94°C for 30"
50°C for 30"
72°C for 3.30°
(25 cycles)
94°C for 30"
58°C for 30~
72°C for 3.30°
72 Cfor 7

Each 50ul PCR reaction contained 250 ng of template DNA (genomic
DNA of H37Rv), 200 ng of each primer with 1U of Tag DNA
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polymerase (Amersham, USA), 200 uwmoles of all 4 dNTPs, 1.5mM
Magnesium chloride and 1X PCR buffer supplied with the enzyme.
The template DNA was amplified in GeneAmp PCR system 9700 (PE
Applied Biosystems, USA). The PCR products were gel extracted

using Qiagen Gel extraction Kit (Qiagen Inc. USA) and stored at -
20°C.

The amplicons carrying the full length M.tb ICD-1 and M.tb ICD-2
were cloned at the BamHI and Hindlll sites of the expression vector
PRSET-A (Invitrogen) with a six histidine sequence tag at N-terminal.
For the ligation reaction, 200ng of vector (pRSET A), 400ng of insert
(icd-1 or icd-2), 1 unit of T4 DNA ligase and 1X ligation buffer (30 mM
Tris-HCI pH 7.8, 10mM MgCl,, 10mM DTT, 2mM ATP, 5% PEG 8000)
were mixed together and volume made to 20 ul with distilled water.
The tube was incubated at 16°C for 16 hours or overnight. The
ligation mix was used to transform DH5a strain of E. coli. The clones
were confirmed by double digestion with BanHI and Hindlll first and
later by sequencing using the T7 promoter primer, on an ABI prism
377 DNA sequencer (PE Biosystems, USA). The generated constructs
‘setAicd 1’ and ‘setAicd2’ were further transformed into the BL21
(DE3) strain of E.coli.

The genes were overexpressed in the pRSET-A/ E.coli BL-21 (DES3)
expression system Through induction by 0.1mM Isopropyl-beta-D-
thiogalactopyranoside (IPTG). The setAicdl BL-21 transformants
were grown in ampicillin (100pg /ml) containing LB media
supplemented with glycylglycine as described by Ghosh et al, 2004.
The cells were grown to an ODg,, 0.4 at 37°C, cooled to 27°C and
induced by 0.1mM IPTG and allowed to grow overnight at 27°C for
overexpression of the protein. The setAicd2 transformed BL-21 cells
were grown in Terrific Broth (TB) containing ampicillin (100ug /ml) to
an ODg, of 0.4 to 0.5 at 37°C, cooled to 27°C, induced with 0.1mM
IPTG and grown overnight at 27°C.
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The overexpressed his-tagged recombinant protein was purified by
Ni**-nitrilotriacetate affinity chromatography from the soluble
fraction. The cells were lysed by sonication, followed by centrifuging
at 16000Xg for 30 minutes at 4°C. The clear lysate was loaded onto
Ni**-NTA column, which was then washed with 50mM NaH,PO,,
300mM NaCl, 20mM imidazole, pH 8. The protein was eluted in the
same buffer supplemented with 200mM imidazole. Purity of each
protein was checked on 10% SDS-PAGE by Commasie Blue staining.
The purified recombinant proteins were dialyzed against 20mM
TrisCl, pH7.5 with 100mM NaCl and 3% glycerol, concentrated using
Centricon tubes with 10kDa cut-off filter (Millipore, USA) and
quantified using Bradford’s Reagent (Bradford, 1976).

Dehydrogenase kinetics / Biochemical assays for isocitrate
dehydrogenase

Dehydrogenase activity was measured spectrophotometrically by
monitoring the time dependent reduction of NADP+ to NADPH at
25°C in Unicam UV/Vis spectrometer at 340nm, the absorbance

maximum of NADPH.

Coo cog coQ
I NADPH | o I
?Hz ?Hz 2 ?Hz
H-c':—coo' / H—?-—GDD- Z GH,
HO—?— H c|:= 0 c|:= 0
co0 coo coo
Isocitrate Oxalosuccinate a-Ketoglutarate

The standard assay solution per 400uL contained 20mM
triethanolamine chloride buffer pH 7.5, 2mM NADP*, 0.03mM DL-
isocitrate, 10mM MgCl, / 10mM ZnCl,, 100mM NaCl and 50 -100
pico moles of the enzyme. Environmental parameters for the enzymes
were measured by altering the pH of the buffer (range 4 - 10),
temperature (20 - 65°C), concentration of substrate (0.01lmM -
0.18mM), cofactor (0.1 - 2mM), metal ion (1 - 12.5mM), salt (100mM
- 500mM) and metal ion requirement (Mg™, Zn™, Mn™, 10mM each).
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The pH dependence of the enzyme was measured using the following
buffers: 30mM Na-acetate buffer (pH 4.0 to pH 5.5), 20mM
phosphate buffer (pH 5.7 to pH 7), 30mM imidazole buffer (pH 6 to
pH 7) and 20mM Tris buffer (PH 7.5 to pH 10). The cofactor
specificity was checked with both NADP* and NAD*.

The Km was determined by altering the concentration of either the
substrate or the coenzyme. The substrate concentration gradient
varied from 0.01mM to 0.75mM, while NADP* concentration was
taken from 0.1mM to 2mM. The values were plotted as V vs S for
calculating Km and Vmax for this first order reaction. The results
were counter checked by double inverse Lineweaver-Burk plot.
Competitive inhibition was performed with reduced NADP (NADPH)
versus NADP* to estimate inhibitor constant, Ki. Standard Km
analysis was performed followed by repeating the assay with NADPH.
Two concentrations of the inhibitor were tested, 0.002mM and
0.005mM. The uninhibited run provided the value of Km for the
reaction and the inhibited run provided the apparent Km (Km app)
for the reaction. Ki for the competitive inhibition was calculated by
the formula: Ki = (Km) (I) /Km app — Km.

Size exclusion chromatography

Size exclusion chromatography was performed at room temperature
using FPLC equipped with Superdex-200 HR 10/30 column
(Amersham Pharmacia Biotech). Calibration of the column was
performed using protein molecular-mass standards for gel-filtration
(Sigma, USA), namely thyroglobulin (669kDa), ferritin (443kDa), -
amylase (200kDa), alcohol dehydrogenase (150kDa), albumin
(66kDa) and carbonic anhydrase (29kDa). The column was
equilibrated with standard proteins in 50mMTris/HCI, pH7.5 with
desired concentration of NaCl and elution volume (V,) for each
protein was determined. The void volume (V,) was determined by
running Dextran Blue on the column. The calibration curve was
plotted as Ve/Vo versus log of molecular mass. No difference in the
elution volume or the calibration curve was observed when different
concentrations of NaCl (No NaCl; 150mM; 300mM; 1.5M) were used
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to calibrate the column. The column was equilibrated with three bed
volumes of the elution buffer prior to each run. Protein elution was
monitored at Ayy,. A 2.4mg/ml (for ICD-1) and 1.06mg/ml (for ICD-2)

concentration of recombinant proteins were used for all gel filtration
experiments.

Sequence alignment and phylogenetic analysis

The amino acid sequence of M. tb ICD-1 and M. tb ICD-2 were
compared against the NCBI protein database. The sequences with
the BLAST score upto e-153 or 65% identity were selected for
construction of the phylogenetic tree. MegAlign, the multiple
sequence alignment package of DNA*star was used to determine the
conserved residues across the aligned sequences. The extremely
variable regions at both N- and C-terminal were ignored to further
check the relatedness of isocitrate dehydrogenases across species.
Only the conserved sequences were aligned and used to construct a
phylogenetic tree using CLUSTAL program. The sequence alignment
file with PHYLIP to construct the unrooted tree (Altschul et al 1990;
Retief et al 2000).

The amino acid sequences showing more than 65% identity with M.
tb ICDs were used for CLUSTAL alignment and tree construction.
Protein sequence accession numbers for ICDs included in
phylogenetic analysis of M. tb ICD-1 are: 23326780 [Bifidobacterium
longum]; 3747089 [Glycine max]; 1750380 [Eucalyptus globulus];
2623962 [Apium graveolens]; 15982950 [Prunus persical; 5764653
[Citrus limon]; 5007084 [Oryza satival; 13928690 [Rattus norvegicus];
4105615 [Microtus mexicanus]; 284570 [mitochondrial - pig];
12003362 [Mus musculus]; 47943 1[mitochondrial — bovine]; 4504575
[Homo sapiens] ; 2564042 [Candida tropicalis]; 2117471
[Sphingomonas yanoikuyael; 16126761 [Caulobacter crescentus
CB15]; 15889170 [Agrobacterium tumefaciens], 13470817
[Mesorhizobium loti]; 23502076 [Brucella suis 1330]; 8133104

[Sinorhizobium meliloti].
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Protein sequence accession numbers for ICDs included in
phylogenetic analysis of M. tb ICD-2 are: 7649645 [ Streptomyces
coelicolor A3(2)]; 4927874 [Streptomyces coelicolor A3(2)]; 15791892
[Campylobacter jejuni]; 15676815 [Neisseria meningitidis MC58];
15794063 [Neisseria meningitidis Z2491]; 15597820 |Pseudomonas
aeruginosal; 15828442 [Mycobacterium leprael; 1170476 [Colwellia
maris]; 8118494 [Vibrio cholerael; 15641154 [Vibrio cholerael:
1708408 [Azotobacter vinelandii]; 15839289 [Xylella fastidiosa 9a5c];
20086389 [Corynebacterium efficiens]; 19551894 [Corynebacterium
glutamicum].

RESULTS

The ORFs encoding M. tb hypothetical ICD-1 (Rv3339) and the
annotated ICD2 (Rv0066c) are expressed in vivo

The M. tb icd-1, annotated as the probable isocitrate dehydrogenase
based on the sequence homology with other members of isocitrate
dehydrogenase family, has so far been considered a hypothetical
protein of the bacillus. The M. tb icd-1 was indeed found to be
expressed at mRNA level as evident from RT-PCR analysis (Figure
2.1). Since M.tbh icd-2 is the annotated ORF for which experimental
evidence exists; expression at the level of mRNA was not tested.
However anti-ICD1 and anti-ICD2 antibodies were detected in the
sera of TB-infected patients. ELISA based assay revealed the
presence of antibody titers against both the purified proteins ICD-1
and ICD-2 in the infected sera samples. A total of 125 patient sera
were tested with 14 healthy controls. Figure 2.2 is a sample
representation of ten patients each for ICD-1 (sample 1 -10) and
ICD-2 (sample 11 -20). A high immunogenic response against these
recombinant proteins was evident when compared to those with
BCG-vaccinated healthy sera (Figure 2.2, 21 - 25: healthy control
reactions for ICD-1 and 26 - 30: healthy control reactions for ICD-2).
These results demonstrated that the hypothetical ORF Rv3339 is
indeed transcribed and both the ORFs encoding ICDs are expressed

at the protein level in vivo.
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PCR amplification and cloning of M. tb icd-1 and icd-2 in
expression vector pRSET A

M. tb icd-1 and icd-2 were cloned in expression vector pRSET A
(Figure 2.3A and 2.3B). The amplified PCR products corresponding to
sizes ~1.2 kb (M. tb icd-1) and ~2.23 kb (M. tb icd-2) was excised from
1.2% agarose gel and extracted (Figure 2.4A). The PCR product and
the vector pRSET A were digested with BamHI and Hindlll and
ligated. The ligation mix was used to transform competent DH5a
cells and the colonies were screened for the positive clone by double
digestion with BarnHI and Hindlll to check for the respective insert
fall out (Figure 2.4B).

Expression, purification and quantification of M. tb ICD-1 and
ICD-2

The genes were overexpressed in the pRSET-A/ E. coli BL-21 (DE3)
expression system through induction by 0.1mM Isopropyl-beta-D-
thiogalactopyranoside. The over-expressed N-terminal His-tagged M.
tb ICD-1 and M. tb ICD-2 were purified on a Nickel affinity column to
95% and 90% homogeneity respectively (Figure 2.5A and 2.5B). The
purification was carried out under native conditions for both the
proteins from soluble fractions with yields of 3.256mg per 500 ml
start culture for M. tb ICD-1 and 20.42mg from 1000 ml start culture
for M. tb ICD-2. The molecular mass of the recombinant M. tb ICD-1
and M. tb ICD-2 proteins were determined by SDS-PAGE analyses
and were found to be ~ 49 kDa and ~ 86 kDa, respectively.

Biochemical characterization reveals differences between ICD-1
and ICD-2

Metal ions as co-factors

The enzymes were tested for metal jon requirement with respect to
three divalent metal ions, namely, Mg™, Zn™ and Mn". It was
apparent that M. tb ICD-1 accepts both Mg™ and Zn™ as a divalent
metal ion components for enzyme activity (Figure 2.6A) but shows no
activity in presence of Mn*. This is unlike M. tb ICD-2, which

accepts only Mg** as metal ion and shows no activity in presence of
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either Zn™ or Mn* (Figure 2.6B). The saturation kinetics indicates a
complete saturation at 10mM of metal ion for both Mg* and Zn*. Km
[isocitrate] in presence of either Mg* or Zn* was therefore calculated
taking 10mM of metal ions in the reaction mix so that metal ion is
not limiting for the enzyme kinetics. Km [isocitrate], thus calculated,
for M. tb ICD-1 werelOuM * 5 in presence of Mg** and 22uM % 7 in
presence of Zn™. For M. tb ICD-2, the value is 20uM * 1 in presence
of Mg™. This suggested that M. tb ICD-1 has higher affinity for Mg-
substrate complex than Zn-substrate and also more readily binds to
metal-substrate complex than M. thb ICD-2. The observation that
these enzymes showed no activity upon pre-incubation with
isocitrate and NADP* in absence of metal ions suggests that they are

unable to utilize free isocitrate as a substrate

Optimum temperature and thermostability

Activity profiles as a function of temperature of M. tb ICD-1 and M. tb
ICD-2 were studied to interpret optimum temperature and
thermostability of the enzymes. The temperature varied over a range
of 20°C to 75°C with incubation time of 30 minutes for each reaction.
The optimum temperature for the activity of M. tb ICD-1 ranged from
37°C to 45°C (Figure 2.7A). The enzyme was partially active till
60°C. The thermal inactivation remained irreversible after incubation
at 65°C for half an hour. For M. tb ICD-2, activity remained the same
across a temperature range of 25°C to ~ 45°C. The enzyme could be
renatured upon slow cooling till 55°C where partial activity was
restored. Complete denaturation of the protein was observed at

about 60°C (Figure 2.7B). These results demonstrate the fine
differences between the two ICDs in terms of thermostability.

pH tolerance: M. tb ICD-1 was active across a wider range of pH
than M. tb ICD-2

While the optimum pH was found to be 7.5 for M. tb ICD-2, M. tb
ICD-1 was found to be active even at alkaline pH (upto 9) (Figure
2.8). As compared to the physiological pH 7, the tolerance to a low
pH range of 5.3 to 5.7 of the reaction buffer by M. tb ICD-1 was also
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noted where 33 -85 % of the enzymatic activity was retained (Figure
2.8A). In contrast, M. tb ICD-2 could retain only 10.22% of activity at
a pH of 5.5 which gradually decreased to only 3.4% at pH 4 (Figure
2.8B). Unlike M. tb ICD-1, the ICD-2 was marginally active under
alkaline pH.

Salt requirements for the stability and activity of the proteins
The effect of NaCl on the stability as well as activity of the enzymes
was assessed. The absence of NaCl in the reaction buffer did not
affect the activity of M. tb ICD-1 drastically but M. tb ICD-2 showed
higher activity in presence of upto 200mM of NaCl. Presence of salt
in the reaction buffer probably maintains the integrity of the
enzymes, especially for M. tb ICD-2, Higher concentrations of salt
(above 200mM) proved to be detrimental for the activities of both the
enzymes (Figure 2.9A and 2.9B). The decrease in the activity at
higher salt concentration can either be due to the disruption of ionic
bonds that is essential for the tertiary structure of the proteins or
ionic interactions are involved in catalysis. The reversibility of the
enzyme activities after removal of excess of salt has not been tested
as the enzymes had a tendency to precipitate upon long exposure to
room temperature or even 4°C during dialysis.

Coenzyme specificity

The coenzyme specificity of M. tb ICD-1 and M. tb ICD-2 was
confirmed by checking the activity with both NADP" and NAD®
(Figure 2.10A and 2.10B). The activity curves clearly indicates that
M. tb ICDs are NADP*- dependent members of the isocitrate
dehydrogenase family and shows no activity whatsoever in presence
of NAD*. Km [NADP] values in presence of Mg™ for M. tb ICD-1 and
M. tb ICD-2 are 125uM + 5 and 19.6uM * 6, respectively. These
values verify the stronger affinity of M. tb ICD-2 for the coenzyme
NADP* as compared to M. tb ICD-1.
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The basic enzyme Kinetics parameters Km, Vmax and Kcat for DL-
isocitrate and NADP* were determined for both ICD-1 and ICD-2 and
have been tabulated below as Table 1.

Table 1: Kinetic parameters, Km and Vmax, for M. tb ICD-1 and M.
tb ICD-2 with respect to Mg™ and Zn™ as metal ion supplements

Kinetic parameters With MgCl, With ZnCl,
M. tb ICD-1

Kmlisocitrate] 10uM +5 22uM =7
Vmax [isocitrate] 380uM NADPH /min 190uMNADPH /min

Kcat [isocitrate]

Km [NADP*]
Vmax [NADP?*]

Kcat [NADP']

M. tb ICD-2
Kimn [isocitrate]
Vmax [isocitrate]

Kcat [isocitrate]

Km [NADP’]
Vmax [NADP’]

Kcat [NADP?]

Ki (NADPH)

3.8uM NADmMPH /min
/pico mole enzyme

126uM £ 5
400uM NADPH /min

4uM  NADPH/min
/pico mole enzyme

20uM * 1
371.3uM NADPH /min

37.13uM NADmPH /min
/pico mole enzyme

19.6uM £ 6
374uM NADPH /min

37.4uM NADmMPH /min/
pico mole enzyme

0.46 X 10° M.

1.9uMNADPH /min
/pico mole enzyme

No activity
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Feedback inhibition by NADPH

Competitive inhibition was observed with NADPH versus NADP* for
M. tb ICD-2 (Figure 2.11). The mean inhibitor constant, Ki, was
calculated to be 0.46 X 10° M. Since M. tb ICD-1 showed low affinity
for NADP", it could neither be efficiently nor significantly inhibited by
NADPH. Glyoxylate and oxaloacetic acid, the known inhibitors of
isocitrate dehydrogenase, when used in the competition experiments
could inhibit both ICD-1 and ICD-2 mediated enzyme reactions.

The recombinant M. tb ICDs display different oligomeric state

Size exclusion chromatography was performed to check the
oligomeric assembly of the recombinant M. tb ICD-1 and M. tb ICD-2
(Figure 2.12). The experiment was performed in presence of 20mM
TrisCl pH 7.5 and 100mM NaCl. The chromatogram for M. tb ICD-1
showed two distinct peaks indicating presence of two oligomeric
species in the solution (Figure 2.12A). The first peak corresponds to
a mass of ~200 kDa while the major peak showed migration of the
molecule as a mass of ~100 kDa. The results showed the existence of
the recombinant protein in two existing forms, the minor tetrameric

and major dimeric states.

In order to evaluate the functional significance of oligomerization in
catalysis of M. tb ICD-1, each fraction was collected separately and
checked for the activity. While the dimeric fraction showed complete
activity, the tetrameric fraction displayed a rather insignificant
activity (Figure 2.12A). A few dimeric species that might have
originated due to disintegration of the tetramer may account for the
feeble activity of the collected tetramer fraction. The monomer form
was previously checked for the activity and was found to be inactive.

Thus, the oligomeric functional form of the M. tb ICD-1 is a dimer.

Despite the fact that M. tb ICD-2 is annotated as a monomeric
isocitrate dehydrogenase, repeated results from size exclusion
chromatography showed a single peak corresponding to ~180 kDa
indicating a dimeric state of the enzyme. The dimeric fraction
collected showed ICD activity. Even though it could not be
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determined how critical the dimeric state is for the enzyme activity of
the protein, size exclusion chromatography evidence demonstrate the
existence of M. tb ICD-2 in a dimeric state (Figure 2.12B).

Sequence alignment and phylogenetic analysis of M. tb ICD-1
and M. tb ICD-2 reveal different phylogenetic lineage

The ICD-1 and ICD-2 were aligned at the protein sequence level, with
the corresponding sequences from a range of organism from both
prokaryotes and eukaryotes, after a BLAST search. Based on the
sequence alignment, phylogenetic analyses were carried out. Results
(Figure 2.13) reveal a closer relationship of the functionally
conserved residues of M. tb ICD-1 with eukaryotic NADP* dependent
isocitrate dehydrogenases rather than those of prokaryotes in
general (Figure 2.13). It can also be seen that the major cluster that
included M. tb ICD-1 also included NADP* dependent mitochondrial
isocitrate dehydrogenase of Homo sapiens. The closest prokaryotic
neighbour of M. tb ICD-1 was Bifidobacterium longum. The NADP-
dependent isocitrate dehydrogenases of the following prokaryotes
were found to cluster with M. tb ICD-1: Spingobium yanoikuyae,
Caulobacter crescentes. Agrobacterium tumefacians, Brucella sp..

Sinnorhizobium meliloti etc (Figure 2.13).

CLUSTAL alignment of the amino acid sequences of these closely
related ICDs with M. tb ICD-1, represented by the discontinuous
alignment file shown as Figure 2.14A, 2.14B, 2,14C and 2.14D,
revealed a highly conserved region of 378 amino acids starting from
6™ to 384" position in M. tb ICD-1. This region accounted for almost
80% of the homology between these NADP-dependent ICDs from a
wide range of organisms. The N-terminal, however, was highly
variable. Putative active site amino acid residues in the modeled
protein based on structural homology with that of E.coli were found
to be highly conserved across these organisms. The conserved amino
acids include Mg**-isocitrate binding residues Arg-103, 135, Asp-
278, 282, Asn-99, NADP'-interacting Asp-378, Ser-329, Thr-330,
Gly-292, 313, Leu-291, Lys-377 and Ala-311. In M. tb ICD-1, Tle-381
that is also predicted to be a part of the NADP*-interacting site is not
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Figure 2.14: Discontinuous sample alignment report of M. tb ICD-1 to highlight a few catalytically important

teracting Asp-378, Ser-329, Thr-330, Gly- 313, Lys377 and Ala-311. In M. tb

ICD-1, Ile-381 (marked by an arrow head) that is also predicted to be a part of the NADP*-interacting site is not

conserved and is a replacement for the leucine seen as a consensus amino acid in other organisms.

conserved amino acid residues. NADP*-in
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conserved and is a replacement for the leucine seen as a ¢consensus
amino acid (Figure 2.14).

The unrooted phylogenetic tree of M. th ICD-2 however. is a total
contrast of M. tb ICD-1, where it clusters with other NADP*
dependent ICDs of gram-ve bacteria (Figure 2.15). M. tb ICD-2 has
closest homology with Mycobacterium leprae showing 85.4%
similarity at the level of primary protein structure. M. tb ICD-2 is
absent in E. coli, but is significantly similar to that of human
pathogens like Pseudomonas aeruginosa (65%), Vibrio cholerae (60%),
Neisseria menengitidis (569%) etc. CLUSTAL alignment of the amino
acid sequences of these closely related ICDs is represented by the
discontinuous alignment file shown in Figure 2.16A and 2.16B.

Differential Expression of M. tb ICD-1 and M. tb ICD-2 at
different stages of growth

ICD1 and ICDZ2 have been reported to be non-essential genes by
Himarl-based transposon mutagenesis in H37Rv and CDC1551
strains (Sassetti et al., 2003 and Lamichhane et al., 2003). Since
both ICD1 and ICD2 are enzymatically active TCA cycle enzymes in
vitro. it could be hypothesized that one can compensate for the
activity of the other. It was shown that the two isoforms have
differences in oligomeric state. coenzyme affinity, pH tolerance and
phylogenetic affiliation. Under such observations, a differential
expression of the two enzymes under different stages of growth could
not be ruled out. Accordingly, the differential expression of M. tb
ICD-1 and M. tb ICD-2 by RT-PCR based assays at different stages
(early log, log, late log and stationary phase) of growth in H37Rv was
checked. Total RNA was extracted from H37Rv cultures and RT-PCR
was performed using internal primers. Phosphoglycerate kinase
(Rv1437), a constitutively expressed gene was used as internal
control for quantification of RT-PCR products which were run in 2%
agarose gel. The experiment pointed to a temporal expression of the
two ICDs. ICD-1 is expressed only till the 7" day and reappears
alongwith ICD-2 after 10" day. Expression of ICD-1 was less than
ICD-2 on 12" and 18" day quantitatively (Figure 2.17). The tolerance
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to a broader range of pH by ICD-1 may be a logical explanation to its
reappearance with ICD-2 expression, especially during late log and
stationary phases when pH inside the cell is much more variable
than log phase.

DISCUSSION

Mycobacterium tuberculosis during latent infection remains isolated
in granulomas with limited access to nutrient and oxygen (Saunders
et al, 1999; Saunders et al, 2000). Adaptation of the pathogen for
long term survival under such hostile conditions requires
coordinated alterations in metabolic network and readjusted energy
flux. Evaluation of a nutrient starvation model showed that there is a
decrease of TCA cycle enzymes at the protein level (Betts et al, 2002).
Alterations in the aerobic respiratory apparatus of bacteria during
stasis or growth arrest have been reported as an essential part of
their defense against oxygen radicals and controlled utilization of
endogenous resources (Nystrom et al, 1998; Nystrom et al, 1996). In
E.colii where glyoxylate bypass and citric acid cycle operate
concurrently (Holms, 1987), activity of isocitrate dehydrogenase has
been reported to be closely monitored. In M. tb, however, glyoxylate
bypass is observed inside macrophages where C, substrate is the
main carbon source (McKinney et al, 2000). Therefore isocitrate
dehydrogenase in M. tb lies at a crucial branchpoint where the
pathogen decides to either opt for glyoxylate shunt or citric acid
cycle. The switchover largely depends upon the alteration in the
biochemical parameters of the enzyme isocitrate dehydrogenase
during survival inside macrophages. It has been reported that
phosphorylation of ICD brings down the Vmax of the enzyme,
thereby resulting in accumulation of isocitrate inside cell (Singh et
al, 2002; Kornberg, 1966). Higher titers of isocitrate lead to its
accessibility to isocitrate lyase and energy cycle diverts from TCA
cycle to glyoxylate shunt pathway. The occurrence of two isoforms of
ICD in M. tb genome with the possibility of each having characteristic
biochemical properties is interesting under such circumstances.
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The biochemical profiles of M. tb ICD-1 and M. tb ICD-2, in terms of
kinetic parameters, substrate specificity, metal ion requirements and
oligomeric state represent an attempt to understand the functioning
of this very important TCA cycle enzyme. M. tb ICD-1 and ICD-2
follow a first order reaction and exhibit a typical "saturation
Kinetics", that is, at higher concentrations of substrate a point is
reached wherein the substrate binding site of every molecule of the
enzyme has a molecule of substrate bound to it, hence no further
increase in the activity of the enzyme is registered. Km [isocitrate]
value of M. tb ICD-1 clearly indicates a high affinity of this enzyme
for isocitric acid as compared to M. th ICD-2. Km [isocitrate] of some
of the known NADP* dependent ICD has been presented in Table II
(page: 61) for reference and comparison (Kanao et al, 2002; Muro-
Pastor et al, 1992; Reeves et al, 1972; Vasquez et al, 1981; Chen et
al, 2000; Balamir et al, 1983; Jennings et al, 1997; Soundar et al,
2000; Dhariwal et al, 1987). Several other probable substrates for M.
tb ICD-1 with close structural similarity were tested. Two such
substrates were aspartate and glutamate. Both the compounds have
close similarity with isocitric acid. However, the poor activity of the
enzyme with these substrates confirmed that the enzyme is specific

to only isocitrate as a substrate.

Km [NADP*] of M. tb ICD-1 showed poor affinity for the co-factor
NADP' as compared to M. tb ICD-2 and other known NADP-
dependent isocitrate dehydrogenases (Table II). The poor affinity of M.
tb ICD-1 to NADP* warranted an investigation on whether dual co-
factor specificity occurs in M. tb 1CD-1 as reported in some archaeal
bacteria (Steen et al, 2001). Therefore the enzymatic activity of both
the enzymes in presence of NADP* and NAD"® was compared (Figure
2.10A and 2.10B). It can be clearly seen that M. tb ICD-1 as well as
M. tb ICD-2 accepts NADP* as a co-factor and do not acquire NAD* as
a proton acceptor thereby pointing to the fact that M. tb ICD-1 and
M. th ICD-2 are NADP* dependent isocitrate dehydrogenases.

The range of tolerance for the enzyme to different pH conditions
(Figure 2.8A and 2.8B) was also studied. It was noted that even
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though optimum pH for enzyme activity was 7.5, M. tb ICD-1 could
tolerate pH as low as 5.5. The enzyme is not completely inactivated
at lower pH, a property that holds significance in terms of immediate
survival of the pathogen before activation of proton pumps when
engulfed by phagocytic macrophages. Even though, M. tb is known to
prevent acidification of phagosomes and prevent lysosomal fusion
(Clemens et al, 1995; McDonough et al, 1993; Sturgill-KoszyckKi et al,
1994) it initially encounters a low pH (pH 5 - 5.5) of the phagosomes.
It therefore appears that the broad pH range of M. tb ICD-1 could be
an interesting feature of this enzyme. This is in contrast to M. tb
ICD-2 that has a narrow range of pH tolerance. Competitive
inhibition of M. tb ICD-2 by NADPH indicates the regulation of this
enzyme by feedback mechanism (Figure 2.11). Owing to poor affinity
for NADP by ICD-1, ICD-1 did not show such kind of inhibition.

The homodimeric state of M. tb ICD-1 is the functionally active
species, even though residual activity was noticed in tetrameric
fraction which could be a reflection of the presence of a few dimeric
species as a consequence of disintegration of the tetrameric forms.
Despite sequence homology with monomeric ICDs, the 1CD-2
generated an exclusive peak corresponding to a dimer as seen in the
chromatogram (Figure 2.12B). The fraction corresponding to the
peak was collected and checked for activity as well as for monomeric
status on SDS-PAGE. The protein was found to be catalytically active
and the size corresponded to monomeric 83 kDa.

Classical nomenclature of isocitrate dehydrogenase family
categorizes the enzyme from different organisms into three major
sub-families (Steen et al, 2001). Accordingly, M. tb ICDs come under
subfamily 1 along with other archaeal and bacterial ICDs with
preference to NADP*. The earlier work reported by Steen and co-
workers do not describe the affiliation of M. tb ICD-2. The results
presented here on the phylogenetic analysis of M. tb ICD-1 revealed a
closer relationship with eukaryotic NADP* dependent ICDs (Figure
2.13) with more than 65% identity with that of Glycine max, Sus
scrofa, Bos and Homo sapiens. M. tb ICD-1, indeed, is correctly
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Table II: Comparison of NADP*-dependent isocitrate dehydrogenases

from different organisms.

Blastocladiella emersonii
Chlorobium limicola
Bacillus substilis

Escherichia coli

Synechocystis sp PCc 6803

Pyrococcus furiosus
Aeropyrurm permnix
Thermotoga moritima
Aeropyrum fulgidus

Mycobacterium phlei
(ATCC-354)

M. tb ICD-1

M. tb ICD-2

Beef liver NADP*-IDH
Rat liver (cytosolic)

Porcine heart NADP*-IDH

Km(isocitrate)
20uM

45uM £ 13
5.9uM £ 0.9
4.9uM £ 0.2

59uM

74uM

10uM £ 5
20uM * 1
1.7uM

9.7uM = 2.9

Km(NADP*)
10puM

27uM =10
14.5uM * 2.2
19.6uM + 3.6
12uM
4400uM
30uM
55.2uM
30uM

53uM

125uM + 5
19.6uM + 6
7.3uM
11.5uM * 0.2

5uM + 0.19
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placed in subfamily II that includes eukaryotic NADP* dependent
ICDs and a single bacterial ICD (Sphingomonas yanoikuyae) (Steen
et al, 2001). With NADP* dependent isocitrate dehydrogenase of
Sphingomonas yanoikuyae, M. tb ICD-1 has more than 65% identity
at primary structure level. Phylogenetic analysis of M. tb ICD-2
showed that the classical nomenclature applies to ICD-2 and it can
be placed in subfamily I, the closest being M. leprae (Figure 2.15).
The closest bacterial relative of M. tb ICD-1 as inferred by our study
is NADP® dependent isocitrate dehydrogenase of Bifidobacterium
longum (Figure 2.13). Bifidobacterium sp. are gram positive,
anaerobic, natural components of human intestinal microbiota (Xu
et al, 2003). This might be argued as a case of horizontal transfer or
lateral transfer of gene amongst unrelated organisms across the
boundaries of phylogenetic domains. Horizontal transfer of genes is a
common occurrence in nature and accounts for almost 10-50% of
genes in bacteria (Schnarrenberger et al, 2002; Lorencz et al, 1994).

ICD1 and ICDZ2Z have been reported to be non-essential genes by

Himarl-based transposon mutagenesis in H37Rv and CDC1551

strains (Sassetti et al., 2003 and Lamichhane et al., 2003). The
present result show that both ICDI1 and ICDZ2Z are enzymatically
active TCA cycle enzymes in vitro, therefore, can compensate for the
activity of the other when one is mutated or knocked out. It was also
shown that the two isoforms have differences in oligomeric state,

coenzyme affinity, pH tolerance and phylogenetic affiliation. Under
such observations, a differential expression of the two enzymes
under different stages of growth could not be ruled out. The co-

expression of ICD-1 and ICD-2 during late log phase and stationary
phase was observed (Figure 2.17). The tolerance to a broader range
of pH by ICD-1 may be a rational explanation to its reappearance
with ICD-2 expression when pH inside the cell is much more variable
than log phase. However, ICD-2 seems to be the primary isocitrate
dehydrogenase expressed by M. tb during log phase (Figure 2.17).

The data presented represent the first attempt to characterize this
important member of the TCA cycle of Mycobacterium tuberculosis.
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Conclusively, our studies reveal that both ICD-1 and ICD-2 are
NADP* dependent and the former is a homodimer having closer
homology with eukaryotic ICDs while M. tb ICD-2, unlike the
expected monomeric state, exists as a dimer in the reaction mixture.
The two isoforms differ in their affinity for coenzyme NADP as
represented by their Km[NADP'] values (Table I) and also with respect
to pH tolerance and phylogenetic affiliations. M. tb ICD-2 is a more
efficient enzyme as inferred by comparing Vmax[NADP*]/Km[NADP"]
ratios for the two enzymes. The two isoforms also show differential
expression during different stages of growth. Additionally, these
results reflect an attempt to trace the evolution of ICDs and may help
to understand the adaptive role of isocitrate dehydrogenase in

intracellular persistence of this pathogen.
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INTRODUCTION

Mycobacterium tuberculosis, the causative organism for TB, has
evolved as one of the most efficient pathogen in the history of
mankind and despite combinatorial drug regime, remains one of the
major cause of mortality and morbidity factor. Roughly 2 — 3 millions
deaths every year are attributed to TB worldwide (Dye et al, 1999;
Bloom et al, 1992). It can practically remain undetected in lungs for
decades, efficiently escaping detection by the host immune system.
Only in 10% of the infected people, the number being higher in
immuno-compromised patients, TB erupts as a full-blown disease
(Helmuth, 2000). Every year 18 lakh (or 1.8 million) people develop
TB in India, of which nearly 8 lakh (0.8 million) are infectious
- (sputum-positive) and the remaining 10 lakh remain asymptomatic
(RNTCP report, 2004). Delay in diagnosis of these asymptomatic
patients and hence their treatment impedes the downstream
management and control of the disease. These patients act as
potential reservoir of M. tb and spread infection in the community,
infecting 10-15 persons in a year unless effectively treated. With the
increasing emergence of multi drug resistant strains and co-infection
with HIV the problem is getting further compounded (Dye et al, 2002;
Siddiqi et al, 2002; Ahmed et al, 2003). Early diagnosis, therefore, is
a matter of utmost concern not just for TB disease management but
also for epidemiological investigations (Ahmed et al, 2004). Current
diagnostic tools for tuberculosis often lack sensitivity and can be
time consuming. TB diagnosis in developing countries largely banks
upon tuberculin skin test and staining and culture methods. The
epidemiological relevance of tuberculin test with purified protein
derivative (PPD) is questionable in areas where BCG vaccination is
compulsory because PPD is not sensitive enough to distinguish
between vaccinated and infected individual (Roche et al, 1994).
Microscopic determination of the bacilli in the sputum samples is a
direct way of examining pulmonary tuberculosis (Dye et al, 2002).
This however requires high titers of bacilli (5000 - 10000 / ml) in
sputum - a condition seen only in full blown tuberculosis patients.
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Culture techniques can detect very low titers but are time consuming
taking approximately 3 - 6 weeks (Laidlaw, 1989).

Since humoral response is thought not to contribute to resistance in
tuberculosis (Kaufmann, 1989), B cell activation and reactivity to M.
tb antigens have not yet been explored substantially. However, the
importance of the major extracellular proteins of the pathogen as
candidate components of a subunit vaccine has been reported earlier
(Horwitz et al, 1995). Current discovery of the RD1 locus in the M. tb
genome, encoding mainly the proteins actively secreted by
mycobacteria into the culture medium, such as CFP-10 and ESAT-6,
have further encouraged immunological tests as an adjunct to
conventional diagnosis (Mustafa, 2002; Louise et al, 2001; Trajkovic
et al, 2004; Mori et al 2004).

Proteins that are released from Mycobacterium tuberculosis during
late logarithmic growth phase, such as, superoxide dismutase and
isocitrate dehydrogenase are employed as autolysis markers

(Anderson et al, 1991). The use of isocitrate dehydrogenase as a

potential antigen for serodiagnosis along with malate dehydrogenase
has been suggested (Ohman et al, 1996; Florio et al, 2002). The
Mycobacterium tuberculosis genome carries two isoforms of isocitrate
dehydrogenase, M.tb ICD-1 and M.tb ICD-2. The relevance of ICDs as
potent immunogenic markers for TB infection has been evaluated
through detection of anti-M.tb ICD antibody in sera of different well
characterized categories of TB patient using enzyme linked
immunosorbent assays. This chapter describes the results of
experiment on the sensitivity and specificity of ICDs to distinguish
TB patients from those vaccinated with BCG, and also from those
patients infected with non-tuberculous mycobacteria or other
pathogens vis-a-vis the conventional antigen — HSP 60 (Perschinka et
al, 2003) and purified protein derivative (PPD).
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MATERIALS AND METHODS

Cloning, expression and purification of M.tb ICD-1 and M.tb ICD-
2: The ORFs, corresponding to M.th ICD-1 (Rv3339c, 1.230 kb) and
M.tb ICD-2 (RvO066¢c, 2.238 kb) were PCR amplified from the genomic
DNA of H37Rv. BamHI and Hindlll restriction sites were incorporated
in the 5’ end of forward and reverse primers respectively for both M.tb
ICD-1 and M.th ICD-2. The primers and parameters for thermal cycle
amplification have been provided in materials and methods section of

chapter 2.

Each amplicon, M.th ICD-1 and M.tb ICD-2, were cloned at the BamHI
and HindlIl sites of the expression vector pRSET-A (Invitrogen, USA)
with six-histidine sequence tag at N-terminal. The generated
constructs ‘setAicd1’ and ‘setAicd2’ were further transformed into the
BL21 (DES3) strain of E.coli. The clones were confirmed by sequencing
using the T7 promoter primer, on an ABI prism 377 DNA sequencer
(PE Biosystems, USA).

The genes were over-expressed in the pRSET-A/ E.coli BL-21 (DE3)
expression system. The over-expressed his-tagged recombinant
protein was purified by Ni**-nitrilotriacetate affinity chromatography.
The cells transformed with the constructs were grown in Terrific
Broth (TB) containing ampicillin (100pg /ml) to an ODgy, of 0.4 to 0.5
at 37°C, cooled to 27°C, induced with O0.1mM isopropyl B-D-
thiogalactoside and grown overnight at 27°C. The cells were lysed by
sonication, followed by centrifuging at 13000 rpm for 30 minutes at
4°C. The clear lysate was loaded onto Ni**-NTA column, which was
then washed with 50mM NaH,PO,, 300mM NaCl, 20mM imidazole,
pH 8. The protein was eluted in the same buffer supplemented with
200mM imidazole. The proteins were 90-95% pure as seen on 10%
SDS-PAGE followed by Commasie Blue staining. The purified
recombinant proteins were dialyzed against 20mM TrisCl, pH7.5 with
100mM NaCl and 3% glycerol and quantified using Bradford Reagent
(Bradford, 1976).
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Human Sera: The study population (n= 215) comprised of the M.th
infected human sample population reporting to Mahavir Hospital and
Research Centre, Hyderabad and Central JALMA Institute for
Leprosy, Agra. These were categorized into three groups, namely
group 1 (n=42 patients), group 2 (n=32 patients) and group 3 (n=35
patients). In addition to the above 44 clinically healthy donors, 30
NTM cases and 32 non - TB patients who were proven culture
negative for acid fast bacteria were also included as controls in this
study. Group 1 comprised of patients with fresh infection with no
history of TB treatment. Group 2 comprised of patients with relapsed
cases, i.e. those who were treated earlier for tuberculosis but the
symptoms re-emerged after the completion of the treatment. Group 3
included patients with extra-pulmonary tuberculosis. Groupl and
group 2 patients were diagnosed by sputum examination (acid-fast
bacillus smear positive and negative) while the extra-pulmonary
cases were confirmed by tissue biopsy. Clinically healthy donors
were M. bovis BCG vaccinated and had no symptoms of TB at the
time of sera collection. Randomly picked individuals from the
population of healthy controls were subjected to PCR test for TB and
were found to be PCR negative. Mycobacteria other than M. leprae
that are not included in the M. tuberculosis complex are referred to
as nontuberculous mycobacteria or NTM (Saiman, 2004). However,
the group referred to as NTMs in this study included sera collected
from patients infected with non-tuberculous mycobacterial species
(n= 14), such as, M. avium, M. xenopi, and M. fortuitum as well as
sera from patients with M. leprae infection (n= 16). The non- TB
patient category included infected individuals who were tested
negative for acid-fast bacteria by staining and culture based
techniques. These patients were also negative for HIV and HBV.
These randomly picked patients were suffering from either
pneumonia, lower respiratory infections, septicemia, urinary tract
infections, gastrointestinal infections, cirrhosis or fever of unknown
origin. The study population had no sex or age bias. This study was
approved by the Institutional Ethics Committee.

68



Immunological characterization of M.tb ICDs

Immunosorbent assays: Enzyme linked immunosorbent assays
(ELISA) were performed to check the B cell immune response in
human to the M.tb ICD-1 and ICD-2 proteins and control antigen HSP
60 and PPD. HSP 60 used was M. tb HSP 65/GroEL. In brief, the 96
well microtitre plates (Corning, Costar, USA) were coated with ~500ng
of either control antigens or recombinant M.tb ICD-1 and M.tb ICD-2.
The plates were incubated overnight at 4°C, washed thrice with
phosphate buffer saline (PBS) and blocked with 100 ul of blocking
buffer (2% BSA in PBS) for 2 hour at 37°C. The plates were then
washed thrice with wash buffer PBST (0.05% Tween 20 in 1 X PBS).
The M. tuberculosis infected human sera belonging to different clinical
groups were diluted 200 times in blocking buffer (1% BSA in PBS). 50
ul of sera were added to antigen coated wells followed by incubation
for 1hr at 37°C. The plates were thoroughly washed with PBST and
further incubated with anti-human IgG-horseradish peroxidase (HRP)
(Sigma, USA) at 37°C for lhr. HRP activity was detected using a
chromogenic substance o-phenylenediamine tetrahydrochloride
(Sigma, USA) in citrate-phosphate buffer (pH 5.4) and H,O,
(Qualigens, India) as 1 ul/ml. The reactions were terminated using 1IN
H,SO,, and the absorbance values were measured at 492 nm in an
ELISA reader (BioRad, USA). Each ELISA was repeated at least twice
with some randomly picked sera samples tested thrice for
confirmation, with and without replicates for each sample within
individual ELISA.

Data analysis: t-test was performed to compare the means of two
variable groups, healthy and infected groups, using the online
sclentific calculator of GraphPad
(http://www.graphpad.com/quickcalcs/ttest]l.cfm) to calculate

means, standard error of means (SEM) and p values.
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RESULTS

Expression and purification of M.th ICD-1 and M.tb ICD-2

The over-expressed N-terminal His-tagged M.th ICD-1 was purified to
95% homogeneity on a Nickel affinity column (Figure 2.5A, chapter
2). The molecular size of the recombinant ICD-1 was determined to
be 49.2 kDa. The purification was carried out under native
conditions from soluble fraction with an yield of 3.25 mg protein per
500 ml of start culture. Similarly M.th ICD-2, a 83 kDa protein, was
purified to 90-95% homogeneity (Figure 2.5B, chapter 2) with an
yield of about 20.4 mg per 1000 ml of start culture.

M.tb ICD-1 and M.tb ICD-2 show high reactivity to patient sera
as opposed to BCG-vaccinated healthy controls

Humoral immune responses directed against the M. tb ICD-1 and M.
tb 1ICD-2 were compared between patients with tuberculosis
(including all groups) and BCG-vaccinated healthy controls (Figure
3.1A and 3.1B). The recombinant proteins were used to screen the
infected and the healthy sera by ELISA using anti-human IgG-HRP
as conjugates. A similar exercise was performed for non-TB patient
sera that were essentially culture negative for tubercle bacillus, and
also patients with atypical TB (NTMs) the results for which have been
discussed later. The patient sera were also tested against HSP 60
and the purified protein derivative (PPD) (Figure 3.1C and 3.1D). The
immunoreactivity of ICD-1, ICD-2, HSP 60 and PPD were statistically
analyzed and compared with respect to both infected and healthy
sera (Table 11lI). The mean antibody titers as depicted in terms of
ELISA reactivity for M. tb ICD-1 from TB patients and healthy
controls were 0.49466 + 0.02464 and 0.27631 % 0.01574
respectively, with p value < 0.0001. The similar values for M. tb ICD-
2 from TB patients as against healthy controls were 0.23239 +
0.01762 and 0.08776 + 0.00595 respectively, with p value < 0.0001.
These data demonstrate that sera of all the infected patients
mounted a statistically significant (p< 0.0001) antibody response
against recombinant proteins M. tb ICD-1 and M. th ICD-2 as
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compared to that of the healthy controls. HSP 60 could also
discriminate between healthy and infected sera, however the p value
0.0645 suggests that it is not as statistically significant as ICDs.
PPD, on the other hand, reacted against both healthy as well as TB
infected sera with a mean antibody titers of 0.36850 + 0.05244 and
0.45051 + 0.01752, respectively. It is interesting to note that as
compared to ICD-1 and ICD-2 (p<0.0001) the difference in the
reactivity of PPD to infected and healthy sera was negligible and
statistically insignificant (p = 0.2301).

A correlation between reactivity against M.tb ICD-1 and M.tb ICD-2
in patient sera with the state of disease, fresh or relapse, was
attempted by comparing the antibody responses to M.tb ICD-1 and
M.tb ICD-2 between various clinical categories (Figure 3.2A and 3.2B
respectively). M.tb 1CD-1 failed to discriminate between fresh,
relapsed and extra-pulmonary TB cases as no significant differences
in immunoreactivity in different patient groups were observed (Figure
3.2A). Yet as compared to BCG-vaccinated healthy controls, each
category yielded p values less than 0.0001 indicating that M.tb 1CD-1
can differentiate substantially between BCG-vaccinated healthy
population and any category of M.tb infected patients, pulmonary or
non-pulmonary. M.tb ICD-2, on the other hand, could also
discriminate relapsed cases from both fresh infections (p< 0.0001)
and extrapulmonary infections (p= 0.0003). Like M.tb ICD-1, M.tb
ICD-2 could also distinguish substantially between BCG-vaccinated
healthy population and any category of M.tb infected patients.
Surprisingly, HSP 60, even though, could discriminate Groupl and
Group 2 from healthy controls (p= 0.0011 and 0.0036 respectively),
failed to distinguish the extrapulmonary infections from BCG
vaccinated healthy controls (p= 0.2177). These results (Figure 3.2)
demonstrate that (i) recombinant M.tb ICD-1 and ICD-2 proteins
could differentiate sera from TB infected patients vis-a-vis healthy
BCG vaccinated controls, (ii) the extrapulmonary infections that
could not be distinguished from healthy controls by HSP 60, could
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be significantly identified and categorized by M.tb ICDs and (iii) M.tb
ICD-2 mounted a stronger antibody response in relapsed cases and

could significantly discriminate them from Group 1 and Group 3
categories.

Table III: The categorywise comparison of mean ELISA reactivity as
against the healthy controls with the respective standard errors of
means (SEM) and p values for each antigen tested is tabulated
below. ELISA reactivity of each group is compared against healthy

controls for p value calculations.

Patient Mean ELISA reactivity SEM p-value
category (absorbance at 492nm)

M. tb ICD-1

Healthy Control 0.27631 0.01574

Group 1 0.48047 0.03618 < 0.0001
Group 2 0.56052 0.04799 < 0.0001
Group 3 0.45738 0.04446 < 0.0001
Total Infected 0.49466 0.02464 < 0.0001
M. tb ICD-2

Healthy Control 0.08776 0.00595

Group 1 0.16186 0.01391 < 0.0001
Group 2 0.36197 0.04157 < 0.0001
Group 3 0.18860 0.02177 < 0.0001
Total Infected 0.23239 0.01762 < 0.0001
HSP 60

Healthy Controls 0.04795 0.00569

Group 1 0.11322 0.01920 =0.0011
Group 2 0.31022 0.09716 = 0.0036
Group 3 0.03449 0.00943 =0.2177
Total Infected 0.14551 0.03218 = 0.0645
PPD

Healthy Controls 0.36850 0.05244

Group 1 0.47222 0.03333 =0.1448
Group 2 0.47597 0.03444 =0.1023
Group 3 0.41723 0.03053 = 0.6031
Total Infected 0.45051 0.01752 = 0.2301
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Immunodominace of ICDs over HSP 60 and PPD

The immunogenicity of ICDs over HSP 60 was compared. Humoral
response to HSP 60 in all the three categories of TB patients was
tested and compared with those to ICDs (Figure 3.3). The data clearly
indicate that the mean reactivity (represented by the horizontal
bands in Figure 3.3) of HSP 60 in all the groups of patient sera was
much lower than either ICD-1 or ICD-2 (Figure 3.3). Thus ICDs are
immunodominant and serologically more sensitive than HSP 60. The
mean values for ICD-1 in the Groups 1, 2 and 3 were 0.481, 0.565
and 0.457 respectively, while those for ICD-2 were 0.165, 0.362 and
0.188 respectively. It is therefore apparent that ICD-1 elicited a
stronger response in all the three categories of patients tested than
ICD-2. The data also confirm the discriminatory power of ICD-2 for

relapsed case as compared to other categories.

As mentioned earlier, PPD is still used for tuberculin testing in many
countries. To compare the immune potential of ICDs over PPD,
humoral response to PPD in all the three categories of TB patients
vis-a-vis healthy controls were tested (Figure 3.2D). The data clearly
indicate that the difference in antibody titers (against PPD) between
healthy and patient categories is not statistically significant. As
apparent from Table IlI, PPD failed to distinguish amongst the
patient categories and also failed to diffrentiate between BCG
vaccinated population and TB patients (p = 0.1448 for group 1, p =
0.1023 for group 2 and p = 0.6031 for group 3). PPD therefore lacks
the discriminatory power of either M. th 1CDs or HSP 60. In order to
compare the serological sensitivity of M. tb ICDs over PPD, the data
presented in Figure 3.2 were recalculated as percentage individuals
showing absorbance above 0.40 (an approximate mean ELISA
reactivity value) at 492 nm. In all the categories, M. tb ICD-1
mounted strong antibody responses of IgG type as compared to PPD
(56.6% in group 1, 72.73% in group2 and 65.91% in group 3) (Figure
3.4). M. tb 1CD-2 shows almost equal reactivity as that of PPD
(Figure3.4). However, the serological importance of M. tb ICD-2 is in
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being able to statistically discriminate between BCG vaccinated
healthy controls and TB patient sera which PPD cannot.

Immunospecificity of M.tb ICDs

The potential of M.th ICDs to specifically distinguish between TB,
NTMs and non-TB patient sera (those essentially culture negative for
acid fast bacteria but harboring other pathogens) was tested by
examining the cross-reactivity of the recombinant proteins with
NTMs and non-TB patient sera. Thirty NTMs and thirty two non-TB
patient sera were tested for their immunogenic response against M.tb
ICD-1, M.tb ICD-2 and HSP 60. The data were statistically analyzed
to check if ICDs could significantly distinguish between TB infected
patients and NTMs or non-TB patients. Figure 3.5A and 3.5B show
that ICDs could significantly distinguish TB-infected sera from NTMs
(p< 0.0001) and non-TB (p< 0.0001 for ICD-1 and p= 0.0008 for ICD-
2), thus ruling out any cross reactivity with non-tuberculous
mycobacteria and other bacterial pathogen tested. HSP 60 appeared
to react more broadly to the population under study and could not
differentiate between TB infections and NTMs (p= 0.4461) or non-TB
(p= 0.3464) significantly. This was apparent by calculating the
average reactivity for each group; infected, NTMs and non-TB; where
reactivity to HSP 60 remain almost the same (Figure 3.5A and 3.5B).
The mean reactivity of HSP 60 is in contrast to mean humoral
response to ICD-1 and ICD-2, where a distinctly higher response was

seen in TB infected sera as compared to NTMs or non-TB cases.

DISCUSSION

The main objective of this study was to evaluate M.th ICD-1 and M.tb
ICD-2 in terms of their immune features as compared to the control
antigens HSP 60 and PPD that are frequently used for diagnosis of
tuberculosis. ICDs serve as marker of autolysis (Anderson et al,
1991: Ohman et al, 1996) and are amongst the secretory proteins
released during late logrithmic phase. While earlier efforts have
pointed to the antigenic potential of M.tb ICDs (Ohman et al, 1996),
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the present study is the first systematic investigation of their

potential as an immune marker.

The cases of tuberculosis were identified and enrolled based on their
history of treatment as fresh infections, relapsed cases and
extrapulmonary infections. The categorization of patients largely
depended upon the treatment history dictated by the patients or
their family members. As evident from Figure 3.1, there is little doubt
about the ability of either M.tb ICD-1 or M.tb ICD-2 to elicit a strong
B-cell response, irrespective of patient category. When compared to
M.tb 1CD-2, M.tb 1ICD-1 was more antigenic (Figure 3.3 and 3.4). It
would be interesting to explore this disparity. A comparative analysis
of ELISA reactivities amongst different categories of patients for M.tb
ICDs (Figure 3.2A and 3.2B) revealed higher reactivity in the Group 2
as compared to fresh (Group 1) and extrapulmonary (Group 3)
infections. More specifically, the antigenic response in this category
of patients to ICD 2 was significantly higher than that in Group 1
and Group 3. Since, these patients had undergone treatment earlier,
high number of autolysed infected macrophages and autolysed
pathogens could possibly explain the comparative high antibody
response against M.tb ICDs in this category. Drugs, like isoniazid
(INH), are known to affect the cell envelope architecture of
mycobacteria and hence the increase in the production of the

secreted proteins (Bardou et al, 1996).

Comparative immunoreactivity of M.tb ICD-1, M.tb ICD-2 and HSP
60 clearly indicates that the antigenic distinction between healthy
and tuberculosis patients is statistically significant for both M.tb
ICD-1 and M.tb ICD-2 (p < 0.0001), but not quite so for HSP 60 (p =
0.0645). Earlier reports have shown cross-reactive epitopes between
microbial 60/65 and human HSP 60, which often serve as
autoimmune targets in conditions like atherosclerosis (Perschinka et
al, 2003). This probably could explain the broader reactivity of HSP
60 to healthy and infected sera. Since negligible antibody responses
were obtained in the BCG-vaccinated healthy control group as
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compared to TB infected patients and a statistically significant
difference in the immunoreactivity between infected and healthy sera
was observed, it can be argued that M.tb ICD-1 and M.tb ICD-2 can
be used for diagnosis of M. tuberculosis infection even in areas where
BCG vaccination is routinely followed. The poor performance of PPD
can be attributed to its non-specific immune reaction in BCG-
vaccinated healthy controls. Interestingly, the extrapulmonary TB
cases (Group 3) in the study population did not show any significant
humoral response to HSP 60 to distinguish them from healthy
controls. On the other hand, Group 3 patients mounted a very
significant B-cell response to ICD-1 and ICD-2, separating them from
BCG vaccinated healthy controls.

Immunodominance is a parameter that was defined to compare the
antibody titers against the tested proteins, i.e, ICD-1, ICD-2 and HSP
60, in the patient sera. The data presented clearly showed that ICD-1
was most antigenic and mounted a very strong B-cell response in all
the patient categories, followed by ICD-2 and HSP 60 (Figure 3.3).
Having shown that M.tb ICDs elicit a B-cell response much higher
than HSP 60, immune specificity of these proteins was checked.
Cross-reaction with sera of NTMs and non-TB patient is one of the
critical parameters that needed to be checked before establishing any
antigenic marker for possible serological studies in M.th.
Mycobacterium tuberculosis complex, including M. bovis and M.
africanum, is responsible for more illness worldwide than any other
bacteria. However, there are more than 82 recognized species of
mycobacteria that occasionally infect mammalian hosts. These are
referred to as nontuberculous mycobacteria (NTM). NTMs are
omnipresent in the environment and most species are either non-
pathogenic for humans or are rarely associated with disease, except
a few like M. avium, that are opportunistic pathogens, more
frequently associated with immunocompromised patients
(Shiratsuch et al 2003, Hadad et al, 2004). The clinical significance
of many NTM remains unclear, however it is important to check the

crossreactivity of M.tb antigens with this group of mycobacteria.
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These experiments could establish that M.tb ICDs do not cross-react
with either NTMs or non-TB patient sera (Figure 3.5A and 3.5B).

The existing diagnostic tests for tuberculosis, even to this day,
largely depends on tuberculin skin test and staining and culture
techniques. These methods are slow, cumbersome and lack
sensitivity and specificity in BCG vaccinated cases. As more and
more recombinant antigens are being tested (Choudhary et al, 2003;
Ramalingam et al, 2003; Brusasca et al, 2003; Maekura et al, 2003;
Perkins et al, 2003; Maekura et al, 2001; Chakhaiyar et al, 2004)
serological methods are likely to be favoured over others. ELISA per
se is unlikely to replace the current tuberculosis diagnosis, however
in combination or parallel with other rapid PCR based diagnostic
techniques, ELISA can largely improve the accuracy and rapidity of
tuberculosis diagnosis for an effective disease management. The
results presented in this chapter, for the first time, reveal the
antigenic potential of recombinant M.tb ICD-1 and also present a
systematic study on immunogenicity of recombinant M.tb 1CD-2.
M.tb 1ICD-1 and M.tbhb ICD-2 can be further analyzed for their
pathogen specific antigenic epitopes. Given their important role in
the energy cycle, it would be interesting to evaluate these two
enzymes of M.tb as possible drug targets. That such important
enzymes can also have strong antigenic attributes, which enable
them to significantly discriminate between BCG-vaccinated healthy
controls and TB patients and at the same time TB from other
pathogenic infections, is a very exciting and novel proposition

possibly pointing to their immunomodulatory function.
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M. tb Aconitase

INTRODUCTION

Intracellular iron homeostasis is a critical parameter both for the
host cell and the pathogen during infection (Rouault et al, 1996;
Fillebeen et al, 2002). The imperative relationship between
intracellular iron concentration and pathogen survival has resulted
in formulation of several mechanisms by the pathogen to maintain
iron at a cellular threshold level. One such mechanism in response
to iron deprivation and oxidative stress (Beinert et al, 1997; Kang et
al, 2003) is post-transcriptional regulation of iron metabolism by
iron regulatory proteins or IRPs. IRPs come under broad spectrum of
iron-sulfur containing protein family, aconitases, and bind to RNA
stem-loop structures, Iron Responsive Elements (IREs), either at 5 or
3’ end of untranslated regions of mRNA. These proteins act as iron
and oxygen sensors of the cells (Nunez et al, 2003; Pantopoulos et al,
1995). Aconitase family of proteins primarily include the energy cycle
enzyme aconitase that by virtue of the same Fe-S cluster participates
in electron transfer in catalyzing the reversible isomerization reaction
of citrate and isocitrate via the dehydrated intermediate cis-aconitate
(Beinert et al, 1996) in citric acid cycle. An euKkaryotic cell, being a
double-membrane system, has a partitioned cytosolic and
mitochondrial aconitases (Philpott et al, 1994) that perform the
functions of IRP and energy cycle enzyme respectively. The cytosolic
aconitase function either as RNA binding protein that regulates the
uptake, sequestration and utilization of iron or an enzyme that
interconverts citrate and isocitrate depending on the status of [4Fe -
4S] cluster. The holoprotein with the intact [4Fe-4S] cluster
functions as aconitase, whereas the apoprotein, [3Fe-4S] is an RNA-
binding translational regulator (Rouault and Klausner 1997; Haile et
al, 1992). Several bacteria, such as, E. coli, has two isoforms of
aconitase, AcnA and AcnB, with differential expression and
physiological properties (Jordan et al, 1999; Tang et al, 2002;
Varghese et al, 2003), while prokaryotes like Bacillus or

Xanthomonas, have only one copy of aconitase in their genome.
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As mentioned earlier, Mycobacterium tuberculosis codes for a single
copy of aconitase (acn or Rv1475c). Amino acid sequence
comparisons of Mycobacterial aconitase (Swissprot ID: O53166) with
E.coli aconitase AcnA (Swissprot ID: P25516) & AcnB (Swissprot ID:
P36683) showed that mycobacterial aconitase shares 60% identity
with AcnA of E.coli but only 20% identity with AcnB. As per earlier
report, AcnA of E.coli is induced in stationary phase or during
oxidative stress conditions and is less sensitive to oxygen mediated
inactivation (Jordan et al, 1999; Tang et al, 2002). It, hence, can be
proposed that M. tb being a strict aerobe would use the more stable
AcnA / IRP aconitases for energy metabolism, a feature likely to be
important for survival under oxidative stress. 4.74 folds down
regulation in starvation model (Betts et al, 2002) and up regulation
at high iron stress suggest (Wong et al, 1999) its involvement in

energy production and iron homeostasis.

The work presented in this chapter documents for the first time the
bifunctionality of the M. tb aconitase and shows that (i)
Mycobacterium tuberculosis aconitase displays both enzymatic and
RNA-binding activities depending on iron availability, (ii) aconitase
activity is not required for RNA binding, (iii) cysteine residues are
important for both enzyme activity and RNA binding. Further, the
functional oligomeric state and basic biochemical properties of M. tb
aconitase as a TCA cycle enzyme has been elucidated. The likely
amino acid residues associated with the functional specificity of M. tb
aconitase as a TCA cycle enzyme and the likely region of the protein
to which IRE-RNA binds has been highlighted.

MATERIALS AND METHODS

PCR amplification, cloning and expression of M. tb aconitase

The 2.892 kb (ACN or Rv1475c¢) long ORF was amplified from H37Rv
genomic DNA using proofreading Taq polymerase (AccuTaq™ LA DNA
Polymerase, Sigma) using the primers having restriction sites Xhol
and Hindl 11 at 5’ end (FP _
ATTCCTCGAGATGTGACTAGCAAATCTGTG and RP -
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ATGGAAGCTTTCAGCCTGACTTCAGTATGT). A 50u1 PCR reaction
contained 250ng of template DNA (genomic DNA of H37Rv), 200ng of
each primer with 2.5U of Tag DNA polymerase (AccuTaq™ LA DNA
Polymerase, Sigma), 500u moles of dNTPs, 1ul DMSO and 1X PCR
buffer supplied with the enzyme. The template DNA was amplified for
35 cycles with denaturation at 94°C, annealing at 50°C and
elongation at 68°C in GeneAmp PCR system 9700 (PE Applied

Biosystems, USA). The PCR products were gel extracted, purified and
stored at -20°C.

The insert was cloned in the expression vector pRSET - C at Xhol /
Hindlll site followed by overexpression in the pRSET-C/ E. coli BL-21
(DE3) expression system. For the ligation reaction, 200ng of vector
(PRSET C), 600ng of inserts (acn), 1 unit of T4 DNA ligase and 1X
ligation buffer (30mM Tris-HCI pH 7.8, 10mM MgCl, 10mM DTT, 2
mM ATP, 5% PEG 8000) were mixed together and volume made to
20ul with distilled water. The tube was incubated at 16°C for 16
hours or overnight. The ligation mix was used to transform DHb5a
strain of E. coli. The clones were confirmed by single digestion with
HindlIIl first and later by sequencing using the T7 promoter primer,
on an ABI prism 377 DNA sequencer (PE Biosystems, USA). The
generated constructs ‘setAacn’ was further transformed into the
BL21 (DES3) strain of E.coli.

The overexpressed his-tagged recombinant protein was purified by
Ni%*-nitrilotriacetate affinity chromatography from soluble fraction
under native conditions. The cells transformed with the construct
plasmid were grown overnight in LB with 100 ug/ml ampicillin at
37°C for primary culture. 1% of the primary culture was used to
grow a large scale secondary culture to an ODgy, of 0.4 at 37°C,
cooled to 27°C, induced with 0.1mM IPTG and grown overnight at
27°C in Terrific Broth. The cells were lysed by sonication, collected
by centrifuging at 16000Xg for 30 minutes at 4°C and the clear
lysate was loaded onto Ni**-NTA column. The column was washed
with 50mM NaH,PO,, 300mM NaCl, 20mM imidazole, pH 8. The

protein was eluted in the same buffer supplemented with 250mM
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imidazole. The protein was 90-95% pure as checked on 10% SDS-
PAGE followed by Commasie Blue staining. The purified protein was
dialyzed against 20mM TrisCl pH 8, 100mM NaCl and 3% glycerol.
The protein was concentrated using Centriplus Centrifugal filter
units with 10Kda cut-off filter (Millipore, USA) and quantified using
the Bradford method of protein quantification.

Reconstitution and inactivation of native protein

The protein purified under native condition was reconstituted by
incubating with1mM ferrous ammonium sulphate and 10mM DTT in
50 mM TrisCl pH 8 at 25°C for 20 minutes. The reaction mix was
centrifuged at 16000Xg at 4°C for 10 minutes to pellet the
precipitated protein, if any. The reconstituted protein was dialyzed
against 20mM TrisCl pH8 and 100mM NaCl.

For inactivation of the purified enzyme 0.5mM of specific iron

chelator, dipyridyl, or non-specific metal chelator, EDTA was used.

Biochemical assays for aconitase

Indirect Assay

This assay is based on measurement of the concomitant formation of
NADPH from NADP* in a two step reaction where citric acid is
converted into isocitrate by aconitase and the second enzyme
isocitrate dehydrogenase converts isocitrate into a-ketoglutaric acid
in presence of NADP, which is reduced to NADPH. The formation of
NADPH is monitored by the increase in absorbance at 340nm. The

rate of NADPH production is proportional to aconitase activity.

: Toctrate ™, COO
CICJO' H.O ‘DCX:\ / H H,Q coo | dehylrogenase |
)
CH, i c i | CIH.2 C=0 + CO
| I | c] ?
0VOC-C-OH C H-C-COoD- H-C-H
/N NADP
CLL! 0OC (iH’ H-(J-OH NADPH (JlHn
cbo o0 oo coo
Citrate cis-Aconifate Isocitiate «-Fetoglutmte
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Porcine heart isocitrate dehydrogenase (Sigma) was used for these
reactions. Each 400pl reaction mix contained 20mM triethanolamine
chloride buffer pH 7.5, 2mM NADP+, 2 mM citrate, 100mM NaCl,
10mM MgCl, , 5ul porcine heart isocitrate dehydrogenase and 30-50
nM of M. th aconitase. The reaction was tested both in absence and
presence of M. tb aconitase to check for residual activity. The

concentration of substrate used for Km and Vmax estimation varied
from 1uM to 1mM.

Direct assay

Aconitase activity was measured spectrophotometrically by
monitoring the time dependent conversion of isocitrate to cis-
aconitate at 25°C in Unicam UV/Vis spectrometer at 240 nm, the
absorbance maximum for cis-aconitate. The rate of cis-aconitate

production is proportional to aconitase activity.

?oo tlsoo'
?Hz ) H,O (|3H2 i
ﬁ:— COoO0o E H—f|3—- CcCOQ
S T 4
cOoOo COoO
cis-Aconitate Isocitrate

Each standard assay solution of 400uL contained 20mM
triethanolamine chloride buffer pH 8, 2mM DL-isocitrate, 100mM
NaCl and 30 - 50nM of the enzyme. Environmental parameters for
the enzyme was measured by altering the pH of the buffer (range 5 -
11), temperature (20 - 95°C), concentration of substrate (0.1mM -
4mM), metal ion (Mg", Zn™, Mn™; 1 - 10mM) and salt (OmM -
500mM) requirement. The pH dependence of the enzyme was
measured using 20 mM of the following buffers: phosphate buffer
(pH 5.7 to pH 7), TrisCl: pH 5-9: CAPS: pH9-11. The Kkinetic

parameters were determined by altering the concentration of the
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substrate (0.1mM - 4mM). The values were plotted and counter
checked as Micheles Menten plot (V vs S), Hanes plot (S/V vs S) and

Direct-linear plot (V vs S, with median values) for calculating Km and
Vmax for this first order reaction.

Size exclusion chromatography: Size exclusion chromatography
was performed at room temperature using FPLC equipped with
Superdex-200 HR 10/30 column (Amersham Pharmacia Biotech).
Calibration of the column was performed using protein molecular-
mass standards for gel-filtration (Sigma, USA), namely thyroglobulin
(669kDaj, ferritin (443kDa), fB-amylase (200kDa), alcohol
dehydrogenase (150kDa), albumin (66kDa) and carbonic anhydrase
(29kDa). The column was equilibrated with standard proteins in
50mM Tris-HCI, pH7.5 with desired concentration of NaCl and the
elution volume (V) for each protein was determined. The void volume
(V,) was determined by running Blue Dextran on the column. The
calibration curve was plotted as Ve/Vo versus log of molecular mass.
No difference in the elution volume or the calibration curve was
observed when different concentrations of NaCl (No NaCl; 150mM;
300mM: 1.5M) were used to calibrate the column. The column was
equilibrated with three bed volumes of the elution buffer prior to
each run. Protein elution was monitored at A,y,. A 1.2 mg/ml (for
both native and reconstituted protein) concentration of recombinant
proteins were used for all gel filtration experiments. The buffers used
for different experiments to determine the oligomeric state were 20
mM Tris pH8 without or with 100mm, 300mM, 500mM and 1M

NaCl.

Sequence alignment and phylogenetic analysis: The amino acid
sequence of M. tb aconitase was compared against the NCBI protein
database. The sequences with the BLAST score upto e-153 or 65%
identity were selected for construction of the phylogenetic tree.
MegAlign, the multiple sequence alignment package of LASERGENE
was used to determine the conserved residues across the aligned
sequences. Only the conserved sequences were aligned and used to
construct a phylogenetic tree using CLUSTALW program. The
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sequence alignment file was used to construct a phylogenetic rooted
tree applying DNA*star (Altschul et al 1990; Retief et al 2000).

Scanning of M. tb genome for IRE - like sequences

The M. tb genome was scanned using the pattern search program of
TubercuList (http:/genolist.pasteur.fi/TubercuList/) for the sequence C N N
N NN CA G U G, with or without a single mismatch in the region
CAGUG, located within 100 base pairs upstream of a start codon or

100 base pairs downstream of a stop codon. The selected sequences
were subjected to secondary structure prediction

(http://www.genebee.msu.su/services/rma2 reduced.html) for possible stem

loop like configuration. The selected sequences were synthesized as
complimentary oligonucleotides.
Table : Sequences of the oligonucleotides corresponding to the

selected IRE like sequences of M. tb genome used for gel shift assays.

5 UTR of M. tb trxC aattcGGCGATGCGCTGCGCTGTGGCGACC
GCAGTGCGGCCGTCACCGAGATCCGGa

3 UTR of M. th acn aattcGCGGCTCGCCGCCGTCAGATCCTCG
ACGGTGCGCGCCGTTGCTTTGCCGAAa

5 UTR of M. tb aattcGGTAGCAGACGGTATGCCCGCCGCG
ideR CCAGCGGCGGGCATACCGCTGCGGTGa
Control: aattcGGGAGAGGATCCTGCTTCAACAGT

5 UTR of human GCTTGGACGGATCCa

ferritin

In-vitro transcription

Complimentary oligodeoxyribonucleotides of the selected sequences
were cloned in pGEM-3Zf vector at EcoRl and Hindlll sites. The
vector was linearized using HindIll and used as a template for the in-
vitro transcription using T7 RNA polymerase. The 10ul reaction mix
contained 150ng of DNA template, 10mM DTT, 20-25 units of T7
RNA polymerase, 1X RNA polymerase reaction buffer and 0.5mM
each of ATP, GTP, UTP with 0.5mM CTP, wherever unlabelled CTP
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was used and 0.05mM CTP with 20uCi of o™ P CTP, wherever the
probe was radiolabelled for gel shift assays. The reaction was
incubated at 37°C for 1 hour followed by RNase-free DNase
treatment (1 unit of DNase per reaction) for 15 minutes at 37°C.
After phenol extraction, the RNA was precipitated with 0.5M
ammonium acetate, 15-20 pg of yeast RNA and one volume of
isopropanol at -20°C overnight. The RNA was dissolved in nuclease
free water and checked on 7M denaturing 15% polyacrylamide gel.
Both labeled and unlabeled RNA were denatured at 85°C for 5
minutes followed by renaturation by slow cooling to allow proper
folding before using for gel shift assays.

Gel Shift Assays (GRAs)

The renatured radiolabeled RNA fragments (~ 1 pico mole) were
allowed to bind with ~3 pg of purified M. tb aconitase in a biding
reaction (20ul) containing 10mM TrisCl pH 8, 50mM KCI, 10%
glycerol and 1 ug of total yeast RNA. The reaction was carried out at
room temperature for 30 minutes. The reaction products were then
loaded onto a 6% nondenaturing polyacrylamide gel and
electrophoresed at room temperature and run in TGE buffer. 0.5 mM
of didyridyl was used wherever M. tb aconitase was inactivated, with
an incubation time of 15 minutes at 25 °C. Non-specific metal
chelator EDTA was also used in some of the experiments. For
competition experiments 75X of radiolabeled specific and non-

specific RNA fragments were used.

Factor Xa digestion and protease protection assays

M. tb aconitase was allowed to bind with the selected IRE-RNA
fragments and the complex was UV crosslinked after the binding.
This was followed by digestion with Factor Xa by incubating at 22°C
till 36 hours. Each 100 ul reaction contained 10mM TrisCl pH 8,
50mM KCI, 1 U of Factor Xa and 30 - 50ug of dipyridyl treated M. tb
aconitase. Fractions were collected at the intervals of 18, 24 and 36
hours and were run on a denaturing 10% polyacrylamide gel followed

by Commasie Blue staining to check for the RNA binding site of M. th
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aconitase. Both radiolabelled and unlabelled RNA were used for this
experiment.

Chemical inactivation of cysteine residues

The reaction of 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBDCI,
stock concentration in DMSO = 1.99mg/ml) with free thiol groups of
M. tb aconitase (final concentration = 17ug/100ul) was initiated by
pipetting 4 ul of the stock NBDCI into 100ul of the reaction solution
containing 20mM TrisCl pH 8. The reaction was followed by
monitoring absorbance at 420 nm over time as described by Yancey
et al. (Yancey and Somero, 1979) to check the formation of complex
between NBDCIl and Cysteine residues of the protein. The NBDCI-
treated protein was then used for gel shift assays.

RESULTS

A. Oligomeric assembly, Biochemical characterization and
Phylogenetic affiliation

PCR amplification and cloning of M.tb in expression vector
PRSET C

The insert, M. tb acn, was cloned in the expression vector pRSET - C
at Xhol/Hindlll site (Figure 4.1). The amplified PCR product
corresponding to size ~2.89 kb was excised from 1.2% agarose gel
and extracted (Figure 4.2A). The PCR product and the vector pRSET
C were digested with Xho I and Hind Il and ligated. The ligation mix
was used to transform competent DH5a cells and the colonies were
screened for the positive clone by single RE digestion with Hind III.

The expected size of the vector with insert was ~5.7 kb (Figure 4.2B).

Expression and purification of protein coded by M. tb ORF
Rv1475c¢c

The insert cloned in the expression vector pRSET - C at Xhol/ Hindlll
site was overexpressed in the E. coli BL-21 (DE3) cells. The
transformed cells grown in Terrific Broth were induced by 0.1mM
isopropyl-p-D-thiogalactopyranoside (IPTG) at 18°C for 16 hours for
overexpression of M. tb aconitase. The over-expressed N-terminal

His-tagged M. tb aconitase was then purified to 90% - 95%
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homogeneity using a Nickel affinity column (Figure 4.3). The
molecular mass of the recombinant protein as determined by SDS-
PAGE analyses was found to be -~ 102 kDa (Figure 4.3). The
purification was carried out under native conditions from soluble
fraction. 2 7mg of recombinant protein could be purified from 750ml
of start culture.

Oligomeric assembly

Recombinant M. tb aconitase is a functionally active TCA cycle
enzyme and the functional form is a monomer

Recombinant M. tb aconitase could convert isocitrate to cis-aconitate
in a reaction mix containing 2mM DL-isocitrate, 100mM NaCl and 30
- 50nM of the enzyme present in 20mM triethanolamine chloride
buffer pH 8. The formation of cis-aconitate was monitored
spectrophotometrically at 240 nm in a time dependent fashion at
256°C (Figure 4.4A, inset and 4.4B, inset). The active enzyme was
used for further characterization.

FPLC profile of native protein (Figure 4.4A) and reconstituted protein
(Figure 4.4B) showed presence of two oligomeric states
corresponding to monomer and trimer in presence of 20mM TrisCl
pH 8 and 100mM NaCl. Each fraction was collected separately,
quantified and checked for activity (Figure 4.4A and 4.4B). The
aconitase activities of purified protein under native condition were
generally lower (Figure 4.4A, inset) than the reconstituted enzyme
(Figure 4.4B, inset) indicating that a significant portion of purified
enzyme is in the inactive [3Fe-4S] or apoenzyme form. Km for native
enzyme were 1.2 mM * 0.26 while that for reconstituted enzyme were
0.375 mM = 0.17 indicating a 3.2 fold increase in the affinity for the
substrate by the reconstituted protein. The inset graphs in the
Figures 4.4A and 4.4B clearly show that both the forms were
enzymatically active, hence it could not be judged how important the
trimer is for the activity of the protein. The Kinetic parameters of
monomer and trimer were further calculated separately for native
and reconstituted enzymes (Table 1V). These experimental data
established the facts that reconstituted aconitase had higher activity
than native M. tb aconitase while the trimer of both reconstituted
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and native enzymes displayed higher activity than monomer. This
was nonetheless, not significant. Even though a trivial decrease (less
than 2 fold) was observed in Km values, the specific activity of both
the forms nearly remained same (Table IV). This indicated that trimer

was probably an aggregate of monomers and not a separate
oligomeric form.

Table IV: Kinetic parameters of different FPLC fractions of native and
reconstituted recombinant M. tb aconitase

i Vmax Specific activity
: T Km Isocitrat )
Oligomeric state (l:;\;j)m *| cis-aconiinte cis-aconitate
(ng/min) (ng/min/mg)
; Trimer 0.5 +0.09 133.3 45 111.1 +4.17
Native
Monomer 0.9 +0.03 125 6.5 100.3 +5.42
Reconsti- Trimer 0234008 | 180.55+23.3 150.5 +19.4
tuted
Monomer 0.56 +0.1 141.67 +40 118.1 £33.3

To further confirm that the trimer is not a stable functional form of
M. tb aconitase and was just a loose aggregate, the protein was
incubated with 300 mM, 500 mM and 1 mM of NaCl for 1 hour at
room temperature followed by loading onto Superdex-200 column for
fractionation. It could be clearly seen that the trimer is disrupted
into dimer and monomer upon treatment with atleast 500 mM of
NaCl (Figure 4.4C). This clearly showed that trimer is an aggregate
formed due to ionic interactions between aconitase molecules and
does not represent the stable functional form. A V vs [S] plot for
trimer and monomer (Figure 4.4D) indicated substrate binding
cooperativity that may explain the unsubstantial decrease in Km
values for trimer. It can also be seen that the cooperativity implied by
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the plot is also not very significant. These biochemical features

clearly suggest that the functional form of M. tb aconitase is a
IMOnoImner,

Biochemical characterization

pH profile of M. tb aconitase: Log,, Vmax vs pH plot suggests the
involvement of histidine and cysteine side chains in ionization
at the catalytic site of M. tb aconitase

The activity of M. tb aconitase as a function of pH was studied.
Although the optimum pH for the activity of M. tb aconitase, both
native and reconstituted as seen from the pH vs activity profile is pH
8, the enzyme however remains fairly active within a range of 7 - 10
(Figure 4.5A). The broader activity range of M. tb aconitase is in
agreement with its apparent similarity to AcnA of E. coli. AcnA is a
stationary phase enzyme when the intracellular pH may vary over a
wider range than log phase (Jordan et al, 1999). Plotting
experimental values as Log,, Vmax vs pH (Figure 4.5B) shows
involvement of two ionization groups involved in catalytic function of
the enzyme. Extrapolation of the linear portion of the plot gave the
pKa values of the free amino acid residues, the side chains of which
might be responsible for change in ionization state during catalysis
(Price and Stevens). The plot reveals three distinct regions of slope (~
+1 and 0). The point of intersection corresponds to the values 7.1
and 9.3. Since environment of an amino acid within an enzyme can
be influenced by other amino acids, about 1.5 pH units on either
side of the predicted values was therefore taken. With reference to
the pKa values of free amino acids (Price and Stevens), the possibility
of amino acids involved may be histidine (pKa 6), cysteine (pKa 8.3),
tyrosine (pKa 10.1) or lysine (pKa 10.5). Further, when M. tb
aconitase was aligned with bovine heart aconitase (P20004, Plank et
al, 1988), human IRP-BP1 (NP_002188, Schneider et al, 2003) and
IRP-BP2 (Schneider et al, 2003) human mitochondrial Acn
(NM_001098, Mirel et al 1998), E. coli AcnA (P25516, Blattner et al,
1997) and AcnB (P36683, Blattner et al, 1997) to elucidate the

strictly conserved catalytically important residues based on mutation
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His 208 and Cys 479, 545,548, residues are conserved across Acn A/IRP family

of proteins

His 208

s e

e

3

L]
s

a

A'I’PDTL-VETDSlHTTI'v‘HGLGV-LG\?GVGGIEAEAAILGQPVSILIPK?V Majority

I human cyto acn-IREBP1
I human mt acn

Qv
K ¥

204 AYPOTC-YGTOSHTTHYNGLGY -LOYGYGGIEAEAAMLGQPY SHLIPYYY M leproe

1S5 AYPGYLLIGTDSHTPNGGGLOG-ICIGYGOADAVDYMAGIPYELKCPKY I bovine-mt-heart-acn
218 AYPDTC-YGTODSHTTMYNGLGOGY -LGYGYGGIEAEAAMLGQOQPYSHMLIPRYY Maviumacn

203 AYPDTL-YGTDSHTTMINGLGY -LGYOVYGGIEAEAAMLGOPYSMLIPDYY E.coli ocnA

213 - --QPGYYGPIKQIEALQQKGFPLAYVGDVYYGTGSSRKSATNSYL ----- E.coli acnB
211 LFPOSY-YGTODSHITMYNGLGI-LGYOVGGIETEAYVMLGLPYSLTLPEYY human cyt acn-IREBP2

197 AYPDTC-YGTDSHTTMYNGLGY-LGYGYVGGIEAEAAMLGOQPYSHLIPRYY M.tbacn

182 AYPOGYLLIGTDSHTPNGGGLGG-ICIGYGGADAYVDYMAGIPYELKCP

1% YYPDSL-YGTOSHTTMIDGLGI-LGYGYGGIEAEAYMLGOQPISMYLP

545, 548

Cys

,
it

}TT&IGNSGP-LPEEISKAIKKGDLSVTAVLSEHRNFElajority

LEKLGFYLYGYG

499 LRDYGGIVYLANACGPCIGQWDR---=-=---KDIKKGE-KNTIYVTSYNRNFT bovine-mt-heart-acn

489 LDELGFNLYGYGCTTCIGNSGP-LPDPIETAIKKSODLTVGAYLSGNRNFE E.coli amA

526 LDMPESYLYRFKGKMQPGITLRDLYHAIPLYAIKQGLLTYEKKGKKNIFS E.coli acnB
56 LSKLGFEIVYGYGCSTCYGNTAP-LSDAYVLNAVKQGDLYTCGILSGNKNFE human cyt acn-IREBPZ

491 LSQLGFDYYGYGCMTLIGNSGP-LPEPYVEAITQGODLYAVGYLSGNRNFE human cyto acn-IREBPL
43% LROLGGIYLANACGPCIGQWDR-------KDIKKGE-KNTIVTSYNENFT human mt ocn

533 LEKLGFYLYGYGCTTCIGNSGP-LPEEISKAYNDNDLSYTAYLSGNRNFE M.thacn

M. tb Aconitase

TCIGNSGP-LPEEISKAINYNNLSYTAYLSGNRNFE M. leprae

549 | EKLGFYLYGYGCTTCIGHNSGP-LPEEISKAINDNDLSYTAVLSGNRNFE Mavium ocn

ontinuous sample alignment report of M. tb aconitase to highlight a few catalytically
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and crystallographic studies. Based on such alignment the
corresponding residues in M. tb aconitase included GIn-87, Phe-89,
Thr-90, His 127, Glu 226, Ser 207, His 208, Ser 478, Cys 479,
545,548, lle 549, Asn 577, Arg-578, 583,745, 825 and Ser-823, 824.
The alignment clearly showed conserved histidine

and cysteine but no lysine or tyrosine in the list of catalytically
important residues. Discontinuous sample alignment report of M. tb
aconitase to highlight a few catalytically important conserved amino
acid residues has been presented in Figure 4.6. Therefore it would be
reasonable to conclude that the side chains participating in
ionization during catalysis could be His-127, 208 and Cys-479, 545,
548.

Optimum temperature:

M. tb aconitase exists in a single interconvertible form with a
single activation energy irrespective of temperature change

The activity of M. tb aconitase was studied as a function of
temperature. Results clearly show that the M. tb aconitase is active
over a broad range of temperature from 25°C to 45°C (Figure 4.7).
The enzyme could be renatured after 30 minutes of incubation
between 55°C to 60°C, where considerable activity could be regained.
Thermal inactivation remains irreversible after incubation at 75°C for
half an hour. The Arrhenius plot [In(velocity) vs 1/T in Kelvin] shows
a single peak (Figure 4.7), indicating presence of a single
interconvertible form with a single activation energy irrespective

profiles of both native and reconstituted protein remain by and large

the same.
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Metal ion as cofactors:

Divalent metal ions are not required as co-factors for M. tb
aconitase activity

The enzyme (native and reconstituted) was tested for metal ion
requirement with respect to four divalent metal ions, namely, Mg*,
Zn™, Ca™ and Mn"™ (Figure 4.8). It is apparent that there is no
change in activity either in presence or absence of metal ions. Pre-

incubation of isocitrate with metal ions also did not alter the rate of
reaction (Figure 4.8).

Salt dependence of the M.tb aconitase suggested involvement of

ionic interactions in stability and catalysis

The effect of NaCl on the stability as well as activity of the native as
well as reconstituted enzyme was checked and it could be concluded
that min 100mM - 200mM of salt is required for efficient activities in
both cases (Figure 4.9). The absence of NaCl in the reaction
decreased the activity of M. tb aconitase drastically. Higher
concentrations of salt (above 300mM) proved to be detrimental for
the activity. The decrease in the activity at higher salt concentration
indicates involvement of ionic interactions during catalysis. The
reversibility of the activity of the enzyme after removal of excess of
salt, could not be checked as the enzyme precipitated upon

prolonged exposure to room temperature.

Sequence alignment and phylogenetic analysis of M. tb
aconitase: M. tb aconitase belongs to cytosolic aconitase (Acn A
/ IRP group)

Bacterial aconitase are classified into two main groups, those similar
to eukaryotic iron regulatory proteins / cytosolic aconitases (the Acn
A / IRP group) and the aconitase family found only in bacteria, the
Acn B group. Recently one more group has been added that includes
the aconitases closely related to mitochondrial aconitases. Multi-
sequence alignment of primary protein structure of M. tb aconitase
with other members of aconitase family followed by phylogenetic
analysis puts M.tb Acn in AcnA/IRP group in broad classification of

105



M. tb Aconitase

UOI)eIIU3JIU0D

',.uz pue .e)’ O ‘U
1jes Jjo uornounyj e se asejiuooe

Jo aouasaad pue sdussge ul a3seljiuooe

@W Jo oord LAunoy gy an3ig grw jo 9oid Kianoy gy 2anSig
Ww ul [OBeN SUON +:UZ 8D B ~Uun
00§ 00¥ 00€ 002 004 0
-0 -0
02 -2
For & v 3
3 e B
|owm LB nnw
- = 3.
L og O =
08 -8 8
002 0L =
E Q
= S
0213 = 3
N )
-0y 3 ok 3
[ @ @
-091 Lot

sisAejed Aianoe
Ul SUOIoRIBlUI DIUOI JO JUBWBA|OAUI pajsabbns 9SB}IUODE ] ‘W 10} S10}0B}-00 SB
9SBlIuode g]' ) dU1 Jo @duspuadap }es palinbal 10U 81em Suol |Bjew JudjeAlq

106



M. tb Aconitase

bacterial Acn family (Figure 4.10). Even though it could be observed
that M.tb Acn clusters with aconitases of other Mycobacterial species,
it is interesting to note the close proximity of M.tb Acn with those of
bacteria that are mainly human pathogens such as Corynebacterium
diphtheria, Salmonella typhimurium, Shigella flexneri, Xanthomonas
campestris and Xylella fastidiosa etc (Figure 4.10). This suggests a
possibility of lateral transmission of this gene over the evolutionary
period of time. The distribution of sequences in phylogenetically
divergent but ecologically similar microorganisms is ascribed to as
lateral gene transfer (horizontal transfer). On the other hand vertical
transmission of genes occurs within a species from one generation to
the next through inheritance. Unlike eukaryotes, which evolve
primarily through the modification of existing genetic information
bacteria have obtained a significant proportion of genetic diversity
through acquisition of genes form distantly related organisms. These
lateral transfer produce extremely dynamic genomes and have
effectively changed ecological and pathogenic character of bacterial
species. As seen from the phylogenetic analysis the species specific
region (Acn sequences) show high levels of protein sequence
similarity from taxonomical families inferred to be very divergent
suggesting the possibility of lateral gene transfer, however we

strongly propose the possibility of a common ancestral gene.

The relatedness of M.tb Acn of E.coli is what puts M. tb in Acn A
group The fact that M.tb Acn has higher identity to E.coli Acn A (60
%) than E.coli Acn B (20%) is of importance. AcnB of E.coli is the
major aconitase for logarithmic growth in aerobic E.coli culture. Its
synthesis is repressed in stationery phase and by anaerobiosis while
the AcnA of E.coli is induced in stationery phase or during oxidative
stress. This gives us a clue that M.tb aconitase might have a similar
expression profile. Acn A is a more robust enzyme than Acn B and
can withstand oxygen-mediated denaturation. Hence it is logical of

M. tb Acn, which is strictly an aerobe, to be closely related to E. coli

AcnA.
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B. Characterization of M. tb aconitase as a RNA binding protein

IRE like sequences in M. tb genome: As a first step to determine
RNA binding activity of M. tb aconitase the M. tb genome was
scanned for IRE like structures using the pattern search program of
TuberculList (http: enolist.pasteur.fr/Tuberculist/) for the
sequence CN N NN N C A G U G, followed by secondary structure
prediction

www.genebee.msu.su/services/rma2 reduced html) for

possible stem loop like configuration of typical iron responsive

elements. Many candidates were enlisted after the pattern search for
consensus IRE sequence. However, the selection of putative IRE-like
sequences for the binding assays was based on their presence at
untranslated regions (UTRs) of ORFs that were annotated to be

involved in iron or oxygen metabolism of the cell.

5 IRE of M. tb trxC (thioredoxin) was thus selected because of its
involvement in redox reactions. Cellular redox status is maintained
by thioredoxin that participates in various redox reactions through
the reversible oxidation of its active center dithiol, to a disulfide and
catalyzes dithiol-disulfide exchange reactions. As mentioned earlier,
aconitases, owing to their iron-sulphur cluster act both as iron and
oxygen sensors (3, 4) and are affected by oxidative stress (14).
Therefore it was postulated that M. tb aconitase might bind to IRE
structure at 5° UTR of trxC. Other ORF that was selected was M. tb
acn for the mere fact that aconitase is known to autoregulate its own
expression by binding to 3’ IRE like structures in other prokaryotes
(31). As in E. coli, the 3’ end of M. tb acn also showed multiple IRE -

like structures.

IdeR is iron-dependent repressor and activator. 5° UTR containing
IRE-like sequence was selected as it is directly linked to iron

metabolism by acting as iron-binding repressor of siderophore

biosynthesis and iron uptake.
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In vitro transcription

The complimentary oligodeoxyribonucleotides of the selected
sequences were cloned in pGEM-3Zf vector at EcoRI and HindIll
sites. The clones were confirmed by sequencing. The in vitro
transcribed RNA after phenol extraction, was precipitated with 0.5M
ammonium acetate, 15-20ug of yeast RNA and one volume of
isopropanol at -20°C overnight. The RNA was dissolved in nuclease

free water and checked on 7M denaturing 15% polyacrylamide gel
(Figure 4.11).

M. tb aconitase binds to IRE-like RNA sequences with high
specificity: Having shown that M. th aconitase has enzymatic
activity, electrophoretic mobility shift assays were carried out to
ascertain if M. tb aconitase indeed also has RNA binding properties.
Binding of purified M. tb aconitase to selected IRE sequences was
tested by assaying the interaction between the recombinant protein
and in-vitro transcribed radiolabelled 57 - nucleotide RNA carrying
IRE-like sequences (Figure 4.12). The RNA probes were denatured
followed by slow cooling for attaining proper IRE-like configuration.
IRE-RNA-aconitase protein compléx is clearly evident when
compared to the free probe lanes (Figure 4.12, lanes 1, 5, 9 and 12).
The complex is seen with the control 5" human ferritin IRE (Figure
4.12, lanes 1- 4) as well as the selected IRE-like sequences of the M.
th genome; i.e.; 5° M. tb trxC (Figure 4.12, lanes 5- 8), 5'M. tb IdeR
(Figure 4.12, lanes 9-11) and 3'M. tb acn (Figure 4.12, lanes 12-14)
under these binding conditions. That these mobility shifts are
specific is evident from homologous (specific) and heterologous (non-
specific) cold competition experiments. The labeled IRE- like
sequences is effectively competed out in the presence of 75X molar
excess of specific unlabelled RNA corresponding to the ferritin probe
(lane 4), 5* M. tb trxC (lane 8), 5’'M. tb IdeR (lanel 1) and 3'M. tb acn
(lane 14) confirming the specificity of the complex. Further more, the
complex could not be competed out by

unlabelled non-specific RNA (Figure 4.12, lanes 3 and 7). Any Kind of
non-specific binding with the vector was ruled out by using a vector
control where pGEM-3Zf vector was linearized with Hindlll and
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subjected to in vitro transcription and the labeled transcript was
used as the vector control. M. th aconitase did not bind to the vector
RNA (Figure 4.12, lanes 15-17). In another control experiment the
ability of these RNA to bind to the non-specific protein was rested.
The selected IRE-like sequences did not bind to any of nonspecific
proteins that were tested, namely, M. th ICD-1, M. tb ICD-2 and BSA
(data not shown). These experiments showed that M. th aconitase is a
RNA binding protein and binds to IRE-like sequences present in
UTRs of 5" M. tb trxC, 3'M. tb acn and 5'M. tb IdeR mRNA.

RNA binding activity and aconitase activity of M. tb aconitase
are mutually independent: Having shown the M. tb aconitase binds
specifically to IRE elements present in the RNA, experiments were
designed to investigate whether the enzymatic activity is independent
of the RNA binding property. Recombinant purified aconitase was
reconstituted with iron and inactivated with specific iron chelator
dipyridyl. The results clearly shows that reconstitution of the purified
protein with iron salt increases the enzymatic activity but decreases
the IRE-binding ability of M. tb aconitase (Figure 4.13A, lanes 2, 5, 8
and 11). Further, depleting iron from the purified protein by dipyridyl
inactivates the enzyme without affecting the RNA binding property of
M. tb aconitase (Figure 4.13A, lanes 3, 6, 9 and12). The reconstituted
and the inactivated proteins were checked for their enzyme activity
by monitoring the concomitant formation of NADPH from NADP" in a
two step reaction (Figure 4.13B). In the reaction, citric acid is
converted into isocitrate by aconitase and the second enzyme
isocitrate dehydrogenase converts isocitrate into o-ketoglutaric acid
in presence of NADP, which is reduced to NADPH. The formation of
NADPH is monitored by the increase in absorbance at 340nm. The
rate of NADPH production is proportional to aconitase activity.
Porcine heart isocitrate dehydrogenase (Sigma) was used for these
reactions. Each 400 ul reaction mix contained 20mM
triethanolamine chloride buffer pH 7.5, 2mM NADP+, 2mM citrate,
100mM NaCl, 10mM MgCl, 5bul porcine heart isocitrate
dehydrogenase and100nM of M. tb aconitase. The reaction was tested
both in absence and presence of M. tb aconitase to check for any
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residual activity. These results clearly demonstrated that the ability
of M. tb aconitase to bind to RNA is independent of its enzymatic
property.

Factor Xa protection assay show site specific binding of IREs to
M. tb aconitase

Results presented above have shown that in vitro manipulations that
assembles (through reconstitution of the native protein by Fe*) and
disassembles (through iron-specific chelator dipyridyl) the 4Fe-4S
cluster of M. tb aconitase results in interconversion between two
mutually exclusive functional states. Earlier reports on mammalian
cytosolic aconitase which, like M. tb aconitase, also belongs to
AcnA/IRP group, have shown through mutagenesis and genetic
studies that the three cluster-ligating cysteine residues are essential
for in vivo RNA-binding and aconitase activity ( Philpott et al, 1994)
and these cysteine residues are highly conserved throughout the
aconitase/IRP family. The corresponding cysteine residues in M. tb
as revealed by multiple sequence alignment are Cys 479, 545, 548.
These residues may be important for ‘Fe-S’ cluster ligation and
interaction with IRE-RNAs. Based on this information protease
protection assays were performed to predict the possible region of the
protein to which IREs bind in M. tb. The protease selected for the
study was Factor Xa that has only two cleavage sites, at 449 and 583
amino acid residues, in M. tb aconitase. Therefore cleavage with
Factor Xa would result in production of three truncated fragments of
M. tb aconitase corresponding to ~48 kDa, ~41 kKDa and ~12 kDa. All
the predicted cysteine residues fall between these two Factor Xa
cleavage sites. Therefore it was hypothesized that RNA binding to
this region of the protein would confer protection against Factor Xa

cleavage, resulting in partial digestion with formation of ~63 kDa and

~54 kDa fragments (Figure 4.14A).

M. tb aconitase, both bound to RNA and unbound, were subjected to
Factor Xa digestion at 22°C for 24 hours, followed by fractionation of
the digested fragments in 10% SDS-PAGE (Figure 4.14B). Protein
without Factor Xa was also incubated at 22°C for 24 hours to check
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for degradation in that temperature (lane 1). The ~48 kDa and ~41
kDa fragments can be prominently seen in lane 2, which is due to
complete digestion of the unbounded (without RNA binding to the
protein) and hence unprotected protein. Lane 3 and 4 show digested
fragments of M.th aconitase bound to 5° M. tb trxC and 3'M. tb acn
RNAs respectively, where only~63 kDa and ~54 kDa bands are
conspicuous. Some background bands corresponding to ~48 kDa
and ~12 kDa can be seen in lane 3 and 4. That is because binding of
RNA to protein may not be 100% efficient. These result suggest that

RNA bind to this region that also includes Cys 479, 545, 548 in M. tb
aconitase.

Cysteine residues are important for IRP activity

The importance of the cysteine residues in RNA binding activity of M.
tb aconitase was further investigated by chemical inactivation of
cysteine residues by 0.4mM NBDCI (4-chloro-7-nitro-2,1,3-
benzoxadiazole). NBDCl-treated recombinant aconitase along with
reconstituted and dipyridyl-treated aconitase were used for gel-shift
assays with respect to two predicted IRE elements of M. tb genome 3’
M.th Acn and 5’ M.tb IdeR (Figure 4.15). The gel-picture clearly shows
that NBDCl-treated aconitase could not bind to 3" M.tb Acn or 5" M.tb
IdeR RNA (Figure 4.15, lanes 6 and lane 13 respectively). Also,
consistent with earlier experiments, reconstituted aconitase did not
bind to 3 M.th Acn and 5 M.tb IdeR RNA (Figure 4.15, lane 5 and
lane 12 respectively) either. Aconitase treated with dipyridyl that was
expected to have a disassembled Fe-S cluster, alone could bind to
these RNA sequences (Figure 4.15, lane 2 and lane 9). The
experiment, thus, showed that cysteine residues are important for
RNA binding activity of M. tb aconitase. It is to be noted that there
are six cysteine residues in M. tb aconitase and NBDCl-treatment
would indiscriminately inactivate all these residues. Therefore,
inhibition of the RNA binding property of M. tb aconitase by cysteine
residue inactivation may be more due to change in the structural

conformation of the protein rather than inactivation of Cys 479, 545,

548 at the catalytic cleft.
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DISCUSSION

The property that makes iron indispensable to cell is also one that
makes it potentially toxic to the cell. With its ability to readily
exchange electrons, iron forms an important link in all fundamental
cell functions including those that lead to formation of free radicals
and ultimately oxidative stress and cell damage (Lill et al, 2000;
Mihlenhoff et al, 2000; Muhlenhoff et al, 2002). This love-hate
relationship is delicately balanced between ‘bound’ and toxic ‘free-
iron’ inside cell. The aconitase superfamily includes aconitases and
iron regulatory proteins. These proteins are closely related by virtue
of their conserved residues (Walden, 2002). Post-transcriptional
regulation by cytosolic aconitase or Iron Responsive Proteins in
eukaryotes is a well established phenomenon (Gegout et al, 1999;
Allerson et al, 2003; Loyevsky et al, 2001; Zhang et al, 2002).
Prokaryotic aconitases are highly similar to eukaryotic IRPs
(Walden, 2002; Baughn et al, 2002), but RNA binding property and
regulatory function has been studied in a few prokaryotes, like E. coli
(Tang et al 1999), Bacillus subtilis (Alén et al, 1999), Xanthomonas
campestris (Wilson et al, 1998), Pseudomonas aeruginosa (Somerville
et al, 1999) and a few others. These reports have also attempted to
establish an indirect link between regulatory function of aconitase
and virulence. This chapter presents evidence, for the first time,
supporting bifunctional activity of M. tb aconitase. It was shown that
purified, recombinant M. tb aconitase is functional both as a TCA
cycle enzyme where it catalyses the reversible isomerization of citrate
and isocitrate via the dehydrated intermediate cis-aconitate and as a
RNA binding protein where it binds to selected IRE like sequences
present within the UTRs of 5" M. tb trxC, 3'M. tb acn and 5'M. tb IdeR
mRNA. Further it was demonstrated that these two functions are

mutually exclusive.

Size exclusion chromatography followed by the assay for aconitase
present in the eluted fractions presented some interesting features of
the M. tb aconitase. A functional trimer form of aconitase was
consistently present. That M. tb aconitase existed as a monomer was

more than evident. The observed trimeric form was more likely due
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to aggregation involving ionic interactions (Figure 4.4C). There was
an insignificant decrease in Km while Vmax for both monomer and
trimer remained the same. A V vs [S] plot suggested insignificant
substrate binding cooperativity which could be the possible reason
for increased substrate affinity of the trimer (Figure 4.4D).

Enzymatically, M. tb aconitase could tolerate a broad range of pH.
This is expected given the fact that M. tb aconitase is closer to E. coli
AcnA which is expressed during stationary phase when the
intracellular pH is expected to vary over a wider range than log phase
(Jordan et al 1999). The pH is an important parameter for any
enzyme activity. The change in activity with change in pH indicates
the change in ionization state of the side chains of amino acids
involved. The amino acid residues involved could be roughly
predicted by extrapolation of the linear portion of the plot log,, Vmax
Vs pH. A parabolic curve (Figure 4.5B) implied involvement of at
least two ionizing groups with pKa values corresponding to the
points of intersection of the slopes. The nearest pKa values (t 1.5)
corresponding to 7.2 and 9.3, suggested the involvement of histidine
and cysteine side chains. Since the environment of the side chain in
an enzyme can cause a shift in pKa values of free amino acids, it was
further checked if these amino acid residues were conserved
amongst the catalytically important residues along the phylogenetic
line by multiple sequence alignment (Figure 4.6). His-127, 208 and
Cys-479, 545, 548 were highly conserved in this family of proteins.
Lysine and Tyrosine, whose pKa values lie within the £1.5 range were
not present amongst the conserved residues of catalytic site. This
therefore adds evidence to the interpretation from log,, Vmax Vs pH

plot that histidine and cysteine residues are involved in ionization

during catalysis of M. tb aconitase.

The selection of probable IRE like sequences in M. tb genome was
difficult because, even though IRPs bind to consensus IRE with high
affinity, earlier studies have shown that IRPs also bind to alternate
ligands with relative different efficiencies. Relative binding efficiency
differs as per change in nucleotide within the stem-loop (Butt et al,
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1996). Phylogenetic relativity, mutational analysis and comparisons
among functional IREs in different transcripts have permitted the
identification of the signatures of the IRE that are necessary for high
affinity binding by the IRPs. The consensus structure of an IRE
consists of a base-paired stem, interrupted by an unpaired ‘C’ five
base pairs removed from a six member loop. The sequence of loop is
always CAGUGN' (even though not strictly) with atleast seven
Watson-Crick base pairs to either side of the loop excluding the
bulge (Butt et al, 1996). One or more mismatches in the loop region
was opted while scanning the M. tb genome as it was evident from
earlier reports that CAGUGN may not be the strict consensus. It is
interesting to mention here that both 3' UTR of M. th acn and 5 UTR
of IdeR had two stem-loop like probable IREs each. Both the regions
were tested for their ability to bind to M. tb aconitase, however only
one region could bind. Presence of multiple stem-loop at UTRs is not
unusual and could be seen in other prokaryotes and eukaryotes as
well (Koeller et al, 1989; Tang et al, 1999).

Aconitase has 3 Fe atoms directly bound to the cysteine residues of
the enzyme backbone, while the fourth Fe is ligated to the sulphur of
the inactive (3Fe-4S) cluster. This iron-sulphur ligation provides a
free co-ordination site that is involved in the binding of the substrate
to the active site of the aconitase (Lauble et al, 1994). Increase in the
affinity for the substrate by M. tb aconitase upon reconstitution, as
implied by lowering of Km for the reconstituted protein as compared
to the native protein (Table IV), pointed to the following status of the
protein. Firstly, there is a loss of the 4" labile iron during protein
purification as a result of which a significant portion of purified
enzyme is in the inactive [3Fe-4S] or apoenzyme form. The
restoration of the labile 4" iron after reconstitution increases its
affinity for the substrate. Iron and dipyridyl (a chelator of Fe™) had
antagonistic effect on aconitase activity and RNA binding ability of M.
th aconitase. The reconstituted protein did not bind to IRE like
sequences studied while inactivation by dipyridyl increased the
binding affinity of M. tb aconitase (Figure 4.13). Thus M. th aconitase
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could act both as an enzyme and a RNA binding protein depending
upon the availability of labile iron to the protein.

Many genes in M. tb have since been characterized after genome
annotation. Some of these have been found to have additional
properties than was expected by homology based predictions
(Chakhaiyar et al, 2004; Choudhary et al, 2003; Siddiqi et al, 2004).
The present work while documenting interesting biochemical
properties of M. tb aconitase, also points to a hitherto unknown
property of M. tb aconitase. Binding of M. tb aconitase to such
unrelated IREs like that of mammalian ferritin validate earlier
suggestions that such interactions are not species specific, even
though the affinity by which interspecies IRE and IRP bind might
differ (Alén et al, 1999; Wilson et al, 1998; Somerville et al 1999). The
Acn system has so far been shown to autoregulate aconitase
synthesis in prokaryotes (Tang et al, 1999). Presence of IRE-like
sequences at 3° UTR of M. tb acn and binding of M. tb aconitase to
these sequences makes it very tempting to speculate that M. tb
aconitase may also be involved in autoregulation as in other
prokaryotes. However, as it also binds to some other IRE-like
sequences in M. th genome, a more general role of regulating gene
expression at post transcriptional level can not be ruled out. Even
though this work has established M. tb aconitase as a RNA binding
protein, the mechanism by which it regulates other ORFs and its
own expression remains elusive. It would be important to
characterize the Acn regulatory system of M. tb and its involvement
in virulence, identify other Acn-regulated genes, the effects of

oxidative stress and define the molecular basis of the M. tb aconitase

and IRE- mRNA interactions.
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Summary

Importance of basic metabolic pathways in the development of a
microbial disease became apparent with the discovery of involvement
of fatty acid metabolic pathways and glyoxylate pathway in virulence
in many pathogens (De voss et al, 2000; McKinney et al, 2000). This
implies that if a pathogen is unable to synthesize the precursors of
important metabolites required for growth, it is unlikely to proliferate
or persist in host. Several adaptive alterations in house keeping
metabolic pathways have been observed in diverse group of organism
in response to internalization by macrophages or contact with host
immune system. One of the prominent adaptations found amongst
varied organisms from commensals to phytopathogens (McKinney et
al, 2000; Manabe et al, 1999; Goldstein et al, 2001; Lorenz et al,
2002) is adjustments in physiology in response to nutrition
starvation inside phagolysosome in macrophages. The
microenvironment is usually devoid of complex carbon sources like
glucose and certain essential amino acids. Pathogen in turn
perceives simple carbon sources like acetyl Co-A or C2 sources or
deficiency in essential metabolites like magnesium and iron in their
environment and responds accordingly. Whole genome sequencing of
Mycobacterium tuberculosis and microarray technology has presented
a global picture of these adaptations in terms of controlled
expression of selected genes. Often an additional, altered or unusual

function of a gene has been noted under such conditions.

The work presented in this thesis is an extended investigation of the
basic energy pathway enzymes, isocitrate dehydrogenase and
aconitase and understanding their distinctive role in immune

response and iron metabolism respectively as additional properties.

Two isoforms of isocitrate dehydrogenase, M. tb icd-1 and M. tb icd-2,
have been identified in the M. tb genome. This study, for the first
time, biochemically characterizes M. tb ICD-1 and ICD-2 in terms of
their substrate and coenzyme specificity, metal ion requirement, pH,
temperature, salt tolerance and oligomeric assembly. Differences in
coenzyme affinity, oligomeric state, pH tolerance and phylogenetic
affiliation of the two isoforms of M. tb ICD were evident. While M. tb
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ICD-1 also accepts Zn* ion as metal ion apart from Mg* for catalytic
reactions, M. tb ICD-2 did not show any activity in presence of Zn*.
M. tb ICD-1 could tolerate a wider pH range than M. tb ICD-2 and
showed 33-35% activity in an acidic pH upto 5. The optimum
temperature for the enzyme activities was 37°C - 45°C. Both the
enzymes required NADP* as the coenzyme, but remained inactive in
presence of NAD". Km [isocitrate] for M. tb ICD-1 in presence of Mg**
or Zn"™ was 10uM £5 and 22uM #* 7, respectively while that for M. tb
ICD-2 was 20uM %+ 1 in presence of Mg". M. tb ICD-1 is a
homodimeric NADP* dependent isocitrate dehydrogenase, whereas,
M. tb ICD-2, originally annotated as a monomeric protein, was found
to exist in a dimeric state. Phylogenetic analysis revealed that unlike
M. tb ICD-2 which groups with bacterial ICDs, M. tb ICD-1 exhibits a
closer lineage to eukaryotic NADP* dependent ICDs.

A differential expression of M. tb ICD-1 and ICD-2 under different
stages of growth of Mycobacterial tuberculosis in in vitro culture was
further demonstrated. The experiment pointed to a transient
expression of the two ICDs. ICD-1 was expressed during early log
phase and reappeared along with ICD-2 during late log and
stationary phase. However, ICD-1 was less expressed than ICD-2 on
12" and 18™ day quantitatively. The tolerance to a broader range of
pH by ICD-1 as shown by biochemical assays may be a logical
explanation to its reappearance with 1CD-2 expression during late

log or stationary phases when pH inside the cell is much more

variable than log phase.

Isocitrate dehydrogenase (ICD) was found to be amongst proteins
that are released from Mycobacterium tuberculosis during late
logarithmic growth phase. In addition to biochemical
characterization, the immunogenic properties of the two isoforms of
M. tuberculosis 1CDs were evaluated and compared the same with the
control antigen - HSP 60 as well as purified protein derivative (PPD).
PPD lacks the sensitivity to distinguish between BCG vaccinated and
TB-infected populations and therefore epidemiological relevance of
PPD in BCG vaccinated regions is debatable. It was shown that M.tb
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ICDs elicit a strong B-cell response in TB-infected population and
can differentiate between healthy-BCG vaccinated population and
those with tuberculosis. The study population (n=215) was
categorized into different groups, namely, patients with fresh
infection (n=42), relapsed TB cases (n=32), patients with extra-
pulmonary tuberculosis (n=35), 44 clinically healthy donors, 30
NTMs and 32 non-TB patients (culture negative for acid fast bacteria
but carrying other infections). The M.tb ICDs showed statistically
significant antigenic distinction between healthy-BCG vaccinated
controls and tuberculosis patients (p<0.0001) and those with other
infections. Surprisingly, extrapulmonary infections could not be
discriminated from healthy controls by HSP 60 (p= 0.2177) which M.
th ICDs could do significantly (p< 0.0001). These results highlight the
immunodominant, immunosensitive and immunospecific nature of
M.tb ICDs and point to a novel and an unusual property of this TCA
cycle enzyme. A combinatorial study of biochemical and
immunological properties, differential expression and phylogenetic
analysis while reflecting an attempt to trace the evolution of
intracellular pathogenicity, may additionally help understanding the
adaptive role of isocitrate dehydrogenase in intracellular persistence

of this pathogen.

Aconitase is the common enzyme between both TCA cycle and
glyoxylate shunt. Also, M. tb Acn is a Fe-S cluster containing protein.
Such proteins are known to act as iron regulatory and sensor
proteins. Cellular iron levels are one of the critical nutritional
alteration inside infected macrophages and hence is closely
monitored by Mycobacterium tuberculosis for survival. Amongst the
sensor proteins reported in eukaryotic systems and a few
prokaryotes are iron responsive proteins (IRPs) that bind to iron
responsive elements (IREs) and regulate the translation or stability of
mRNAs encoding proteins involved in iron homeostasis. Sequence
comparison at amino acid level showed that it carries the conserved
residues of IRPs. Both the enzymatic and the IRP activity of M. tb Acn
were evaluated in this study. M. tb Acn functionally existed as a

monomer and was enzymatically active in converting isocitrate to cis-
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aconitate at a broad pH range of 7-10 (optimum pH 8) with a single
interconvertible transition state. Along with being enzymatically
active, it was observed that M. tb Acn could successfully bind to IRE-
like sequences of eukaryotes taken as control and also to predicted
IRE-like sequences found in M. tb genome. M. tb genome was
scanned for IRE-like elements and the selected sequences were
subjected to RNA secondary structure prediction. Three such regions
were selected which are found in either 3’ or 5" untranslated regions
of mRNAs of trxC, ideR and acn that have probable role in iron
metabolism. IRE - binding activity of M. tb Acn was checked by gel
retardation assays. It was observed that availability of iron affected
both the IRP and the enzymatic activity of M. tb Acn in-vitro. M.tb
Acn when reactivated with Fe™ acted as a TCA cycle enzyme, while
when depleted of iron by specific iron chelator acted like an IRP
binding to the selected IREs. It was also shown that both the
activities of M. tb Acn are mutually independent. Factor Xa
protection assay show site specific binding of IREs to M. tb aconitase.
The importance of Cysteine residues for both enzymatic and IRP
activity was demonstrated. These results support that M. tb Acn is a

bifunctional protein and points to its role in iron homeostasis.

Summarizing the above work, 1 have biochemically characterized
Isocitrate dehydrogenases and Aconitase of Mycobacterium
tuberculosis and have pointed out the additional properties of these
two proteins apart from them being TCA cycle enzymes. The results
reveal that M. th ICDs have additional property to elicit high B-cell
response in TB-patients and can differentiate healthy BCG
vaccinated population from TB infected population. This study also
points to post transcriptional regulatory role of M. tb Aconitase as a
RNA binding protein. Lineage of these two proteins was studied in
detail in an attempt to trace the evolution of intracellular

pathogenicity.
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Proteins released from Mycobacterium tuberculosis (Mth) during
late logarithmic growth phase are often considered candidate
compenents of immunogenic or autolysis markers. One such pro-
tein is isocitrate dehydrogenase (ICD), a key regulatory enzyme in
the citric acid cycle. We have evaluated the immunogenic proper-
ties of two isoforms of Mth ICD and compared them with the
control antigens heat-shack protein 60 and purified protein deriv-
ative (PPD). PPD lacks the sensitivity to distinguish between bacil-
lus Calmette-Guérin (BCG)-vaccinated and tuberculosis (TB}-infected
populations, and, therefore, epidemiological relevance of PPD in
BCG-vaccinated regions is debatable. We show that Mth ICDs elicit
a strong B cell response in TB-infected populations and can differ-
entiate between healthy BCG-vaccinated populations and those
with TB. The study population (n = 215) was categorized into
different groups, namely, patients with fresh infection (n = 42),
relapsed TB cases (n = 32), patients with extrapulmonary TB (n =
35), clinically healthy donors (n = 44), nontuberculous mycobac-
teria patients (n = 30), and non-TB patients {culture negative for
acid-fast bacteria but carrying other infections, n = 32). The Mtb
1CDs showed statistically significant antigenic distinction between
healthy BCG-vaccinated controls and TB patients (P < 0.0001) and
those with other infections. Although extrapulmonary infections
could not be discriminated from healthy controls by heat-shock
protein 60 (P = 0.2177), interestingly, the Mtb ICDs could signifi-
cantly (P < 0.0001) do so. Our results highlight the immunodom-
inant, immunosensitive, and immunospecific nature of Mtb ICDs
and point to an unusual property of this tricarboxylic acid energy
cycle enzyme,

Tuhcrcu]usis (TB), caused by Mvcobacterium fuberculosis
(Mth), Temains a major threat to the human population,
being responsible for = 2-3 millions deaths every year worldwide
(1-3). The secret of the pathogen’s success is its ability to escape
the host immune system and remain undetected in lungs for
decades. In only 10% of infected people. the number being
higher in immunocompromised patients, does TB erupt as a
full-blown disease (4). Delay in diagnosis and treatment impedes
the downstream management and control of the disease. With
the increasing emergence of multidrug resistant strains and
coinfection with HI'V, the problem is further compounded (5-7).
Early diagnosis, therefore, is a matter of utmost concern not just
for T'B disease management but also for epidemiological inves-
tigations (8). Current diagnostic tools for TB often lack sensi-
livity and can be time consuming. TB diagnosis in developing
countries largely banks on tuberculin skin tests and staining and
culture methods. The cpidemiological relevance of the tubercu-
lin test with purified protein derivative (PPD) is questionable in
areas where bacillus Calmette-Guérin vaccination is compul-
sory because PPD is not sensitive enough to distinguish between
vaccinated and infected individuals (9). Microscopic determi-
nation of the bacilli in the sputum samples is a direct way of
examining pulmonary TB (5). This method, however, requires
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high titers of bacilli (5,000-10,000 per ml) in sputum, a condition
seen only in full-blown TB patients. Culture techniques can
detect very low titers but are time-consuming, taking ==3-6
weeks (10).

The importance of the major extracellular proteius of the
pathogen as candidate components of a subunit vaccine has
been reported carlier (11). Discovery of the RD1 locus in the
Mtb genome, encoding mainly the proteins actively secreted by
mycobacteria into the culture medium, such as CFP-10 and
ESAT-6, has further encouraged immunological tests as an
adjunct to conventional diagnosis (12-15). Proteins that are
released from Mth during late logarithmic growth phase, such
as superoxide dismutase and isocitrate dehydrogenase (1CID),
are used as autolysis markers (16). The use of ICD as a
potential antigen for serodiagnosis along with malate dehy-
drogenase has been suggested (17, 18). The Mib penome
carries two isoforms of ICD, Mth 1CD-1 and Mtk 1CD-2.
Multiple sequence alignment revealed a closer similarity of
Mtk 1CD-1 to eukaryotic NADP” -dependent ICDs, whereas
Mtk 1CD-2 groups with bacterial ICDs (unpublished data). We
have evaluated the utility of ICDs as immunogenic markers for
TB through the detection of anti-Mth 1CD antibodies in sera
of different well characterized calegories of TB patients
through enzyme-linked immunosorbent assays. We describe
the sensitivity and specificity of 1CDs to distinguish TB
patients from those vaccinated with bacillus Calmetie-Guérin
and from those patients infected with nontuberculous myco-
bacteria (NTM) or other pathogens by means of the conven-
tional antigens, heat-shock protein 60 (HSP 60) (19) and PPD.

Materials and Methods

Cloning, Expression, and Purification of Mth 1CD-1 and Mth ICD-2. The
ORFs corresponding to Mth ICD-1 (Rv3339¢, 1.230 kb) and Mth
1CD-2 (Rv0066e. 2.238 kb) were PCR-amplified from the
genomic DNA of H37Rv, BamHl and Hindll] restriction sites
were incorporated in the 5' end of forward and reverse primers,
respectively, for both Mib 1CD-1 and Mrb 1CD-2. The primers
and parameters for thermal cycle amplification have been tab-
ulated in Table 1. The amplicons carrying the full-length Mth
1CD-1 and M1 [CD-2 were cloned at the BamHI and HindIll
sites of the expression vector pRSET-A (Invitrogen) with six
N-ternunal histidine sequence tags. The generated constructs
selAicd] and setAied? were further transformed into the BL.21
(DE3) strain of Escherichia coli. The clones were confirmed by
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Table 1. PCR primers and thermal cycle parameters for amplification of Mtb ICD-1 and ICD-2

Primer Sequence PCR parameters Amplicon size
Mib icd-1
forward agatccATGTCCARCGOACCCAAGATA 94°C for 2 h =~1.2 kb
reverse aagctt CTAATTGGCCAGETCOTTITTC 35 cycles:
94°C for 30 min,
50°C for 1 h,
72°Cfor 3 h,
72°Cfor 7 h
Mtb icdl-2
forward AGCTTaoat coATAAGCGCCGARTAGCT 94°Cfor 2 h =223 kb
reverse CATGGaaget tTCAGCCTTGGACAGCCT 10 cycles:

94°C for 30 min,
50°C for 30 min,
72°Cfor 3.5 h
25 cycles:

94°C for 30 min,
72°Cfor 3.5 h,
72°Cfor 7 h

sequencing with the T7 promoter primer on an Applied Biosys-
tems Prism 377 DNA sequencer,

The genes were overexpressed in the pRSET-A/E. coli BL-21
{DE3) expression system. The overexpressed His-tagged recom-
binant protein was purified by Ni**-nitrilotriacetste affinity
chromatography. The cells transformed with the constructs were
grown in Terrific Broth containing armmpicillin (100 gg/ml) to an
OBy 0 0.4-0.5 at 37°C, cooled to 27°C, induced with 0.1 mM
isopropyl B-D-thiogalactoside, and grown overnight at 27°C. The
cells were lysed by sonication, followed by centrifugation at
16,000 % g for 30 min at 4°C, The clear lysate was loaded onto
a Ni**-pitrilotriacetic acid column, which was then washed with
50 mM NaHoPO./300 mM NaCl/20 mM imidazole, pH 8. The
protein was cloted in the same buffer supplemented with 200
mM imidazole, The proteins were 90-95% pure as seen on 10%
SDS/PAGE followed by Coomassie blue staining (Fig. 1). The
puritied recombinant proteins were dialyzed against 20 mM
TrigHCYL phb 7.5, with 100 mM NaCl and 3% glyeerol and
quantified by using Bradford reagent (20},

Human Sera. The swdy population (n = 215) comprised the
Mitb-infected human sample population repotting 1o the Mahavir
Hospitai and Research Centre and the Central JALMA Institute
for Leprosy. These populations were categorized into three groups,

12M3 4
83 kDa

492 kDa

Eoin

Fig. 1. Affinity purification of Mth ICD-1 and Mtb ICD-2. His-tagged recom-
binant protein was purified by nickel column chromatography under native
conditions and stained with Coomassie blue after 10% SDS,/PAGE. Lanes: 1
and 2, Mth ICD-2; M, protein molecular mass markers {200, 116, 97, 66, 45, 31,
and 21.5 kDa); 3 and 4, Mtb ICD-1,

Eanerjee et al

namely Group 1 (n = 42 patients), Group 2 (n = 32 patients), and
Group 3 (n = 35 patients). In addition to the above, 44 clinically
healthy donors, 30 NTM cases, and 32 non-TB patients who were
proven culture-negative for acid-fast bacteria were also included as
controls in this study. Group 1 comprsed patients with fresh
infection with no history of TB treatment. Group 2 comprised
patients with relapsed cases, i.e., those who were treated earlier for
TB but whose symptoms reemerged after the completion of the
treatient. CGroup 3 included patients with extrapulmonary TB.
Patients from Groups 1 and 2 were diagnosed by sputum exami-
nation (acid-fast bacillus siear positive and negative). whereas the
extrapulmonary cases were confirmed by tissue biopsy. Clinically
healthy donors were Mveobacterium  bovis bacillus Calmette—
Cuérin-vaccinated and had no symptoms of TB at the time of sera
collection. Randomly picked individuals from the population of
healthy controls were subjected to a PCR test for TB and were
found to be PCR-negative. Mycobacteria other than Myeobacterium
leprae that are pot included in the Mth complex are referred to as
NTMs (21), However, the group referred to as NTMs in this study
included sera coliected from patients infected with NTM species
(n = 14), such as Mycobacterium avium, Mycobacterium xenopi, and
Mycobacterium fortuitum, as well as sera from patients with M.
leprae infection (n = 16). The non-TB patient category included
infected individuals who were tested negative for acid-fast bacteria
by staining and culture-based techniques, These patients were also
negative for HI'V and hepatitis B virus, These randomly picked
patients were suffering from pneumonia, lower respiralory infec-
tions, septicemia, urinary tract infections, gastrointestinal infec-
tions, cirrhosis. or fever of unknown origin, The study population
had no sex or age bias. This study was approved by the Institutional
Ethics Commitiee.

immunosorbent Assays. HLISAs were performed to check the B
cell immune response in humans to the Mth ICD-1 and 1CD-2
proteins and contrel antigens HSP 60 and PPD, The HSP 60 used
was Mth HSP65/GroEL. In brief, the 96-well microtiter plates
{Costar) were coated with =500 ng of either control antigens or
recombinant Mth 1CD-1 and Mth 1CD-2, The plates were
incubated overnight at 4°C, washed three times with PBS, and
blocked with 100 ! of blocking buffer (29 BSA in PBS) for 2h
at 37°C. The plates were then washed three times with wash
buffer PBST (0.05% Tween 20 in 1X PBS). The Mrb-infected
hurnan sera belonging to different clinical groups were diluted
200 times in blocking buffer (1% BSA in PBS). Serum (50 ui)
was added to antigen-coated wells and then incubated for 1 b at
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Mtb ICD-1 and 1CD-2 show high B cell reactivity to sera from TB-intected patients from different groups as opposed to bacillus Calmette-Guérin-

vaccinated healthy controls. The humoral immuiie rasponses directed against the recombinant protains Mth ICD-1 (A) and Mth I1CD-2 (B) and control antigens
HSP 60 () and PPD (D) were compared among different categeries of patients and healthy controls, Group 1, frash infections; Group 2, relapsed infection; Group

3, extrapulmonary TB, The respective sample numbers and P values are shown,

37°C. The plates were thoroughly washed with PBST and [urther
incubated with anti-human lgG-horseradish peroxidase {Sigma)
at 37°C for 1 h. Horseradish peroxidase activity was detected by
using a chromogenic substance, o-phenylenediamine tetrahvdro-
chloride {Sigma), in citrale-phosphate buffer (pH 5.4) and H20,
{Qualigens Fine Chemicals, Ahmedabad, India) as 1 pl/ml. The
reactions were terminated by using 0.5 M Ha8O04, and the
absorbance vajues were measured at 492 nm in an ELISA reader
(Bio-Rad), Hach ELISA was repeated at least twice with some
randomly picked serum samples tested three times for confir-
mation, with and without replicates for each sample within
individual ELISA.

Data Analysis. Student’s ¢ test was performed 1o compare the means
of two variable groups, healthy and infected classes, by using the
online scientific caleulator of GraphPad (www.graphpad.com/
quickcales/ttest].efm) to caleulate means, SEM, and P values.

Results

Expression and Purification of Mth ICD-1 and Mtb 1CD-2. The over-
expressed N-terminal His-tagped Mth ICD-1 was purified o 95%
homogeneity on a nickel affinity colamn (Fig. 1). The wolecular
mass of the recombinant 1CD-1 was determined to be 49.2 l-}Da.
The purification was carried out under native conditions from
soluble fractions with an yield of 3.25 mg of protein per 500 ml
of start culture, Similarly Mth 1CD-2, an 83-kDa protein, was

12654 | www.pnas.org/cai/doi/10,1073/pnas.0404347101

purified to 90-953% homogeneity (Fig. 1) with a vield of =20.4
mg per 1,000 ml of start culture,

Mth 1CD-1 and Mtb 1CD-2 Show High Reactivity to Patient Sera As
Opposed to Bacillus Calmette-Guérin-Vaccinated Healthy Controls,
Humoral immune responses directed against the Mth ICD-1 and
Mih 1CD-2 were compared among patients with TB and bacillus
Calmette-Guérin-vaccinated healthy controls (Fig. 2.4 and B).
The recombinant proteins were used to sereen the infected and
heaithy sera by ELISA using anti-human lgG-horseradish per-
oxidasc as a conjugate, The sera were also tested against Mth
HSP 60 and the PPD (Fig. 2 C and 12). The immunoreactivity of
1C12-1, 1CD-2, HSP 60, and PPD was statistically analyzed and
compared with respect o both infected and healthy sera. These
data demonstrate that sera of all of the infected patients
maunted a statistically significant (P < 0.0001) antibody re-
sponsc against recombinant Mtb 1CD-1 and Mth ICD-2 proteins
as compared with that of the healthy controls, PPD, on the other
hand, reacted against both healthy and TB-infected sera. It is
interesting Lo note that, compared with 1CID-1 and 1CD-2 (P <
0.0001), the difference in the reactivity of PPD to total infected
and healthy sera was negligible and statistically insignificant (P =
0.2301). Because PPD, a mixture of proteins, showed statistically
insignificant discrimination between healthy populations and
different categories of infected populations (Fig. 2D), the reac-
tivities of the recombinant proteins were compared with the B

Banerjee &t al.
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MtbICDs are more immunogenicthan HSP 60. The ELISA reactivity to MtE ICD- |, Mtb1CD-2, and control antigen HSP 60 was compared in different patient

groups. Morizontal bands represent the mean reactivity or average levels of humoral response in each category.

cell response to Mtk HSF 60 (Fig, 2C) in different categories of
patients. The difference between reactivity to HSP 60 between
TB patients and healthy controls was statistically not quite
significant (P = 0.0645).

A correlation between reactivity against Mh 1CD-1 and Mrth
FCD-2 in patient sera with the state of disease, fresh or relapse,
was attempled by comparing the antibody responses o Mib
FCD-1 and Mth 1C12-2 of various clinical categories (Fig. 2.4 and
B, respectively). Mrb 1CD-1 failed to discriminate between fresh,
refapsed, and extrapulmonary 'TB cases because no significant
differences in immunoreactivity in different patient groups were
observed (Tig. 24). Yet compared with bacillus Calmette-
Guérin-vaccinated healthy controls each category yielded £
values <0.0001, indicating that Mth 1CD-1 can differentiate
substantially between bacillus Calmette-Guérin-vaccinated
healthy populations and any category of Mib-infected patients,
pulmonary or nonpulmonary, Mib 1CD-2, on the other hand,
could also discriminate relapsed cases from both fresh infections
(P = 0.0001) and extrapulmonary infections (P = 0.0003), Like
Meh ICD-1, Mth 1CD-2 could also distinguish substantially
between bacillus Calmette—Guérin-vaceinated healthy popula-
tion and any category of Mrb-infected patients. Surprisingly, HSP
64, although it could discriminate Groups 1 and 2 from healthy
controls (P = 0.0011 and 0.0036, respectively), failed 1o distin-
puish the extrapulmoenary infections from bacillus Calmette-
Guérin-vaccinated healthy controls (£ = 0.2177). These results
demonstrate that (i) recombinant Meb [CD-1 and 1CD-2 proteins
could differentiate sera from TB-infected patients by means of
healthy bacillus Calmette-Guérin-vaceinated controls, (if) the
extrapulmonary infections that could not be distinguished from
healthy controls by HSP 60 could be significantly identificd and
categorized by Mth ICDs, and (i) Mtb 1CD-2 mounted a
stronger antibody response in relapsed cases and could signiti-
cantly discriminate them from Group 1 and Group 3. These
proteins, which have an apparently important metabolic role, are
thus able to elicit a strong B cell response as a function of the TH
infection,

Eanerjee et al.

Immunodominace of ICDs over HSP 60. We compared the immu-
nogenicity of 1CDs over HSP 60, Humoral response to HSP 60
in all of the three categories of TB patients was tested and
compared with those 1o 1CDs (Fig. 3). The data clearly indicate
that the mean reactivity {represented by the horizontal bands in
Fig. 3) of HSP 60 in all of the classes of patient sera was much
lower than in either ICD-1 or 1CD-2 {Fig. 3). Thus, 1CDs are
immunodominant and serologically more sensitive than HSP 60.
The mean values for ECD-1 in Groups 1, 2, and 3 were (.487,
0565, and 0.457, respectively, whereas those for 1CD-2 were
0.165,0.362, and (. 188, respectively, ILis therefore apparent that
1CD-1 elicited a stronger response in all of the three categories
ol patients tested than 1CD-2. The data also confirm the
discriminatory power ol 1CD-2 for relapsed case as compared
with other categories,

Immunospecificity of Mth 1CDs. The potential of Mth ICDs to
specifically distinguish between TB, NTMs, and non-TB patient
sera (those essentially cullure-negative for acid-fast bacteria but
harboring other pathogens) was tested by examining the cross-
reactivily of the recombinanl proteins with NTMs and non-TB
patient sera. Thirty NTMs and 32 non-TB patient sera were
lested for their immunogenic response against Meh 1CD-1, Mtk
1CI1)-2, and TISP 60. The data were statistically analyzed 10 check
whether 1CDs could significantly distinguish between TB-
infected patients and NTMs or non-TB patients. Fig. 4 shows
that [CDs could significantly distinguish TB-infected sera from
NTMs (P < 0,0001) and non-TB patients (P < 0.0001 for ICD-1
and P = 0.0008 for ICD-2), thus ruling out any crossreactivity
with NTMs and other bacterial pathogens tested. HSP 60
appeared Lo react more broadly to the population under study
and could not differentiate between TB infections and NTMs
(P = 0.4461) or non-TB cases (P = 0.3464) significantly. That
HSP 60 reacted broadly was apparent by calculating the average
reactivity for each group (infected. NTMs, and non-TB), for
which reactivity to HSP 60 remained almost the same (Fig. 4).
The mean reactivity for HSP 60 is in contrast to the mean
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Mth 1CDs coutd significantly distinguish TB-infected sera from NTMs and non-TE patient sera. Recombinant Mth KD-1 and Mtb ICD-2 and H5P 60 were

tested against sera of NTM (4) and non-TR (B) patients. The respective humoral responses were compared with those for TB-infectad sera, the Pvalues for which
are shown, HSP 60 could not distinguish TB-infected patients from sither NTM or non-TB patients significantly. Horizontal bands represent the mean reactivity

in each category,

humoral response to 1CD-1 and 1CD-2, for which a distinetly
higher response was seen in TBeinfected sera as compared with
NTMs or non-TB cases.

Discussion

The main objective of our study was e evaluate Meb 1CD-1 and
Mth ICD-2 in terms of their immune features as compared with
the control antigens, HSP 60 and PPD, that are frequently used
for diagnosis of TB, 1CDs serve as markers of autolysis (16, 17)
and are among the secretory proteins released during the Jate
logarithmic phase, Although earlier efforts have pointed to the
antigenic potential of Mk 1CDs (17). the present study is
systematic investigation of their potential as an immune marker.

The cases of TB were identified and enrelled based on their
history of treatment as fresh infections, relapsed cases, and
extrapulmonary infections. The categorization of patients largely
depended on the treatment history dictated by the patients or
their family members. As evident from Fig, 2, there is little doubt
about the ability of either Meh [CD-1 or Meb 1CD-2 1o elicil a
strong B cell response, irrespective of patient category. When
compared with Mib 1CD-2, Meh 1CD-1 was more antigenic (Figs.
2 and 3), It would he interesting to explore this disparity. A
comparative analysis of PLISA reactivities among different
categories of patients for Mth 1CDs (Fig. 2 A and B) revealed
higher reactivity in Group 2 as compared with fresh {Group 1)
and extrapulmonary { Group 3) infections, More specifically, the
antigenic response in this calegory of patients to 1CD 2 was
significantly higher than that in Group 1 and Group 3. Because
these patients had undergone trentment earlier, a high number
of autolysed infected macrophages and autolysed pathogens
could possibly explain the comparative high-antibody responsc
against Mib 1CDs in this category, Drugs, like isoniazid, are
known to affect the cell envelope architecture of mycobacteria
and, hence, the increase in the production of the secreted
proteins (22).

Comparative immunoreactivity of Mtb JCD-1, Meb [CD-2, and
HSP 60 dearly indicates that the antigenic distinction between
healthy and TB patients is statistically significant for both Mtk
ICD-1 and Mtk 1CD-2 (P < 0,0001) but not quite so for HSP 60 (P =
0).0645). Fartier reports have shown crossreactive epilopes between

12656 | www.pnasorg/cgi/doi/10,1073/pnas 0404347101

microbial HSP 60/65 and human HSP 60, which often serve as
autoimmune targets o conditions like atherosclerosis (19). The
crossreactive epitopes probably could explain the broader reactivity
of HSP 60 to healthy and infected sera, Because negligible antibody
responses were obtained in the bacillus Calmette—Guérin-
vaccinated healthy control group as compared with TB-infected
patients and because a statistically significant dilference in the
immunoreactivity between infected and healthy sera was observed,
it can be argued that Meb 1CD-1 and Mth 1CD-2 can be used for
dingnosis of Mih infection even in areas where bacillus Calmelte-
Guérin vaccination is routinely followed. The poor performance of
PPD can be attributed to its nonspecitic immune reaction in bacillus
Calmeite-Guérin-vaccinated healthy controls. Interestingly. the
extrapulmonary TB cases (Group 3} in the study population did not
show any significant humoral response to HSP 60 1o distinguish
them from healthy controls. On the other hand, Group 3 patients
mounted a very significant B cell response to 1CD-1 and 1CD-2,
separating them from bacillus Calmette~-Guérin-vaccinated healthy
controls.

ITmmunadominance is a parameter that we defined Lo compare
the antibady titers against the tested proteins, i.e., ICD-1, ICD-2,
and HSP 60, in the patient sera, Our data clearly showed that
ICI-1 was most antigenic and mounted a very strong B cell
response in all of the patient categories, followed by 1CD-2 and
HSP 60 (Fig. 3). Having shown that Mth 1CDs clicit « B cell
response much higher than HSP 60, we checked for immune
specificity of these proteins, Crossreaction with sera of NTMs
and non-TH patients is one of the critical parameters that needed
1o be checked before establishing any antigenic marker for
possible serological studies in Mtb. Mth complex, including M.
bovis and Mycobacterium africanum, is responsible for more
illness worldwide than any other bacteria. However, there are
=82 recognized species of mycobacteria that occasionally infect
mammalian hosts. These species, referred w as NTMs, are
omnipresent in the environment, and most species are either
nonpathogenic for humans or are rarely associated with disease,
excepl for a few, like M. avium, that are opportunistic pathogens,
more frequently associated with immunocompromised patients
(23, 24). The clinical significance of many NTMs remains
unclear; however, it is important to check the crossreactivity of

Banerjee et al,



Mth antigens with this group of mycobacteria. Our experiments
could establish that Mth ICDs do not crossreact with cither
NTMs or non-TB patient sera (Fig. 4).

The existing diagnostic tests for TB, even to this day, largely
depend on tuberculin skin tests and staining and culture tech-
niques. These methods are slow, cumbersome, and lack sensi-
tivity and specificity in bacillus Calmette-Guérin-vaccinated
cases. As more and more recombinant antigens are being tested
(25-31), serological methods are likely to be favored over others.
ELISA per se is unlikely to replace the current TB diagnosis;
however, in combination or parallel with other rapid PCR-based
diagnostic techniques, ELISA can largely improve the accuracy
and rapidity of TB diagnosis for an effective disease manage-
ment. Our data reveal the antigenic potential of recombinant
Mib 1CD-1 and also present a systematic study on immunoge-
nicity of recombinant M 1CTD-2. Mth 1CD-1 and Mtk [CD-2 can
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be further analyzed for their pathogen-specific antigenic
epitopes. Given their important role in the encrgy cycle, an
evaluation of these two Mth enzymes as possible drug targets is
necessary. That such important enzymes can also have strong
antigenic attributes that enable them to significantly discrimi-
nate between bacillus Calmette~CGuérin-vaccinated healthy con-
trols and TB patients and at the same time TB from other
pathogenic infections is a very exciting proposition, possibly
pointing to their immunomodulatory function,
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Mycobacterium tuberculosis Isolate with a
Distinct Genomic Identity Overexpresses
a Tap-Like Efflux Pump

N.Siddiqi, R. Das, N. Pathak, S. Banerjee, N. Ahmed, V. M. Katoch, S.E. Hasnain

Abstract
Background: One mechanism proposed for drug resistance in
Mycobacterium tuberculosis (MTB) is by efflux of the drugs by
membrane located pumps. We report a novel and definite
association between drug resistance and transcription levels
of a tap-like pump (Rv1258c) in a multi-drug resistant MTB
patient isolate (ICC154) which possesses a unigue genotypic
signature.
Materials and Methods: The isolate ICC154 was tested for
drug sensitivity, Over-expression of Rv1258c as a function of
drug pressure was analyzed by RT-PCR and the strain was
typed using fluorescent amplified fragment length
polymorhism (FAFLP).
Result: In the presence of rifampicin and ofloxacin, this
isolate shows increased transcription of the gene Rv1258c.
Genotypic fingerprinting revealed the presence of unique
FAFLP markers.
Conclusion: A clear association between drug resistance and
overexpression of an efflux protein is evident from our
studies. The presence of specific markers has implications in
rapid identification of MDR clinical isolates and consequent
disease management.

Infection 2004; 32: 109-111
DOI10.1007/515010-004-3097-x

Introduction
Drug efflux pumps are major contributors o drug resis-
lance in human pathogens and cancer cells. Drug resistance
in bacteria, including some species of Mycobacterium, has
been associated with membrane-located efflux pumps that
prevent cytosolic accumulation of drugs. The presence of
pumps in Mycebacterium smegmatis [1], Mycobacterium
fortuitum (2] and Mycobacterium tuberculosis (MTB) [3]
has been reported. The MTB strain H37Rv genome carries
0 such putative efflux proteins [4] but there is no direct ev-
dence to date of the involvement of these proteins in drug
resistance in MTB clinical isolates. In many instances it has
10t been possible to relate the level of resistance in multi-
Irug resistant (MDR) strains to mutations in the target
venes [5], pointing to the possible alternative, the existence

"fection 32 2004 - No.2 © Uran & VOGEL

of such MDR pumps. In their paper Ainsa et al. [2] have
shown that the Rv1258¢ gene of MTB encodes a protein
that is similar to the tap protein in M. fortuitum and con-
fers weak resistance to tetracycline. We report a definite as-
sociation between drug resistance and transcription levels
of the Rv1258c gene in an MDR MTB patient isolate
(ICC154) collected from the National Mycobacterial
Repository at the Central JALMA Institute for Leprosy,
Agra, India. This isolate was resistant to the following drugs:
rifampicin (MIC 40 pg/ml), ofloxacin (MI1C 4 pg/ml), isoni-
azid (MIC 2 pg/ml) and minomycin (MIC 2 pg/ml) as de-
termined by the proportionate method [6]. Another inter-
esting feature of this strain was the specific genomic signa-
ture obtained with fluorescent amplified fragment length
polymorphism (FAFLP) based microrestriction analysis [7).

Materials and Methods

The isolate was cultured in Middlebrooks 7H9 medium with and
without the following drugs: rifampicin (MIC 10 pg/ml), isoniazid
(MIC 0.5 pg/ml) and ofloxacin (MIC 1 pg/ml). Thus, only sub-in-
hibitory concentrations of the drugs (1/4 of the M1Cs) were used
to check the transcription profile. The H37Rv strain was included
as a control. RNA was extracted using an RNA extraction kit (Qi-
agen, USA). Deoxyribonucleotide primers corresponding to the
Rv1258c gene were designed from the sequence available in the
Genebank (acct. no. AL123456) to generate a 456 bp amplicon
upon RT-PCR. A control pair of primers was designed 10 amplify
a 245 bp region of the housekeeping gene Rv1437 coding for phos-
phoglycerate kinase. The RT-PCR products were resolved in a 2%
agarose gel and the products’ band intensities determined using
‘Quantity One (4.1.1)" gel documentation software (BioRad,
USA).
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Figure 1. The RT-PCR products were fractionated in a 2% agarose gel,
Lane 5 represents the control strain H37Rv. Lanes 1 to 4 show the am-
plicon generated from RNA extracted from ICC 154 when the isolate
was grown in the presence of rifampicin, isoniazid, no drug and
ofloxacin, respectively. Lane M is the 100 bp DNA size marker.

Whole genome micro-restriction [ingerprinting  with
EcoRI/Msel enzymes using fluorescence tagged primer pairs
EcoRI+A/Msel+0 and EcoRI+G/Msel+0) [7-9] was performed for
1CC154 and H37Rv genomes. The profiles {or each were then gen-
erated by electrophoretic separation on a 5% acrylamide gel and
scoring of the fluorescent markers using an automated DNA
analysis workstation (ABI Prism 377 DNA sequencer),

Results
The RT-PCR based analysis revealed a tenfold increase in
the Rv1258c¢ transcript level in the presence of rifampicin,
and a sixfold increase in the presence of ofloxacin. The 456
bp amplicon band intensity of Rv1258c relative to the in-
tensity of the 245 bp control band provided the means to
compare the RNA transcript level of the Rv1258c gene. The
normalized band intensities in all the lanes were subse-
quently compared to each other. It is clear that the levels
of Rv1258c RNA vary in the presence or absence of dil-
ferent drugs (Figure 1). The control H37Rv strain in lane 5
shows hardly any RT-PCR product corresponding to
Rv1258¢ RNA.The drug-resistant isolate [CC154 shows an
appreciable increase in the corresponding RNA levels
when grown in the presence of rifampicin (lane 1) or
ofloxacin (lane 4) as compared to the isolate grown in the
absence of any drug (lane 3).

Whole genome microrestriction fingerprinting with
EcoRI/Msel enzymes using primers EcoRI+A/Msel+( re-
vealed marked differences (Figure 2, shown in boxes) in the
profiles obtained with ICC154 and H37Rv genomes. One
of the markers absent in ICC 154 was mapped to a hypo-
thetical protein gene Rv2998 in H37Rv and its homolog MT
3076 in the CDC 1551 genome. In another analysis with
primer pair EcoRI+G/Msel+(0), a distinct genotypic pattern
for ICC154 was observed. It comprised four distinct mark-
ers of sizes 408, 433, 465, 487 and 494 base pairs. These
markers were found to be clearly absent in the case of the
H37Rv genotype. The most remarkable observation was,
however, the characteristic absence of the 383/384 base pair
marker amplified by EcoRI+T/Msel+0 primers in the case
of 1CC 154 and all other 52 clinical isolates (data not
shown) with a documented ofloxacin resistance pattern in
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Figure 2. FAFLP analysis [8] results comparing ICC154 to H37Rv gener-
ated using primers EcoRI+A/Msel+0 (upper panel), EcoRI+T/Msel+o
(middle panel) and EcoRI+G/Msel+0 (lower panel). Horizontal scale
represents marker sizes in base pairs, while vertical scale shows rela-
tive peak heights signifying quantitative variation in PCR products.

vitro. This marker coincides with the pst C2 gene of H37Rv
and its homolog in the CDC 1551 genome.

Discussion
A clear association between drug resistance and overex-
pression of a tap-like efflux pump under drug pressure in a
clinical setup is evident from our studies, Densitometric
quantification of the amplicon in RT-PCR based analyses
revealed a tenfold increase in the Rv1258c transcript level
when the isolate was grown in the presence of rifampicin.
and a sixfold increase in the presence of ofloxacin. The
MDR loci viz rpoB, katG and gyrA in 1CC154 were ampli-
fied and sequenced [5], which revealed a deletion of the
karG gene. Even though the observed mutations in the
gyrA and rpoB loci were found to be those generally asso-
ciated with drug resistance [10], the high resistance to ri-
fampicin and ofloxacin could further be a reflection of over-
expression of the Rv1258¢ gene as evident from the RT-
PCR result.

The presence of the unique markers as revealed by the
FAFLP is interesting, especially the characteristic absence

Infection 32 - 2004 - No.2 ® Uraan & VOGL
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of the 383/384 base pair marker in ICC 154 as well as all the
other 52 clinical isolates (data not shown) with a docu-
mented ofloxacin resistance pattern in vitro. It is likely that
strain ICC154, and other related isolates that might be cir-
culating in North India with an MDR phenotype may have
distinct penotypic signatures. While this observation is ex-
citing, nonetheless it is too early to suggest that FAFLP typ-
ing could be a replacement for susceptibility testing for di-
rect detection of MDR strains. Clearly, a large well-con-
trolled study showing correlation of antibiotic resistance
with FAFLP signatures would be required before the lat-
ter could be used as a surrogate for actual susceptibility.
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The World Health Organization has identified India as a major hot-spot region for Mycobucterium tubercu-
losis infection. We have characterized the sequences of the Joci associated with multidrug resistance in 126
clinical isolates of M, tuberculosis from India to identify the respective mutations. The loci selected were rpoB8
(rifampin), k&G and the ribosomal binding site of inkd (isoniazid), gyrd and gyrB (ofloxacin), and rpsl. and
rrs (streptomycin). We found known as well as novel mutations at these loci. Few of the mutations at the rpolf
focus could be correlated with the deug resistance levels exhibited by the M. tuberculosiy isolates and occurred
with frequencies different from those reported earlier. Missense mutations at codons 526 to 531 seemed to be
crucial in conferring a high degree of resistance to rifampin. We identified n common Argd63Leu substitution
in the karG; locus and certain novel insertions and deletions. Mutations were also mapped in the ribosomal
binding site of the infd pene. A Ser93Thr substitution in the gyed locus was the most common mutation
observed in ofloxacin-resistant isolates, A few isolates showed other muotations in this loeus. Seven strepto-
mycin-resistant isolates had a silent mutation at the lysine residue at position 121. While certain mutations are
widely present, pointing to the magnitude of the polymorphisms at these loct, others are not common,
suggesting diversity in the nmltidrog-resistant M. ruberculasis strains prevalent in this region. Our results
additionally have implications for the development of methods for multidrug resistance detection and are alse

relevant in the shaping of future clinical treatment regimens and drug design strategies.

Recent years have witnessed a dramatic upsurge in cases of
drag-resistant Mycobacterium tberculpsis infections. The ac-
guisition of resistance by the bacterium is a random event, and
in a given mycobacterial population, 1 in 10° bacteria mutates
1o develop isoniazid resistance, while 1 in 10 mutates (o de-
velop rifampin resistance (). The chance that a bacteriwm will
acquire multidrug resistance {defined as resistance o al least
rifampin and isoniazid) is thus 107" {(8). The drug-resistant
phenotype may get selected due to single-drug therapy, poor
patient adherence. and improper diagnosis. With the AIDS
pandemic fuelling increasing numbers of multidrug-resistant
(MDR) strains of M. ruberculosis, urgent measures need to be
taken to contain this scourge (2). A recently published World
Health Organization report reviewing the global status of -
berculosis has pointed to an increasing incidence of drug-
resistant tuberculosis (5). The highest rates of MDR tuberco-
losis have been reported in Nepal (48.0%), Gujarat, India
(33.8%), New York City (30.1%), Belivia (15.3%), and Korea
{14.5%). Furthermore, the report points 1o the alarming in-
crease in the number of tuberculosis patients in the Indian
subcontinent, with India being singled out as having the great-
est burden of wberculosis patients. Three different studies

¥ Carresponding author. Mailing address: C.D.F.D,, ECIL Rd,, Na-
charam, Hyderabad-500 076, India. Phone: 01-040 7155604 or 91-040
7155605, Tax: 91-040 7155610 or 91-040 7155479, E-maik director
@www.cdfd.orgrin.

from North and Northwest India indicate an increasing inci-
dence of acquired MDR tuberculosis (9, 12, 15). Furthermore.,
the incidence of primary MDR tuberculosis in North India was
put at 3.3% in one of the studies (12),

While there is lot of Literature on the molecular epideminl-
ogy and characterization of MDR isolates from the United
States and Europe, the same is not true for the Indian strains.
The prevalence of drug-resistant tuberculosis in North India is
known, but no serious efforts have been made to identify the
drug resistance genotypes or their prevalence in the commu-
nity. The present study was undertaken 1o characterize muta-
tions prevalent in patient isolates of M. tubercrulosis from North
India with respect to a few of these drug target loci. We have
chosen to look at the drug target genes for the drugs rifampin,
isoniazid, streptomyein, and Huoroquinolones, which are com-
monly preseribed for the treatment of wiberculosis in North
(ndia. The first three drugs are the [rontline drugs in tubercu-
fosis chemotherapy, while fluoroguinolones are prescribed for
drug-resistant cases. The loci studied were rpof8 (RNA poly-
merase BB subunit), kat(; (catalase-peroxidase), inhd (enoyl
coenzyime A reductase), rpsf. (ribosomal protein §12), ny (168
tRNA), and gyrd B (DNA gyrases A and B). The present study,
in combination with the molecular epidemiology of the drug-
resistant strains, will help track the routes of infection and the
extent of drug-resistant tuberculosis in this region. The eluci-
dation of common and novel mutations in these loci could
form the basis for the creation of new diagnostic tools and the
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TABLE 1. Primers used in the study 1o amplify and sequence the different loci, amplicon sizes, annealing temperatures,
and amplicon positions on the respective genes

Gene i Anneali Positio i
(aceession no.) Frimes Sequence lc::;?‘:g‘]g n(s'::'} » Ampt';;;' e

ol (L27989) Forward GGG AGC GGA TGA CCA CCC 60 2266 350
Reverse GCG GTA CGG CGT TTC GAT GAA C 2015

karG (X68U81) Forward  GCC CGA GCA ACA CCC 60 3 237
Reverse ATG TCC CGC GTC AGG 239
Fowward CGA GGA ATT GGC CGA CGA GTT 55 1187 414
Reverse CGO CGC CGC GOGA GTT GAA TGA 1600

inhA regulator sequence Forward CCT CGC TGO CCA GAA AGG GA 45 Upstream of inhd gene 248
Reverse ATC CCC CGG TTT CCT CCG GT

gveA (1.27312) Forward CAG CTA CAT CGA CTA TGC GA 45 2383 320
Reverse GGG CTT CGG TGT TAC CTC AT 2702

grrB (L27512) Forward  CCA CCG ACA TCG GTG GAT T 55 1538 428
Reverse TG CCA CTT GAG TTT GTA CA 1965

rpst (X70995) Forward GGC COA CAA ACA GAA CGT 5 5" noncoding region 508
Reverse GTT CAC CAA CTG GGT GAC 57 gene

rrs (ZH3862) Forward  TTG GOCC ATG CTC TTG ATG CCC 54 141 1140)
Reverse TG ACA CAG GCC ACA AGO GA 1280

development of novel strategies that can be used to combat the
menace of drug-resistant M. fubereulosis.

MATERIALS AND METHODS

Sources of Mycebacterium isolates. Mycobactenum isolates were collected from
patients reporting Lo the oulpatient departments af hospitals in northern Jndia,
primanly New Dethi and its neighboring regions. Another sousce of samples was
the National Mycohacteriai Repository at the Central Jalma Instinte for Lep
rosy, Agra, Indin, The samples collected over a A-year period [rom 1995 1o 1998
were inciuded in the piesent study, A lavge number of the palients (75%) lad
histories of previous treatment and were on antitubercular treatment at the ime
of collection of their sputa, Mos: of these patients had been through various
degrees of antitubercular drug therapy during the previous 20 monihs. Rifampin
and isoniazid were the most common drugs used in these regimens. Spatum
samples collected from patients reporting with pulmonary tuterculosis were
processed by standard methods and were streaked onto Lowenstein-Jensen
slants. Most of them were coded with 1CC aumbers {ICC01, 1CC201, etc.). The
samples were biochemically characterized as belonging to the M. tuberculosie
complex by nilrate reduction, nizcin production, and BACTRC NAP tests, Drug
susceptibility profiles were evaluated by the proporsion method, The drugs tested
were rifampin (Lupia, India), isoniazid (Lupin), ofloxacin (Ranbaxy, India), and
streptamyein (Lupin). The MiCs at which the isolates were considered resistant
were ms follows: 10 pgml for tifanpin, | g/l for isoniazid, 2 pg/ml for
sfloxacin, and 2 pg/mt for steptomyain, The numbers of drug-resistant isolates
included m the stucy were as follows: for rifampin, # = 94: for isoninzid, n = 74;
{or streptomyein, n = 14; and [or ofloxacin, n = 65. A totl of 126 wolales were
tested, Thirty-six ssolates were resistant 10 a single drug, 66 isolates were resistant
to two drugs, 22 isolates were resistant to three drugs, and 4 isolates were
resistant to four drugs.

DNA Isolstion and PCR, The isolales were cultured on Lowenstein-Jensen
slants. The colonies were seraped, resuspended in 500 pl of TE (10 mM Tris, 1
mM EDTA [pH &)y, and killed by (reezing at - 70°C followed by heating at 80°C,
This cycle was repeated thrice 10 kill all the hacteria, The IINA was isclated (by
tretament with cetyltrimethylammonium bromide in the presence of 1.7 M go-

dium chloride) and amplified by standardized protocols as reparted previously
(24

Tuhle | ists the sequences of the different primers used and their positions on
the correspondmg genes, 1t also lists the amplicon sizes generated and the
annealing termperatires used for PCR oycling. The temperatures used for wll
weles were wdentiend for al] PCRs except for that for annealing, the lemperature
of which varied for each primer pair. Briefly, 35 cveles of 94°C for | min, 45 w0
ol C for 1 i, and * for 2 min were used to amplify the loci. The samples
were resolved 1n a 2% agarose gel, and the speeific bands were excised, DNA was
extracted from the gel slices with s OtAquick ge! extraction kit (Qiagen, Chats-
warth, Calily according 10 the manufacturer's instructions. The purified DNA
was resaspended in sterile doubla-distitled water and was used for the sequencing
studics,

DNA sequencing, Sequencing of the ampheons was carsied oul with an ABI
Prism 3717 sutamated PDNA sequencer (ABI Prism). POR scquencing was earried
out with o BigDye terminator Kit (AB] Prism) aceording o the manufacturer’s
mstructions. The Sequencing Analvsis (version 3.3) software package was used to
analvze the pel mformation. The sequences generated with the program were
compared 1o their respective wild-type sequences by using Megalign software
(Lasergenc, DNASTAR, [nc, Madison, Wis.).

RESULTS

Mutations in the hot-spot regions of various loci were char-
acterized. The results are summarized in Table 2. On the basis
of the drug susceptibility prefile for an isolate, the correspond-
ing loci (representing the drug target gene) were amplified and
sequenced. The largest number of samples was obtained from
New Delhi, followed by Chandigarh, Ahmedabad, Agra, Ban-
galore, and Shimla, with a few samples coming from Jaipur and
Chennai. Except for Chennai and Bangalore, all the cities are
tocated in North [ndia. We could establish a previous treat-
ment history for patients from whom 94 of the 126 isolates
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TABLE 2. Characteristics of M. tuberculosis isolates from patients
— Geographic Treatment Diug Palymorphsm®
Strain no. : e b
i histry siacapiibitiny® mo ks or inhA A sl
10CT14 New Delhi + R IO DSV N35D, NA at second locus SOST
Iecy New Delhi ' R POr LS1IL, $5311, R4631. Sos'T
1CC23 New Delhi + R, I' LS11L, 83311 NA
1CCa8 New Delhi N Lo R463L, Inh (C/T) SOST
1CC100 New Delhi + R, ILOL S §S31L R4631. SO5T NM
1CC101 New Delhi i RT, ¢ 8531 8957
1CC102 New Delhi i R, T, O §531L NM S5
1CC103 New Delhi + RLIM,CF L511L, NS18T NM AY0OA, S95T
1CC104 New Delhi + R, IO Ds16Y A30C, R463L SO5T
HCCI0S New Delhi + R I K527N R463L
[CC107 New Delhi - R, O § N518T, R8P SOST NM
[CC109 New Delhi + 1" NM
[CCI New Delhi 4 RY T8 S531wW Insertion [85C K121K
[CC1I4 New Delhi ! i R463L.
[CC115 New Delhi - R S531W Insertion 98A, R463L
1CCi23 New Delhi + R I, RS8P NA S95°T
10124 New Delhi i R T H326Y R4631,
1CC125 New Delhi { R’ LS11L, S531L
[HCC128 New Delhi -+ R% O H526Y, R528H 89571 KI121K
[CC129 New Delhi % R 1% & RS28pP R463L. K121K
New Delhi - R, I\, OF SA3IW AL9G, R463L 95T
New Delhi . R* D516V
New Delhi : R, 1" 15211, K527N Rao3k,
New Delhi ; R,V D516V NA
New Delhi + R, I S531W NM
New Delhi - R D516V R463L
New Delhi - R D516V
New Delhi | R!, Y L5311V, NSIRT SO8T
New Delhi + IO R4GIL S95T
1Ce212 New Delhi - R} S531L
1CC213 New Delhi + 5.4 R528H, S531W R463L, Inh {C/T)
100C214 New Delhi i 5 Rdo3l.
1CCA5 New Delhi i R* 858211
1CC216 New Delhi - RL.a S831L KI21K
1CC217 New Delhi i R", 1", O 85311, R463L SO5T
’ New Delhi + R, 0500 85220 R463L S95T
New Delhi 1 It T12P, R463L
New [elhi + RL IO 8 S53IW R463L, Inh ('1/A) 1204, S95°1° NM
New Delhi B LY LS21L DY4A, SO5T
New Delhi 0y T
New Delhi R [520Y 1
New Delhi : R, O S531L T
1CC237 New Delhi - R OF DS16G SOST
[CC236 New Delhi i S5 D516V R463L
[CC240 New Delhi i R I D516V RA463L
124z New Delhi + RO L5y S9sT
1CC244 New Delhi r RE 150 85311 AO1T, R4631. SesT
1CC246 New Delhi + 1%, 08 Insertion 185C, R4o31. 895T
[CC275 New Delhi + RY, ¥ H526Y SUST
New Delhi R, 1OLE HA26Y A3 D94A, SUST K121K
New Delhi > Or ) NM
New Delhi + R, I ]Iﬁébg; gf\rj
New Delhi + R 1526
New Delhi - 1", ¢F, 8¢ NM NM NM
100326 New Delhi i R LY 8T H5261L, Insertion 98A, R4631. NM
1CC327 New Delhi + R, I, 8 S509R R463L KK
1CC328 New Delhi - o , NM
1CC408 New Delhi + R: I' CX, 8 QS10H, S531W R4o31L. S95T K121k
1CC425 New Delhi i R, T $531L R4631.
4 New Delhi B R, OF H526Y 12946, 595°T
5 New Delhi s RY O $531L. sosT
F7 New Delhi ' R, O S531L A0V, §951
FR New Delhi + R, OF §5311, AQ0V, S95T
Fo New Delhi + RY O NSIST S91P, SOST
N3J New Delhi 4 I Raa3L.

Cantinued an following page
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TABLE 2—Continued

Strain ne. Gf:é:: :r]i:lc TL‘?::"‘?:“ Drug Polymorphsm®
o o il o kat(s or mhA A psl
N33 New Delni + 1 R463L
N34 New Delhi + I R463L
35 New Delhi + I D73N, R463L
36 New Delhi - Ir R463L
Ahmedabad + R, I S531L NA
Ahmedabad + R IO S506R R463L SOST
b Ahmmedabad b 17, (¥ R463L §081
1CC37 Ahmedabad I RE I 516G Jnsertion O8A. R4631.
ICC131 Ahmedabad + R I 1H526Y, R528P R463L
ICC132 Ahmedabad - oF §OST
1CC133 Ahmedabad + oL o HS26R ANC, RA63L,
1CC134 Ahmedabad - R, ¥ S5220 SO57
1CC136 Ahmedabad + R, 115261 Inseition YRA, RA63L
1CC137 Ahmedabad - o SOST
1CC138 Ahmedabad - o 808
1CC226 Ahmedabad +* R TI' LS11L, H526R AIONG, RA63L
1CC233 Ahmedabad o REF D516V, HA26Y AMIC, R463L.
1CCI51 Chandligarh = el SOST
1CC154 Chandigarh : R 1, O S521L A30C, RAG3L 8957
1CC155 Chandigarh + It ASOC, R4631.
1CC1s9e Chandigarh + R, OF H526Y SO5T
1CC161 Chandigarh + O 5 SOST
10CC162 Chancigarh ] R, OF ! SOST
1CC164 Chandigarh - o S98T
102C165 Chandigarh - O K051
1CC166 Chandigurh or So5T
1CC167 Chandigarh + %60 R463L SOST
1CC168 Chandigarh + o S08°1
10C169 Chandigarh + RL I N318T R4631.
[CC170 Chandigarh . Or 5987
1CC171 Chandigarh | RLI S5311L. R4631. .
[CC172 Chandigarh + RYL O 220 5057 o
10173 Chandigurh R & H5201. o KI21K
174 Chandigarh i o 89571
1€C178 Chandigarh R, O H526Y Sos°T
[CC247 Chandigarh R €Y D516V .‘flf_l_
1CC248 Chandigarh = R, O D516V 5051
[CC244 Chandigarh o 505°T
Chandigarh g' _— NM
Chandigarh i y
Chandigarh R', OF N318T ] NM
Chandigarh + BRI H526Y NM _—
1CC257 Chandigarh + RO QST0H, LS11L SUST
10262 Chandigarh 1 R, IO D516V R463L 5951
[CCo8 Rangalore - o' . ‘ﬁz:l
1€C9% Bangalore + R ) S53L 5081
10399 Bangalore + R OF §$31\N ) NM
1CCS24 Bangalore + BRI S531L RM!:?L
1CC525 Bangalore + R §531L R4a63], !
100143 Shimia o NM
1CC 144 Shimla 4 l; R4a3L. i
~, 3 O = o !
11“(-.;(‘143 f\lg::ln 4 LA S5311. RA463L NM
Ad Agra + R I Di1evV R4o3L
9 u + R, I §531L R4631.
Al :ﬁﬁ ' R If 516G T11A, R463L.
Al2 Agra + IR IF D516V » N35D, R4o3L
Al3 Agra N R D516V, NSIST  Ra63L
Ald Agra + R If pﬁﬁ}llﬁl‘» g:gg}-
o o H R 1 26k Insertion 185C. Ré631
1CC332 Jaipur i R‘. v ik RisaL. 05T
1001337 Taipur . R, 1 Sa31L 03 RoST
10C85 Chennai * R, IO H526R NA 885

7L o i I();: floxaci istant; 87, streplomycin resistant.

PR rifampin vesistant: 17, isoniazid resistant; OF, ofloxacio resistant; 5 Momyein resist ) ) . N

¥ Nﬂ'n no al:np]iﬁcnimr NM. 10 mutation: [uh, mutation in the inhA tibosome binding site; A, deletion st the ndicated nuclestide position,
) ation; NM, no n i
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F1G. 1. Summary of mutations st codons 508 1o 532 in the el gene. The wild-type sequence and amino acids are shown in the middle frame.
Nucleotide changes are marked with arrows in the top frame, and the corresponding amino acid changes are denoted in the bottom frame. The
amino acids are subscripted with numbers that indicate the number of isolates harboring the change. Changes marked with orange lines {dotted
arrows) are novel mutations: silent mutations are marked with blue lines (dashed arrows). Codons 531, 526, and 516 exhibit high degrees of

polvmorphism. Codons 509, 511, 522, 527, and 528 show novel mutations.

were recovered. These isolates probably represent those with
acquired resistance, as the patients had at some time point
been given antitubercular drug therapy.

A streteh of 30 amino acids at the center of the amplicon for
the poB locus was studied. Amino acids 432 to 458 comprised
the hot-spot region for mutations. For the sake of comparison,
we used the corresponding Escherichia coli numbering, which
is amino acids 507 to 533, We identified previously reported
mutations as well as certain novel mutations, Codon 531
seemed 1o be the most vulnerable to mutations, as most ri-
fampin-resistant isolates had this mutation (Fig. 1), O the 93
rifampin-resistant strains in our study, 28 had the missense
mutation Ser5311.eu and 8 had the substitution Ser531Trp.,
The next most common mutations were the amino acid sub-
stitutions  Asp316Val  or  Asp316Gly (20 isolates) and
HisS26Tvr, His5261eu, or Hisd320Arg (19 isolates). We found
Iwa isolates with Gin310His changes. While all these mutations
have heen reported carlier, we also found mutations that have
not been repotted previousty, These included SerdWATg (iso-
late 1CC33), LeuS11Vai (isolate 1CC242). AsnS518Thr (isolate
1CC107), Seri22GIn (isolate JCCI72), Lys527Asn (isolate
1CC105), ArgS28Pro (isolate 10C129), and Arg328His (isolate
1C:C213). Most of these mutations occurred less frequently,
comprising about 24% of the total mutations in the 94 isolates
studied. Other mutations identified in our study were silent
mutations at amino acids LeuS11 and Leu521. Interestingly,
the mutation at position 311 never occurred alone and was
present only in isolates with more than one mutation at the
rpoefd focus,

An important outcome of these studies is the direct corre-
lation of certain mutations to high MICs. Table 3 lists the
isolates, their mutations, and the corresponding MICs at which
they remained resistant. Mutations in codons 516 and 521
conferred low-level resistance (MIC, <40 pg/ml) to rifampin,
whereas mutations in codons 510, 526, 527, 528, and 531 were
seen w confer high levels of resistance (MICs, =64 pg/ml).
Amino acids 526 1o 531 appear to he very important in drug
target interactions, and mutations in them result in MICs in
the range of 64 pp/ml and above. In a few cases (e.g., tor

isolates ICC204, 1CC257, and 1CC128), double mutations were
found to have an additive effect on the degree of resistance.
Insertion, deletion, and substitution mutations were mapped
in the katG; locus in 24 isoniazid-resistant isofates, 1n the
present study we looked for mutations in the 5" region (nucle-
otides [nt] 3 10 239) and the midregion (nt 1187 to 1600) of the
kaiG gene, corresponding to amino acid positions 2 to 77 and
305 10 533, respectively. The results are summarized in Fig, 2.
A C nucleotide at position 30 was deleted in six of the isolates,
This deletion results in chain termination, thereby generating
only a short polypeptide of 26 amino acids. Another deletion of
a single nucleotide, a G residue at position 109, was observed
in two isolates; this deletion would result in the production of

TABLE 3. Correlation of specific mutations with rifampin M1Cs?

Strain Rifu'.mpiil l}ﬂ(" NMuitsiion Mutlation  Amino deid
{pg/ml) type change
1CC221 10 GI317A  Novel L521L
1CC208, 1CC205 10 AL304T  Reported D36V
1CC37 10 Al304G Reported 1516G
1CC204 40 GI1317A  Novel L521L
1C0C2H4 40 G13367T  Nowvel K527TN
1CC105 40 (13367 Novel KS2TN
1CC129 40 GI338C Nowvel R528P
1CC 131 40 CI33IT  Reported HS26Y
1CCTH 40 GI338C Novel RS28P
10C123 64 GI338C Novel R328P
1CC1H0 64 CI349T  Reported S531L
1002132 64 13404 Novel R528H
1Cen3 64 C1349G Reported S531wW
1CC218 64 T1321C  Novel §5220
1CC218 64 C1322A  Novel 85220
1CC257 64 GI1287T  Novel Q510H
1CC257 64 C1288T  Novel 15111
1CC275 [ 133317 Reported H526Y
1CC220 64 C1349G  Reported S531W
10C128 128 C1331T  Reported HS26Y
1CC128 128 G1338A  Novel RS28H

¢ Missense mutations in the RpoB protein al amino acid positions 510, 311,
522, 826, 527, 528, and 531 confer higher Jevels of resistance (M1Cs, =40 ug/ml)
than those at positions 509, 516, and 521 (MICs, <10 pg/ml).
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FIG. 2. Summary of mutalions in the katG gene. Deletions are indicated by lines with a minus sign, while insertions are depicted by dashed lines
with a plus sign, Solid lines show the substitutions. Coden 463 exhibited the highest degree of polymorphism, followed by the deletion at nucleotide 30,

a 45-amino-acid truncated polypeptide. Insertions were also
observed at nt positions 98 (an A pucleotide) and 185 {4 C
nucleotide} in four and three isolates. respectively. Both of
these insertions cause aberrant chain termination. Ala61Thr,
Thr12Pro, ThrllAla, Asp73Asn, and Asn35Asp missense mu-
tations were observed in this locus in a few of the isolates.
These are novel observations, as there are no reports of such
mutations occurring in isoniazid-resistant strains from other
parts of the workd, We were unable 1o amplify this locus in six
of the isolates (isolates [CC14, 1CC23, ICC32, ICCRS, 1CC123,
and ICC205), indicating a partial deletion of the gene. A com-
mon mutation in all these isolates was Argd63Len. However,
this mutation has been shown to have no direct consequence
for drug resistance. To confirm this we sequenced this locus for
all 126 isolates included in the study. Tt was found that the
majority of the isolates carried this change. It has been argued
previously that this polymorphism in the kar(i locus might be
more important as a marker of evolution than as a marker of
resistance (22), Three isoniazid-resistant isolates carried mu-
lations in the ribosomal binding site upstream of the inhA
gene. While two isolates showed a C-to-T transition, one had a
T-to-A transversion, These mwtations have previously been
reported by other groups. The present understanding of these
mutations is that they probably confer resistance by a drug
titration effect,

Sixty-eight ofloxacin-resistant isolates were analyzed, The
hot-spot region of the gwrd gene spanning codons 89 to 95 was
sequenced 1o identify mutations. Most of the isolates showed a
single mutation corresponding to the amino acid change
Ser95Thr (Fig. 3). The second most common mutation, ob-
served in four isolates, was Asp94Gly or Asp9dAla. Two iso-
lates had an Ala90Val substitution, while one had a silent
mutation at this codon, Seven isolates had double mutaticons,
with the 8957 change being common to all seven. These mu-

T C

o7 Il

tations were present in MDR isolates for which the MICs of
the drugs were high, including the frontline drugs used in
antituberculosis therapy. All strains were also checked for mu-
tations in the gy locus, which is associated with low fevels of
resistance. However, we found no mutations in the gwB loci of
these isolates. It has been argued that the S95T mutation does
not correlate with drug resistance (22). It therefore appears
that the isolates have acquired resistance to offoxacin via other
mechanisms.

We tested 14 jsolates resistant to streptomyein for mutations
in the rpsL. and rrs loci, In eight strains we found a novel silent
mutation at aming acid position 121 in the sl locus, where
the codon AAA (Lys) was changed to AAG (Lys), but we
found no mutations in the s genes. To our knowledge, there
are no reports of this mutation. The reported mutations at the
msl. locus are generally Leu43Arg, Leud3Thr, or Lys88Arg,
We are still not clear about how a mutation at this locus leads
to the development of streptomycin resistance. The remaining
isolates probably acquired resistance by other means, such as
by the development of & permeability barrier or by the pro-
duction of drug-altering enzymes,

A point ta be kept in mind is that the majority of isolates
included in the present study were from North India. Qur data
are therefore inherently biased toward drug-resistant strains
from this region and should not be seen as representative for
isolates from the whole of India.

DISCUSSION

The mycobacterium uses various mechanisms to evade kill-
ing by drugs, including mutations in genes that code for drug
target proteins (20), a complex cell wall which blocks drug
entry, and membrane proteins that act as drug efffux pumps (6.
14). The objective of the present study was to identify muta-
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FIG. % Summary of missense mutations in the grd locus, Nucleotide changes are indicaled on top of the wild-type sequence, and the
corresponding amino acid changes are shown at the bottom. The most common mutation in this locus is Ser93Thr.
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tions in drug target loci in Indian strains of M. suberculosis and
to identify the different drug resistance genotypes. As in all
such stadies, the aim was to generate information about the
markers associated with drug resistance, polymorphisms in the
drug target genes, the association of the Jevel of resistance with
particular mutations, etc. Our findings of mutations in the
rpoB, kat(3, and rpsl loci are similar 1o those reported from
other parts of the world, especially the common mutations,
which reflect a global pattern (20). Rifampin resistance is often
regarded as an excellent surrogate marker for MDR tubercu-
losis (4, 10). and our study corroborates this hypothesis. The
mutation frequency of codon 531 (rpoB) was similar 1o that
reported earlier (13, 17, 19, 20, 21, 25). Significantly, the fre-
quency of mutations (relative 10 those of other mutations) was
higher at eodon 516 and lower at codon 526 in Indian isolates
compared to those reported elsewhere. We found novel mu-
tations thar broaden the range of known mutations at this
locus. When taken together, these mutations were detected in
a significant number of drug-resistant isolates, a fact that needs
to be considered when desipning tools for the detection of
MDR M. tuberculosis. We found a definite correlation between
MICs and the type of mutation in many isolates. As reported
by previous investigators (24), mutations at positions 528 and
531 are important in the development of high MICs. Our
findings further strengthen the belief that the degree of resis-
tance to rifampin exhibited by an isolate is related to the type
of mutation in the mpof} locus,

In isoniazid-resistant isolates. significantly more deletion
and insertion mutations than substitution mutations were
found, of which a few have been reported previously (11, 19).
We observed that almost all isolates studied carried the
Argd6o3dleu substitution, which is also present in isolates that
were sensitive to isoniazid. This is in concordance with a report
from Sreevatsan el al. {22), who argue that polymaorphism at
this residue does not contribute Lo resistance per se but is an
important marker for evolutionary genetics. The insertions and
deletions in the kat(; tocus invariably resulted in chain trun-
cation and termination, feading to the generation of dystunc-
tional polypeptides. We found changes in the putative ribo-
somal binding site of the infid gene i three isolates, While the
exact mechanism of how these mutations confer resistance
isonjazid is not clear, reports (1, 18, 20} indicate that they
probably increase the levels of enoyl-acyl carrier protein re-
ductase which in turn leads to resistance via a drug titration
mechanism. In isolales with no mutations in the hot-spot re-
gion of the gene, the compiete sequencing of the gene is being
done. However, resistance to isoniazid can also be due to
mutations in the ahpC-oxvR and kasA pene loci (7, 16).

Fluoroguinolones comprise the secondary drug regimen in
the treatment of tuberculosis. A large number of jsolates were
resistant o ofloxacin, which could be due in part w the inac-
curate diagnosis of tuberculosis as a bacterial infection and
fluoraquinolone overuse in the pepulation, Codaons 89, 90, 91,
94, and 95 in the grA gene have been shown to be polymorphic
{20, 23, 26). The most common mutation in ofloxacin-resistant
isolates in the present study was Ser9S5Thr, which reportedly
has no direct role in the development of drug resistance, as il
also oceurs in drug-sensitive strains (22). It seems likely that
ofloxacin resistance possibly results due o mutations else-
where in the gene or the presence of drug efflux pumps.
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Mutations in codons 43 and 88 of the sl gene generally
result in high levels of resistance 1o streptomycin, while muta-
tions in the loop at codon 530 or the region at codon 915 of the
r7s tocus are associated with low levels of resistance (3). We did
not find any of these mutations in the 14 streptomycin-resistant
isolates included in our study. However, we did observe a silent
mutation at coden 121 that has not been reported by any other
group.

Our study provides valuable data on the different kinds of
mutations occurring at various target loei in Indian clinical
isolates of M. muberculosis that enhance our understanding of
the molecular mechanisms of drug resistance. The diversity of
the polymorphismus exhibited at these loci by the drug-resistant
strains indicates the prevalence of a large numbers of drug-
resistant strains in this region. Additionally. our data will also
assist in the process of designing new molecular biology-based
techniques for the diagnosis of MDR tuberculosis. Such meth-
ods promise faster detection rates compared to those achieved
by methods based solely on culture of the isolates.
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The production of correctly folded protein in Eschenchia coli is often challenging because of
aggregation of the overexpressed protein info inclusion bodies. Although a number of general
and protein-specific lechnigues are available, their effectiveness varies widely. We report a
novel method for enhancing the solubility of overexpressed proleins. Presence of a dipeptide,
L elvevlglycine, in the range of 100 mM to 1 M in the medium was found to significantly en-
L hance the solubility (up to 170-fold) of the expressed proteins. The method has been validal-
ed using mycobacterial proteins, resulting in improved solubilization, which were otherwise
difficult to express as soluble proteins in E. coli. This method can also be used to enhance the
solubility of other heterologous recombinant proteins expressed in a bacterial system.

INTRODUCTION

Escherichia coli is the most widely
used system for the rapid and economi-
cal production of recombinant proteins
because of its very well-characterized
genetics and rapid growth rate in inex-
pensive culture media. One major dis-
advantage of I coli is that heterologous
proteins are often expressed as insolu-
ble aggregates of folding intermediates
known as inclusion bodies. Expression
in soluble fraction is paramount for
the expressed protein to be biologi-
cally active. In order to recover soluble
proteins from the inclusion bodies, the
inclusion bodies are solubilized in the
presence of strong denaturants such
as urea or guanidinium hydrochloride,
followed by the removal of the dena-
turants under optimal conditions that
favor refolding. Although considerable
progress has been made for efficient re-
folding of proteins (1), specific folding
conditions differ greatly from protein
to protein. Even under optimal condi-
tions of refolding, quite a large number
of proteins are found to be recalcitrant
to refolding, and the yield of renatured
protein is relatively low.

2 BioTechniques

Several general and protein-specific
methods are available for increased sol-
ubility of expressed proteins in E. ceoli.
One approach is the coexpression of
molecular chaperones, which assists in
the correct folding of the heterologous
protein (2,3). Similarly, concomitant
overexpression of thioredoxin (TrxA)
is known to improve the solubility of
the expressed proteins (4). Another
approach that has gained considerable
success in recent years is the use of
gene fusion (5). Fusion partners such
as glutathione-S-transferase (GST)

bility of nuclear receptors expressed in
E. coli (7). In yet other cases, specific
substitution of some amino acid resi-
dues was found to enhance the solubil-
ity of the expressed proteins (8). In this
report, we describe a novel method of
enhancing the solubility of expressed
proteins by inducing recombinant pro-
tein expression in the presence of the
dipeptide glycylglycine, We deliberate-
ly chose as an example mycobacterial
proteins that are known (o be difficult
to express as soluble proteins in E. coli.
The solubilization of these proteins was
enhanced up to 170-fold.

MATERIALS AND METHODS

Preparation of Recombinant
Constructs

The open reading frames (ORFs)
Rv0256¢, Rv2430c (both are the mem-
bers of the PPE gene family), Rv3339¢
(isocitrate dehydrogenase-1), and
Rv1609 (anthranilate synthase) of
Mycobacterium tuberculosis were am-
plified from the genomic DNA of the
strain H37Rv by PCR. Oligodeoxyri-
honucleotide primers were chemically
synthesized (Microsynth GmbH, Bal-
gach, Switzerland), with appropriate
restriction sites suitable for in-frame
cloning into expression vectors, with
N-terminal 6x-histidine tags. The prim-
ers used for amplification are shown in
Table 1. The recombinant proteins were
expressed as N-terminal His-tagged fu-
sions. The positive clones were con-
firmed by DNA sequencing.

Cell Culture

and maltose binding protein (MBP)—
are known 1o impart solubility of many [=4f Competent BL21(DE3)pLys cells

heterologous proteins in addition to”
serving as a tag for affinity purification.
Sometimes, soluble expression can
also be enhanced by supplying essen-
tial cofactors necessary for the activity
of the protein in question. For example,
soluble expression of human cystathio-
nine P-synthase, a heme-containing
protein, could be increased over 8-fold
by the addition of the heme precursor
S-aminolevulinic acid (8-ALA) to the
culture medium (6). In some instances,
coexpression of nuclear receptor part-
ners is also found to increase the solu-

(Novagen, Abingdon, UK) were trans-
formed with pRSET256, pRSET1609,
and pRSET3339 plasmid DNA, and
the colonies were grown overnight on
Luria Bertani (LB) plates (9) containing
100 pg/mL ampicillin. For pQE2430,
competent M15(pREP4) cells (Qiagen
GmBH, Hilden, Germany) were used
and grown in LB plates containing am-
picillin (100 pg/mlL) and kanamycin
(50 pg/mL). Fresh colonies were first
inoculated into 5 mL LB media contain-
ing appropriate antibiotics and grown
overnight at 37°C with shaking. These
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Table 1. Sequence of the Primers, Restriction Sites, and Vectors Used for Expressing

Different Mycobacterial Proteins

Restriction Cloning

Gene Primers with Restriction Enzyme Sites Enzyme Sites  Vector

Rv0256c 5-CGAGATCTATGACCGCCCCGATCTGGAT-3" Bgill pRSET B
5-GCGAATTICTCACTCCACCCGGGTCG CTGA-3°  EcoRlI

Rv2430c 5-GGATCCATGCATTTCGAAGCGTAC-¥ BamHI pQE30
5-AAGCTTCTAAGTGTCTGTACGCCATGA-3’ Hindill

Rv1608 5-AATCTCGAGGTGTCCGAGCTCAGCGT-3 Xhol pRSET A
5-AATCCATGGCTGGCGTGCAACCAGATAA-3 Neol

Rv3339c 5-AGGATCCATGTC CAACGCACCCAAGATA-3 BamHI pRSET A
5-TAAGCTTCTAATTGGCCAGCTCCTTTTC-3 Hindlll

Restriction enzyme sites have been underlined.

overnight cultures were diluted 10-fold
into 10 mL Terrific Broth (TB) medium
(9), containing different concentrations
(0, 50, 200, 500, and 1000 mM) of gly-
cylglycine (Amersham Biosciences,
Buckinghamshire, UK) and further
grown at 37°C in an orbitory shaker till
the absorbance (A)g = 1. The cultures
were cooled to room temperature, and
protein expression was induced with
0.5 mM isopropyl-B-n-thiogalactoside
(IPTG) for 1416 h a1 27°C.,

Preparation of Cell Lysate and
Protein Solubility Analysis

The induced cells were centrifuged
at 10,000 g, and the cell pellet was

resuspended in extraction buffer (5077

mM phosphate buffer, pH 8.0, 300 mM
NaCl) with lysozyme to a final con-
centration of 1 mg/mL and incubated
on ice for 30 min, followed by sonica-
tion 5 times with a burst duration of
15 s each. The sonicated lysates were
centrifuged at 13,000 rpm for 10 min,
and the supernatants containing the
soluble proteins were collected into
fresh tubes. The concentration of total
protein in supernatant was estimated

.using Bio-Rad DC Protein Assay Kit

(Bio-Rad Laboratories, Hertfordshire,
UK). About 60 pg of protein from
each supernatant were electropho-
resed in a 12% sodium dodecyl sul-
fate (SDS)-polyacrylamide gel (10)
and transblotted onto a nitrocellulose
bnembrane (Hybond-ECL; Amersham

“Biosciences) at 300 mA for 2 h at 4°C
" in a transfer buffer (25 mM Tris-HCl,

190 mM glycine, 20% methanol).
The membrane was blocked for 1 h in

Vol. 37, No. 3 (2004)

phosphate-butfered saline (PBS; Ref-
erence 9) containing 4% non-fat dry
milk and then incubated with 1:200
diluted monoclonal anti-his tag anti-
bodies (Santa Cruz Biotechnologies)
in PBS. The membrane was washed
thrice with excess PBST (PBS contain-
ing 0.1% Tween® 20) for 15 min each.
Goat anti-mouse immunoglobulin G
(1gG)-horseradish peroxidase (HRP)
conjugate (Amersham Biosciences)
was used at 1:10,000 dilution as the
second antibody. The membrane was
again washed thrice for 5 min each
with PBST. The reactive bands were
leveloped by chemiluminescence with

_uminol reagents (Santa Cruz Biotech-

hologies). All the experiments were

“performed at least three times, and the

representalive blots are presented.

Densitometric Analyses

Densitometric analyses were per-

ormr:d using National Institutes of

Health (NTH)-Image software, avail-
able in the public domain, developed
by Wayne Rasband for Macintosh®
computers.

Biochemical Activity Assays

The isocitrate dehydrogenase-1
activity of the purified Rv3339c¢ solu-
hilized in the presence of 500 mM
glycylglycine in the medium was mea-
sured spectrophotometrically by moni-
toring the time-dependent reduction of
NADP* to NADPH at 25°C at 340 nm.
The standard assay solution contained
20 mM triethanolamine chloride buf-
fer, pH 7.5, 2 mM NADP*, 0.03 mM

DL-isocitrate, 10 mM MgCl,, 100 mM
NaCl, and 100 pmol of the enzyme in a
total reaction volume of 400 plL.

RESULTS AND DISCUSSION

All the ORFs, Rv256c¢, and Rv2430c¢
belonging to the PPE family of proteins
and Rv1609 (anthranilate synthase)
and Rv3339c¢ (isocitrate dehydogenase
1) of M. tuberculosis were found to
have enhanced solubility in the pres-
ence of the dipeptide glycyiglycine in
TB media. Because these proteins were
expressed with an N-terminal histidine
tag, the relative amount of protein go-
ing into the soluble fractions was de-
termined by subjecting equal amounts
of soluble proteins to SDS-polyacryl-
amide gel electrophoresis (PAGE) and
subsequent detection by Western blot
analysis using monoclonal anti-his tag
antibodies. In the case of Rv256¢, the
amount of soluble protein was very low
when grown in the absence of glycylg-
lycine (Figure 1A). However, with the
increasing concentrations of glycylgly-
cine, the amount of soluble protein dra-
matically increased, with 1 M glycylg-
lycine being the most effective. In the
presence of 1 M glycylglycine, there
was a more than 170-fold increase in
solubility. Use of glycylglycine higher
than 1 M was found to affect the growth
of the bacteria (data not shown), There-
fore, concentrations greater than 1 M
were not used.

For the other proteins, Rv2430c,
Rv1609 (anthranilate synthase),
Rv3339¢ (isocitrate dehydrogenase-
1), our initial attempts to express these
proteins in soluble form employing
various other strategies such as low
temperature induction, induction at low
IPTG concentration, ete., proved to be
futile. However, when we induced these
proteins in the presence of glycylgly-
cine, soluble proteins were readily de-
tected as compared to the undetectable
level in experiments without glycylg-
lycine (Figure 2, A-C). For Rv3339c¢,
the maximum soluble yield was in the
presence of 500 mM glyeylglycine
(Figure 2A), whereas for Rv1609,
the maximum soluble expression was
achieved in presence of 1 M glycylgly-
cine (Figure 2B). Similarly, in the case
of Rv2430c, the soluble expression was

BioTechniques 3
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f Table 2, Relative Levels of Soluble Proteins Expressed in the Presence of Glycylglycine

" for Different Mycobacterial Proteins

Solubility in Glyeylglycine

(mM) Escherichia coli
Protein 0 50 100 200 500 1000 Strain Used
Rv0256C I+ #* % + 4t FTRR— BI21(DE3)pLys
Rv2430c -+ I+ I+ +4 i I+ M15(pREP4)
RV1609 - - - - 4 ++ BI21(DE3)pLys
Rv3339¢c - - - + -+ + BI21(DE3)pLys
- = not detectable; + = detectable

maximum in the presence of 200 mM
glyeylglycine (Figure 2C). The results
are summarized in Table 2.

We next tested whether or not the
recombinant proteins solubilized in
the presence of glycylyglycine pos-
sessed biological activity. For this, we
purified the soluble protein coded by
the Rv3339¢ ORF, encoding isocitrate
dehydrogenase-1, solubilized in the
presence of 500 mM glyeylglycine in
the medium, and assayed its ability (o
reduce NADP* to NADPH. The puri-
fied solubilized protein was found to
possess enzymaltic activity following a
typical Michaelis-Menten reaction ki-
nelics (Figure 3) and was stable over |
week at 4°C,

We provide a simple and novel way
ol enhancing solubility of difficult pro-
teins that are otherwise expressed in a
nonproductive fashion into inclusion
bodies. Inclusion body formation may
be a consequence of the rate of protein
translation exceeding the capacity of
the cell o fold the newly synthesized
protein correctly (11). This phenom-
enon has been defined as secretory load
for the baculovirus insect cell system
(12) and has been addressed by re-
ducing the transcription level using a
weaker promoter or by allowing more
time for the insect cells to process the
recombinant protein (13). Therefore,
decreasing the rate of protein produc-
tion is one of the mujor strategies o
overcome this problem. Some general
approaches o achieve this have been
to induce the cells at lower lempera-
ture (14), use low IPTG concentration
(15), use weak promoters (16), etc. Yet
other methods utilize various “compat-
ible solutes” to induce osmolic stress
(17,18). Improved solubility has also
been reported by the use ol a specific
host strain in which heterologous pro-

4 BioTechmques

teins can be expressed upon osmotic
induction with high salt (19). Although
the method was initially developed to
enhance the soluble expression of some
of the mycobacterial proteins, this
method is also applicable to other pro-
teins refractory to soluble expression in
E. coli system

The mechanism of glycylglycine-

mediated enhanced solubilization re-
mains to be understood. One of the
possibilities could be the increased
osmolarity of the medium by the di-
peptide. Osmotic stress induces the
expression of heat shock proteins with
chaperone-like activity to assist cor-
rect folding. Another possibility is
the direct interaction of glycylglycine
with the expressed protein by acting as
a chemical chaperone (20,21). E. coli
is known to possess specific transport-
ers for dipetides and oligopeptides.
These in turn are of particular advan-
tage o the bacteria, which thrives in
the peptide-rich gut lumen environ-
ment (22). Glycylglycine transport be-
haves similar to other shock-sensitive
transport systems requiring ATP for
its transport (23). In the presence of
higher concentrations of glycylglycine
in the media, the bacteria probably

A

|7C§chylglycine (mM)| o | 50

200 | 500 | 1000

¥| 4— Rv0256¢

B 3000
22000 ]
[
>
Fany
g
=
2
= 1000
"

0 50

Glycylglycine

100200 5001000

(mM)

Figure 1. (A) Glycylglycine enhances the solubility of Rv0256¢ expressed in Escherichia coli. About
60 pg of soluble protein from the sonicated extract were loaded for each lane and transferred onto the
nitrocellulose membrane. Upon Western transfer, the blot was probed with monoclonal ant-6xhistudine
antibodies and developed by ECL reagents, The concentrations of glycylglycine used are indicated at the
top of each lane. (B) Densitometric analyses of the same Western blot, in which the density of the indi-
vidual bands were plotted against the glycylglycine concentrations used in the culture medium.
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dehydrogenasel)
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Figure 2. Glycylglycine enhances the solubility of other mycobacterial proteins expressed in Esch-
erichia coli. About 60 pg of soluble protein from the somcated extract were loaded in each lane and trans-
ferred onto the nitrocellulose membrane. The membrane was probed with monoclonal anti-6xhistidine
antibodies and developed by ECL reagents. The concentrations of glycylglycine used are indicated at the
top of each lanc. (A) Western blot of Rv3339. (3), Western blot of Rv1609, (C). Western blot of Rv2430c.

ends up spending considerable energy
in active glycylglycine transport, thus
slowing down the overall metabolic
rate including the rate of translation.
This probably allows more time for

the expressed proteins lo be folded
correctly. However, it will be interest-
ing to study how a dipeptide can ac-
tually help proteins to be folded in its
native condition,
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%. Figure 3. The recombinant protein purified using media containing 500 mM glycylg-

""" Iycine and was biochemically active. Mycobacterium tuberculosis isocitrate dehydroge-
nase-1 activity was measured spectrophotometrically by monitoring the time-dependent
reduction of NADP* to NADPI at 25°C at 340 nm. The standard assay solution per 400
pL contained 20 mM triethanolamne chloride buffer, pH 7.5, 2 mM NADP*, 0,03 mM
DL-isocitrate, 10 mM MgCl,, 100 mM NaCl, and 100 pmol of the enzyme.
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