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CHAPTER 1

INTRODUCTION

Introduction

INTRODUCTION

Tuberculosis is an infectious disease caused by a bacillus –
Mycobacterium tuberculosis, that spreads through the air. Left
untreated, a single person with active TB can infect 10 to 15 others
each year, creating a self-perpetuating pool of infection. Someone in
the world is infected with TB every second, seven to eight million
become sick and two million die from it every year. TB was first
described by Hippocrates as Phthisis, meaning wasting away of the
body, which remains a primary symptom of untreated TB and carries
a lot of economic significance even today. Tuberculosis has existed in
India since the earliest days. In 1500 BC, the Rig Veda described the
illness as Rajayaksma, King of diseases. There is evidence that the
disease existed in the ancient world as seen in 3000-year old
mummies which show classical bone anomalies associated with TB
(Salo et al, 1994). The disease assumed importance in feudal Europe,
America, Asia, Africa and other pacific islands causing a great deal of
mortality. The high mortality statistics of TB make it one of the most
lethal infectious disease known to humans.

About

one

third

of

the

world’s

population

is

infected

by

Mycobacterium tuberculosis (Bloom and Murray, 1992). The morbidity
and mortality statistics of TB make it one of the most infectious
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disease known to man. Global prevalence of MTB infection was 32%
(1.86 billion people). Eighty percent of all incident TB cases were
found in 22 countries, with more than half the cases occurring in 5
Southeast Asian countries. Nine of 10 countries with the highest
incidence rates per capita were in Africa. The global burden of
tuberculosis remains enormous, mainly because of poor control in
Southeast Asia, Sub-Saharan Africa, and eastern Europe. Majority of
TB cases in developing countries are in the economically productive
age group (15-50 years). The main reasons for the increasing global
TB burden are: 1) poverty and the widening gap between rich and
poor in various populations; 2) neglect arising out of inadequate case
detection, diagnosis and cure; 3) increase in population migration;
and 4) HIV pandemic.

Historically the causative organism is supposed to have evolved into
its human host via domesticated animals when humans started
settling down and an agrarian order came into effect (Bates and
Stead, 1993). Mycobacterium probably emerged from the soil to find
a niche, first infesting various mammals and birds. Based on genetic
relatedness Mycobacterium bovis, a common animal pathogen, and
Mycobacterium

tuberculosis

share

a

common

ancestor.

It

is

reasonable to infer that at some period of time Mycobacterium bovis
underwent subtle changes to adapt to a parasitic role in humans
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(Brosch et al, 2002). The tubercle bacilli scores over Mycobacterium
bovis in that it has a natural reservoir in humans, diminished
virulence potential in animals and exhibits airborne transmission.
Although the two have different animal pathogenicity, and can easily
be distinguished by biochemical or physiologic tests, both fall within
the tuberculosis complex, a group of closely related types including
Mycobacterium microti and Mycobacterium africanum. The extreme
degree of DNA homology and immunologic properties suggest that
Mycobacterium tuberculosis and Mycobacterium bovis should be
regarded as subspecies rather than distinct species. This genetic
concordance has prompted the suggestion that Mycobacterium
tuberculosis evolved in the human organism from Mycobacterium
bovis sometime after the domestication of cattle (Brosch et al, 2002).
Evolution

inherently

proceeds

in

the

direction

of

greater

specialization. Because Mycobacterium bovis infects a broader variety
of animals than does Mycobacterium tuberculosis, the latter is
considered to be more evolved. Furthermore, the dynamic aspects of
the coevolution of host and pathogen make it highly unlikely that
mutations tying Mycobacterium tuberculosis so tightly to humans
could have evolved in a nonhuman species. Although Mycobacterium
tuberculosis

and Mycobacterium bovis are

equally

capable

of

producing progressive tuberculosis in humans, the routes of
infection and associated clinical patterns of disease are different.
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1.1. Drug Resistance in Mycobacterium tuberculosis
The mycobacterial strains which are resistant to at least two of the
frontline drugs rifampicin and isoniazid are considered to be multidrug resistant (MDR). Rifampicin and isoniazid form the backbone of
the short course therapy for treating tuberculosis. These drugs are
the most effective, and resistance to them would necessitate using
drugs which are more toxic coupled with a longer treatment period
(Bloom and Murray, 1992).

The acquisition of resistance by the bacterium is a random event,
and the chance of acquiring multidrug resistance is 10-14 (Harkin and
Harris, 1995). These strains have been demonstrated all over the
world. The frequency of resistance to multiple drugs varies
geographically and acquired (secondary) resistance is more common
than primary resistance. Delineation of the molecular mechanisms of
antimicrobial agent resistance has resulted in the development of
several strategies for early detection and treatment of drug resistant
strains.

Resistance to drugs primarily arises due to mutations in genes
coding for drug target proteins (Ramaswamy and Musser, 1998,
Siddiqi et al, 1998, Siddiqi et al, 2002). However, this is not the
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exclusive mechanism employed by the pathogen to evade killing by
the drug. All mycobacteria, especially Mycobacterium tuberculosis,
have a complex cell wall which blocks drug entry into the cell and
thus prevents the drug from accessing it's cytoplasmic targets. A
more recent mechanism which is well documented in other systems
is the presence of membrane proteins which act as drug efflux
pumps (Lewis, 1994, Siddiqi et al, 2004). The Mycobacterium
tuberculosis genome has nearly 20 such pumps (Cole et al, 1998).
However, none of these have been conclusively shown to operate in a
clinical setting to give rise to drug resistance. Another mechanism for
acquiring resistance that has been documented in other systems, but
not

yet

in

Mycobacterium

tuberculosis,

is

drug

alteration.

Superimposed on the problem of MDR TB is the non compliance of
therapy with some patients. Most recently, the problem of Multi Drug
resistant tuberculosis has been aggravated by the deadly synergy of
TB with the Human Immunodeficiency Virus.

1.2. Tuberculosis and the Human Immunodeficiency Virus
Infection
Infection

with

the

human

immunodeficiency

virus

(HIV)

has

transformed tuberculosis from an endemic disease into a world wide
epidemic. During the past decade TB has graduated into becoming
the major opportunistic infection compounding the HIV epidemic
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worldwide, although other infections remain more common in certain
geographic areas. In 1994 the Global Programme on AIDS of the
World Health Organization estimated that the prevalence of HIV
infection among adults worldwide was between 13 and 14 million
(World Health Organization, Global Programme on AIDS, 1994). At
the same time about 1.75 billion people were infected with
Mycobacterium tuberculosis. Approximately 4 to 5.6 million people
worldwide are coinfected. The converging epidemics of AIDS and TB
have been complicated by the emergence of multidrug-resistant
tuberculosis. That the TB bacillus can evolve differently based on the
local environment and geographic pressures has given birth to the
concept of geographic genomics (Majeed et al, 2004).

CD4+ T lymphocytes and macrophages play a central role in immune
response

to

mycobacterial

infection.

HIV

infection

results

in

progressive depletion and dysfunction of CD4+ cells with defects in
macrophage and monocyte function. As a result, HIV-infected
patients have an increased risk of reactivation of latent TB as well as
getting the disease from new infection. Macrophage based resistance
against TB is due to its ability to control intracellular growth. CD4+
lymphocytes prime macrophages to control intracellular growth by
releasing

cytokines

such

as

interferon-ϒ

interleukin-1

and

interleukin-2, and tumour necrosis factor-alpha which activate blood
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borne macrophages. An additional protective mechanism may be the
generation of cytolytic T cells in response to mycobacteria. CD4+ T
cells and ϒ/δ T cells kill autologous infected macrophages (Kaufman,
1988; Kumararante et al, 1990; Munk et al, 1990). Forte and
colleagues demonstrated decreased cytolytic T-cell activity in HIVinfected patients (Forte et al, 1992). The continued loss of CD4+ cells
in HIV-seropositive patients and their reduced production of IL-2
may be the cause of decreased cytolytic activity.

TB can accelerate the course of HIV infection. Infection with
Mycobacterium

tuberculosis

stimulates

release

of

mononuclear

cytokines such as IL-1, IL-2, and TNF∝. These cytokines enhance
replication of HIV in vitro. Taking into account the rapid emergence of
multidrug resistant strains of TB coupled with the deadly synergy of
TB with the Human Immunodeficiency virus, the onus for the
treatment lies in the identification of novel immunodominant
antigens which can be used as vaccine candidates.

1.3. Humoral response in Tuberculosis

The humoral responses to infection by Mycobacterium tuberculosis
have been under investigation for several decades, primarily for the
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purpose

of

devising

specific

and

sensitive

serodiagnoses

for

tuberculosis and for evaluating their use as a candidate vaccine. The
task is complicated because the mycobacterial cell wall is made up of
numerous

proteins,

carbohydrates,

and

lipids

that

exist

independently; as well as closely associated lipopolysaccharides,
glycolipids, peptidoglycolipids, glycoproteins, and so on. This leads to
the existence of an enormous number of antigens and epitopes to
which the immune system may respond. The first generation of
investigations were performed by using nonpurified or crudely
purified

preparations

Mycobacterium
derivative

antigens,

tuberculosis,

(PPD),

precipitated

of

old

polysaccharide

proteins

from

such

as

tuberculin,
extracts,

culture

suspensions
purified

protein

tri-chloroacetic

filtrates

of

of

acid-

Mycobacterium

tuberculosis grown in various bacteriologic media, and concentrated
culture filtrates. The immunologic methods used to evaluate the
presence of antibodies to these antigen preparations included
agglutination of bacterial suspensions, agglutination of erythrocytes
sensitized with different bacterial antigens, complement fixation,
agglutination of antibody-coated inert particles, radioimmunoassay,
and gel diffusion. In general these studies revealed that a great
majority, but not all patients with active tuberculosis, had antibodies
to different antigens of Mycobacterium tuberculosis. Simultaneous
studies aimed at characterization of antigens of Mycobacterium
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tuberculosis identified the reasons underlying the cross-reactivity in
antibody responses between diseased and control subjects. In view of
the facts that the immune system recognizes both the shared as well
as

specific

antigens,

nondiseased

and

individuals

that
would

uninfected

and

nevertheless

infected

but

respond

to

environmental as well as the commensal bacteria, the overlap
between humoral immune responses became inevitable.

The focus of investigations thus moved to obtaining specific antigens
of Mycobacterium tuberculosis and evaluating their role in eliciting
humoral responses in diseased individuals. Since Mycobacterium
tuberculosis infections can remain latent in infected individuals for
their lifetime, with only a small proportion of such individuals
developing active disease years after the primary infection, and since
millions of individuals in the world have been vaccinated with a
closely related organism, Bacille Calmette-Guerin (BCG), efforts have
been directed at identification of antigens that are associated with
active disease.

A variety of approaches have been used to achieve these aims. One
approach that identified several such potential antigens is to
immunize mice with heat killed or sonicated or radiation killed
mycobacteria and subsequently produce monoclonal antibodies from
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them, thus obtaining reagents that are specific for individual
antigens or epitopes (Kolk et al, 1984; Damiani et al, 1988;
Ljungqvist et al, 1988; Mauch et al, 1988; Engers et al, 1986;
Khanolkar-Young et al, 1992). These antibodies are then used to
obtain the corresponding antigens in purified form by screening
recombinant DNA expression libraries made from mycobacterial
DNA. Some investigators used different biochemical approaches to
purify important antigens of Mycobacterium tuberculosis. Daniel and
coworkers obtained a semipurified antigen, called antigen 5, from
cell-free culture filtrates of Mycobacterium tuberculosis. This antigen
was reported to be a glycoprotein of a molecular mass of 35 kDa
(Daniel et al, 1978; Daniel et al, 1979).

Actively growing mycobacteria release several proteins into their
culture supernatants. Andersen and coworkers identified 33 such
proteins of which the 23-kDa superoxide dismutase enzyme was the
earliest to appear (Andersen et al, 1991). These proteins bind to
fibronectin,

a

glycoprotein

that

participates

in

cell

surface

interactions between bacteria and eukaryotic cells. These proteins,
also known as the antigen 85 complex are now known to be
components of many different antigen preparations that were used
for evaluation of humoral responses in tuberculosis patients (Wiker
et al, 1992).
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The humoral immune responses of humans to some of the antigens
have been investigated. Antibodies to the 38-kDa antigen in patients,
contacts, and control individuals have been assessed. Daniel and
coworkers used the semipurified antigen 5 preparation in a direct
enzyme-linked immunosorbent assay (ELISA) to detect antibodies to
the 38-kDa antigen in serum (Daniel et al, 1979; Daniel and
Debanne, 1987; Daniel, 1989). Others have used a 38 kDa antigen
obtained

by

immunoaffinity

purification

based

on

murine

monoclonal antibodies (Jackett et al, 1988; Bothamley et al, 1992;
Bothamley et al, 1988). These groups reported that 85% of the sera
from patients with advanced tuberculosis, whose sputum smear was
positive for acid-fast bacilli, had antibodies to the 38kDa antigen and
none of the control sera was positive. Only 15% of the smear negative
tuberculosis patients made antibodies to the 38kDa antigen
(Bothamley et al, 1988). Results indicate that in humans, antibodies
to the 38kDa antigen are elicited during advanced tuberculosis when
the bacterial load is high.

Of the secreted antigens, humoral responses to the fibronectin
binding proteins have been extensively studied (Wiker et al, 1990;
Van Vooren et al, 1991; Van Vooren et al, 1992). Antibodies to
antigen 85A can be found in both tuberculosis and nontuberculosis
sera, but only tuberculosis patients have antibodies to antigen 85B.
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These antigens do not seem to be immunodominant during early
stages of infection in mice with live Mycobacterium tuberculosis
(Verbon et al, 1990).

During the past few years, some investigators attempted a direct
analysis of the antibody responses elicited in the diseased humans.
Thus,

disrupted

Mycobacterium

tuberculosis

cells

or

culture

supernatants of actively growing bacteria have been fractionated by
SDS-PAGE and the seperated proteins, which range in size from 10
to

100

kDa,

have

been

electrophoretically

transferred

to

nitrocellulose sheets, which were then probed with sera obtained
from patients and control subjects. This technique has the advantage
of being able to provide information on the total profile of the
antigens that are recognized by antibodies to different antigens in a
particular

serum

sample.

Espitia

and

colleagues

fractionated

ammonium sulphate-precipitated proteins from culture supernatants
of Mycobacterium tuberculosis H37Rv and found that the antigen
preparation

fractionated

into

35

bands.

Sera

from

different

tuberculosis individuals recognized different sets of antigens, and no
definite pattern was discernible (Espitia and Mancilla, 1989; Espitia
et al, 1989). Havlir and coworkers performed a similar analysis of
antigen profile of Mycobacterium tuberculosis culture supernatant
antigens recognized in tuberculous and nontuberculous sera. They
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found that although tuberculous sera had higher titers of antibodies,
both tuberculous and normal sera reacted with many fractions on
the Western blots, and it was not possible to identify any specific
antibody response in tuberculosis (Havlir et al, 1991). Using
sonicated bacterial pellets as the antigen source, Coates and
associates reported that both tuberculosis and control sera had
antibodies to many different antigens, and antigens of 14, 30, 38, 45,
and 65kda were prominent among those that were recognized
(Coates et al, 1989). Verbon and associates fractionated culture
supernatant antigens both by SDS-PAGE and by gel permeation
chromatography, and used the former in Western blots and the
fractions obtained in the latter in an ELISA to study the reactivity of
antibodies present in tuberculous and normal sera. They found that
although both serum groups had antibodies to 65, 61, 58, 30, and
24 kDa antigens when tested by western blots, 16 of 25 tuberculosis
sera, but no control sera, reacted with a 24 kDa protein on the
ELISA. Thus the epitopes revealed by ELISA are different from those
seen on the Western blots (Verbon et al, 1990; Verbon et al, 1992).

Thus, we now know that there are differences in the epitopes or
antigens of Mycobacterium tuberculosis that are recognized by animal
and human immune systems. This also has been observed in
another mycobacterial disease, leprosy, which is caused by a closely
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related organism - Mycobacterium leprae. Use of serum antibodies
from

leprosy

patients

enabled

identification

of

a

dominant

Mycobacterium leprae antigen that was not recognized by either
murine or rabbit antibodies (Meeker et al, 1989; Laal et al, 1991;
Sela et al, 1991). In addition, recently, Wallis and associates
fractionated the culture supernatant containing secreted antigens of
Mycobacterium tuberculosis by two-dimensional gels, and found that
this fraction contains about 150 different proteins (Wallis et al,
1993). In addition, many of the already known antigens of
Mycobacterium tuberculosis have both cross-reactive and specific
epitopes and this is expected to be true for other, as yet undefined
antigens. Sera from normal as well as tuberculosis individuals would
have antibodies to the epitopes that are cross-reactive between
Mycobacterium tuberculosis and other environmental and commensal
bacteria. In retrospect, it is easy to understand how a combination of
these factors could have contributed to the failure to delineate
specific

humoral

responses

in

tuberculosis.

Mycobacterium

tuberculosis presents hundreds of antigens, each with several
epitopes, to the immune system. The human immune system, in
turn, appears to respond to a variety of antigens by making
antibodies to them. The challenge that still remains is to devise
strategies to dissect the humoral immune response, in order to
define the species specific antigens or epitopes of Mycobacterium
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tuberculosis that are recognized only in individuals with active
disease.

1.4. The PE and PPE protein families of M.tuberculosis

About 10% of the coding capacity of the genome of Mycobacterium
tuberculosis is devoted to two large unrelated families of acidic,
glycine-rich proteins, the PE and PPE families (Fig. 1 on page 45),
whose genes are clustered and are often based on multiple copies of
the polymorphic repetitive sequences referred to as PGRSs, and
major polymorphic tandem repeats (MPTRs), respectively (Hermans
et al, 1992; Poulet and Cole, 1995a; Poulet and Cole, 1995b). The
names PE and PPE derive from the motifs Pro-Glu and Pro-Pro-Glu
found near the N-terminus in most cases. The 99 members of the PE
family all have a highly conserved N-terminal domain of ~110 amino
acid residues that is predicted to have a globular structure, followed
by a C-terminal segment that varies in size, sequence and copy
number (Cole et al, 1998). Phylogenetic analysis separated the PE
family into several subfamilies. The largest of these is the highly
repetitive PGRS class, which contains 61 members; members of the
other subfamilies, share very limited sequence similarity in their Cterminal domain. The predicted molecular weight of the PE proteins
vary considerably as few members contain only the N-terminal
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domain, whereas most have C-terminal extensions ranging in size
from 100 to 1400 residues. The PGRS proteins have a high glycine
content (upto 50%), which is the result of multiple tandem
repetitions of Gly-Gly-Ala or Gly-Gly-Asn motifs, or variations
thereof.

The 69 members of the PPE protein family also have a conserved Nterminal domain that comprises ~180 amino acid residues, followed
by C-terminal segments that vary markedly in sequence and length.
These proteins fall in three groups (Cole et al, 1998), one of which
constitutes the MPTR class characterized by the presence of multiple,
tandem copies of the motif Asn-X-Gly-X-Gly-Asn-X-Glu. The second
subgroup contains a characteristic, well conserved motif around
position 350, whereas the third contains proteins that are unrelated
except for the presence of the common 180-residue PPE domain. The
PE/PPE families of proteins could represent a principle source of
antigenic variation and the glycine rich proteins might interfere with
immune response by inhibiting antigen processing.

There are several parallels between the PGRS proteins and the
Epstein-barr virus nuclear antigens (Levitskaya et al, 1995, Levitsky
et al, 1996). Members of both polypeptide families are glycine-rich,
contain extensive Gly-Ala repeats, and exhibit variation in the length
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of the repeat region between different isolates. The Gly-Ala repeat
region of the EBNA1 functions as a cis-acting inhibitor of the
ubiquitin/proteasome antigen-processing pathway that generates
peptides presented in the context of major histocompatibility
complex (MHC) class 1 molecules (Levitskaya et al, 1995; Levitskaya
et al, 1997). MHC class 1 knockout mice are very susceptible to
Mycobacterium

tuberculosis,

underlining

the

importance

of

a

cytotoxic T-cell response in protection against disease (Chan and
Kaufman, 1994; Flynn et al, 1992, Flynn et al, 1993).

Several observations and results support the possibility of antigenic
variation associated with the PE and PPE family of proteins. The
PGRS member Rv1759 is a 55kDa fibronectin binding protein that
elicits a variable antibody response, indicating either that individuals
mount different immune responses or that this PGRS protein may
vary between strains of Mycobacterium tuberculosis (Abou-Zeid et al,
1991). The latter possibility is supported by restriction fragment
length polymorphisms for various PGRS and MPTR sequences in
clinical isolates (Cole et al, 1998). There is evidence to show that
some members of the PGRS family are variable surface antigens.
Banu et al showed 10 of these genes to be expressed in vitro by
reverse

transcription-polymerase

chain

reaction

(RT-PCR).

Antibodies against five PE-PGRS proteins, raised in mice by DNA
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vaccination, detected single proteins when the same plasmid
constructs used for immunization were expressed in epithelial cells
or in reticulocyte extracts, confirming that the PE-PGRS proteins are
antigenic (Banu et al, 2002). As expected from the conserved
repetitive structure, the antibodies cross-reacted with more than one
PE-PGRS protein, suggesting that different proteins share common
epitopes.

Subcellular fractionation studies and immunoelectron microscopy
localized many PE-PGRS proteins in the cell wall and cell membrane
of Mycobacterium tuberculosis. Brennan et al showed that a
transposon insertion in a PE_PGRS gene Rv1818c found in
Mycobacterium bovis BCG Pasteur, which is the BCG homologue of
the Mycobacterium tuberculosis H37Rv gene Rv1818c, introduces new
phenotypic properties to this BCG strain (Brennan et al, 2001).
These properties include dispersed growth in liquid medium and
reduced

infection

of

macrophages.

Complementation

of

the

1818(PE_PGRS)::Tn5367 mutant with the wild-type gene restores
both aggregative growth (clumping) in liquid medium and reestablishes infectivity of macrophages to levels equivalent to those for
the parent BCG strain (Brennan et al, 2001). Western blot analysis
using antisera raised against the 1818(PE_PGRS) protein shows that
PE_PGRS proteins are found in cell lysates of BCG and
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Mycobacterium tuberculosis H37Ra and in the cell wall fractions of
Mycobacterium tuberculosis H37Rv. Moreover, immunofluorescent
labeling of mycobacteria indicates that certain PE_PGRS proteins are
localized at the cell surface of BCG and Mycobacterium tuberculosis
(Brennan

et

al,

2001).

Furthermore,

investigation

of

the

immunological response to Rv1818c revealed that during infection of
mice with Mycobacterium tuberculosis, a significant humoral immune
response

was observed against recombinant Rv1818c. Similarly,

immunization with a Rv1818c PE_PGRS DNA construct induced
antibodies directed against PE_PGRS protein. Dissection of the
immune response using the full length Rv1818c and N-terminal
region of Rv1818c revealed that antibody response is directed solely
against the Gly-Ala-rich PGRS domain present in the C-terminal
region (Delogu and Brennan, 2001). These results suggest that the
Rv1818c can elicit an effective immune response and that immune
recognition of the PE antigen is influenced by the Gly-Ala-rich PGRS
domain (Delogu and Brennan, 2001). Singh et al showed that
Rv3367, a member of the PE-PGRS family is recognized by pooled
sera from TB patients but not from healthy controls, confirming its in
vivo expression during active infection in humans. Rv3367 was also
recognized by retrospective preclinical TB sera obtained, prior to the
clinical manifestation of TB, from human immunodeficiency virus-TB
patients (Singh et al, 2001).
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Direct support for genetic variation within both the PE and PPE
family was obtained by comparative DNA sequence analysis. The
gene for PE-PGRS protein Rv0746 of BCG differs from that in H37Rv
by the deletion of 29 codons and the insertion of 46 codons. Similar
variation was seen for the PPE protein Rv0442 (Cole et al, 1998). As
these differences were all associated with repetitive sequences they
could have resulted from intergenic or intragenic recombinational
events or, more probably, from strand slippage during replication
(Poulet et al, 1995a). These mechanisms are known to generate
antigenic variability in other bacterial species (Robertson and Meyer,
1992). Flores et al have reported differential expression of PE and
PE_PGRS

genes

in

Mycobacterium

tuberculosis

strains.

The

expression of the Mycobacterium tuberculosis PE, PE_polymorphic
GC-rich sequences (PGRS) gene family encoding approximately 99
glycine-rich

proteins

was

assayed

by

reverse-transcriptase

polymerase chain reaction (RT-PCR) in Mycobacterium tuberculosis
H37Rv,

Mycobacterium

canettii

and

two

clinical

isolates

of

Mycobacterium tuberculosis. Restriction analyses and sequencing of
the RT-PCR products showed that all the strains expressed the PE
Rv1172c gene while the PE_PGRS Rv3652 gene was only expressed
by one of the Mycobacterium tuberculosis clinical isolates, and the
PE_PGRS Rv0578c was not expressed by Mycobacterium canettii. It
was also determined that the PE_PGRS Rv0278c and Rv0279c were
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not expressed by any of the studied strains. The data presented in
this report (Flores and Espitia, 2003) show that the PE, PE_PGRS
genes are differentially expressed in Mycobacterium tuberculosis
strains during in vitro growth. These findings suggest that PE,
PE_PGRS genes may play a role in protein variation between
Mycobacterium tuberculosis strains (Flores and Espitia, 2003).
Lamichhane et al employed a postgenomic method for predicting
essential genes of Mycobacterium tuberculosis at subsaturation levels
of mutagenesis and found that the PE-PGRS family of genes, which
are unique to mycobacteria, were disproportionately enriched in
essential genes (Lamichhane et al, 2003). Saviola et al, employing the
use of recombinase-based in vivo expression technology identified a
PE-PGRS gene, Rv0834c, the expression of which was dependent on
pH

in

both

Mycobacterium

smegmatis

and

Mycobacterium

tuberculosis (Saviola et al, 2003). Fisher et al have used microarrays
and real-time reverse transcription-PCR to analyze the global
transcriptional response of Mycobacterium tuberculosis to low pH in
vitro, which may mimic an environmental signal encountered by
phagocytosed mycobacteria and found that the transcription of
Rv1169c, a member of the PE-PGRS family was up-regulated at low
pH (Fisher et al, 2002). Stewart et al used a combination of targeted
mutagenesis and whole-genome expression profiling to characterize
transcription factors responsible for control of genes encoding the
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major heat-shock proteins of Mycobacterium tuberculosis and found
that Rv1169c is one of the genes upregulated at high temperatures
under the control of the regulon HrcA, indicating its probable role as
a heat shock protein (Stewart et al, 2002).

As compared to the members of the PE-PGRS family, only a few
reports are available about the PPE family proteins of Mycobacterium
tuberculosis. Sampson et al have used tandem repeat regions of
Rv1917c to determine the molecular basis for the gene polymorphism
of this PPE ORF within the clinical isolates and found that Rv1917c
is

highly

polymorphic

in

clinical

isolates.

RT-PCR

analysis

demonstrated that Rv1917c mRNA is expressed in liquid cultures of
Mycobacterium tuberculosis H37Rv. Expression of the recombinant
protein in Mycobacterium smegmatis and Mycobacterium bovis BCG
was visualized by fluorescence microscopy and flow cytometry. A
protein of the predicted size (166 kDa) was confirmed by Western
blotting.

Cell

recombinant

fractionation

protein

is

studies

hydrophobic,

demonstrated

that

suggestive

cell

of

the
wall-

association, while flow cytometric data derived from antibody binding
experiments suggested that it is surface exposed (Sampson et al,
2001). Skeiky et al infected C57BL/6 mice with Mycobacterium
tuberculosis and used this infection model in conjunction with direct
T cell expression cloning to identify antigens involved with the early

22

Introduction

control of the disease. A protective Mycobacterium tuberculosisspecific CD4 T cell line derived from mice at 3 week postchallenge
was used to directly screen a Mycobacterium tuberculosis genomic
expression library. This screen resulted in the identification of a
genomic clone comprising two putative adjacent genes with predicted
open reading frames of 10 and 41 kDa, MTB10 and MTB41, the
products of Rv0916c and Rv0915c, respectively (Skeiky et al, 2000).
MTB10

and

MTB41

belong

to

the

PE

and

PPE

family

of

Mycobacterium tuberculosis. MTB41 was the antigen recognized by
the cell line and by Mycobacterium tuberculosis-sensitized human
PBMC. C57BL/6 mice immunized with MTB41 DNA developed both
CD4- (predominantly Th1) and CD8-specific T cell responses to
rMTB41 protein (Skeiky et al, 2000). More importantly, immunization
of C57BL/6 mice with MTB41 DNA induced protection against
infection

with

Mycobacterium tuberculosis

comparable

to

that

induced by bacillus Calmette-Guerin. Rindi et al employed an mRNA
differential display (DD) assay to compare gene expression between
Mycobacterium tuberculosis H37Rv and its avirulent mutant H37Ra
and found that Rv2770c, a member of the PPE family was one of the
genes expressed in H37Rv but not in H37Ra, pointing to its probable
role in the pathogenesis of the bacterium (Rindi et al, 1999).
However, it has not been well documented what consequence the
PPE family proteins, unique in their protein sequence and possible
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structure, may have on the immune system. Furthermore, a
qualitative and quantitative immune response of PPE proteins in a
clinical setting has not been shown. Since 180 amino acid residues
in the N-terminal region of PPE proteins are conserved, it is
interesting to speculate that the variation in the sequence and length
in the C terminal region could represent a source of antigenic
variability.

Keeping the above observations in mind, the present study was
undertaken to identify and characterize immunodominant antigen(s)
present in the PPE family. The third sub-group members of the PPE
family are unrelated except for the presence of the common PPE
domain. An in silico approach was employed to identify candidate
ORFs within this subgroup having a high antigenic index, coupled
with the data available from Microarray studies suspecting an
association of the candidate PPE ORFs to the pathogenesis of
Mycobacterium tuberculosis. Using both approaches an ORF Rv2430c
was shortlisted, the gene was cloned and expressed and the
recombinant protein was evaluated for its use in generating a B cell
response from a panel of sera obtained from four well classified
categories of patients. The different categories were: Category 1
(n=32) which comprised patients who had contracted TB for the first
time and had no history of TB treatment, Category 2 (n=30) which
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comprised patients with relapsed TB, i.e., who were treated earlier for
TB but the symptoms resurfaced after the completion of treatment.
Category 3 (n=32) which comprised patients with extrapulmonary TB
in which case the disease was confirmed by tissue biopsy and
Category 4 were patients with MDR TB. Clinically healthy patients
were taken as controls. In order to evaluate the diagnostic ability of
Rv2430c, the reactivity of Rv2430c was compared with the sera
obtained from non TB patients and the four infected groups. To
elucidate the structure of the recombinant protein coded by
Rv2430c, the protein was purified from inclusion bodies of E.coli.
Initial attempt to refold the protein using dialysis led to protein
precipitation. An on-column refolding strategy (Pullakhandham et al,
2004) was therefore employed to generate soluble protein. The
soluble protein was further characterized by Circular Dichroism and
Flourescence Spectroscopy. In order to assess the local environment
of aromatic residues, the purified protein was incubated in the
presence and absence of 8M urea.

In summary, the work presented in this thesis describe, for the first
time, the immunological and structural characteristics of a protein
belonging to the PPE family of Mycobacterium tuberculosis.

25

CHAPTER 2

MATERIALS AND METHODS

Materials and Methods

2.1. In silico analyses of PPE family ORFs
In silico analysis of a few of the PPE ORFs belonging to the third
subgroup of the PPE family was carried out using the protein
analysis software (Protean 4.0, Lasergene Navigator, DNASTAR Inc.,
Madison, WI) namely Kyte-Doolittle Hydrophilicity plot, JamesonWolf antigenic index and the Emini surface probability plot.

2.2. RNA Extraction
RNA was extracted from liquid cultures of H37Rv. The strain was
grown in MiddleBrooks 7H9 liquid broth (Difco, USA). RNA was
extracted using the Qiaquick Total RNA extraction kit (Qiagen, USA).
The manufacturer's protocol was modified to get better yields of RNA
from mycobacteria. All the reagents were diethyl pyrocarbonate
(DEPC) treated to inhibit RNAse activity. A loop full of cells (~109) was
transferred from the liquid media to 1 ml TE (10 mM Tris-HCl, 1 mM
EDTA pH 8.0). The cells were centrifuged at 10,000 rpm for 10
minutes to collect the cell pellet. The soup was discarded and 100 µl
of fresh TE containing 10 mg/ml lysozyme was added and the tube
incubated for 15 minutes at 370C. The cells were lysed by adding 350
µl buffer RLT (containing 4 M guanidine iso-thiocynate, 0.25 M
sodium citrate, 0.1% sarcosine, 0.2 M sodium acetate, 0.7% βmercaptoethanol).

The

sample

was

vortexed

vigorously

and

incubated at 650C for 1 hour. The cell debris was centrifuged for 2
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minutes at 12,000 rpm in an eppenndorf rotor using a table top
Heraeus centrifuge. The supernatant was transferred to a fresh tube.
250 µl of absolute ethanol was added and mixed by inverting the
tube a couple of times. This was then put into the spin column
(containing the silica matrix). The tube was centrifuged at 8,000 rpm
for 1 minute. The flow through was discarded and 700 µl of buffer
RW1 (as per the instructions given in the RNeasy Mini Handbook,
Qiagen, USA) was added. The tube was centrifuged at 8,000 rpm for
15 seconds, the flow through was discarded and 500 µl of buffer RPE
(containing ethanol for wash) was added. The tube was centrifuged at
8,000 rpm for 15 seconds. This step was repeated to wash out all the
impurities. A final centrifugation at 10,000 rpm for 1 minute ensured
that the silica matrix was dry and no carry over of Buffer RPE took
place. The tube was transferred to a clean 1.5 ml tube and 50 µl of
nuclease free water was added into the tube. The tube was
centrifuged at 8,000 rpm for a minute to collect the dissolved RNA
and stored at -700C till further use.

2.3. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Primers designed on the basis of the published sequence of Rv2430c
were used for the RT-PCR reaction. Promega Access RT-PCR kit was
used for the amplification of RNA. A 50 µl reaction contained ~100 ng
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of RNA, 1 µM each of the oligonucleotide primers specific to the
corresponding gene, 0.2 mM each of the dNTPs, 1X of the provided
reaction buffer, 1mM of MgSO4 and 0.1 U/µl each of AMV Reverse
Transcriptase and Tfl DNA Polymerase. For the first strand synthesis
the tube was incubated at 480C for 45 minutes followed by
incubation at 960C for 2 minutes to inactivate the reverse
transcriptase. The second strand synthesis and PCR was performed
using the following conditions; 25 cycles of 940C-1 minute, 480C-1
minute, and 680C-2 minute. One final hold at 680C for 10 minutes
ensured the synthesis of complete length amplicons. In the control
series two reactions were set up. One had no reverse transcriptase to
check for DNA contamination. The second had no template to check
for aerosol contamination. The other reaction conditions were
identical to sample RT-PCR conditions. All other routine precautions
of handling RNA and setting up of PCR were observed to limit
chances of contamination. The PCR products were resolved by
electrophoresis on 2% agarose gel.

2.4. Genomic DNA Extraction from H37Rv
Conventional Protocol
The M.tuberculosis cells (107cells) were scraped from LowensteinJensen agar slants and suspended in 1 ml of TE (10 mM TrisCl, 1
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mM EDTA pH 8.0). The cells were killed by three cycles of boiling at
100°C followed by freezing at -70°C. The cells were pelleted by
centrifugation at 12,000 rpm for 10 minutes. The pellet was
resuspended in 500 µl of fresh TE. Dead cells were lysed by
incubation at 37°C with 100 µg/ml lysozyme for 30 minutes. The
cells were vortexed for one minute and 2% Sodium dodecyl sulphate
(SDS) and 15 µg/ml Proteinase K were added and the tubes were
incubated at 65°C for 2 hour. The proteins, carbohydrates and other
contaminants were selectively precipitated out with 10% Cetyl
trimethyl ammonium bromide (CTAB) and 0.7M NaCl. After addition
of CTAB-NaCl the tubes were incubated at 65°C for 15 minutes. The
tubes were then cooled on ice for 10 minutes. This was followed by
centrifugation at 10,000 rpm for 10 minutes. The supernatant was
collected in a fresh tube and equal amount of phenol chloroform
isoamyl alcohol (25:24:1) was added. The centrifugation step was
repeated and the aqueous phase was collected in a fresh tube. To
precipitate the DNA, 0.7 volumes of isopropanol was added and
mixed by inverting the tubes a couple of times. The tubes were kept
at 4°C for 2 hours. The DNA was pelleted by centrifugation at 10,000
rpm for 10 minutes. The supernatant was discarded and the DNA
pellet was washed with 70% ethanol to remove salt. The DNA was
finally resuspended in TE (10 mM TrisCl, I mM EDTA pH 8.0).

29

Materials and Methods

2.5. Polymerase Chain Reaction (PCR) amplification of Rv2430c

The Rv2430c gene was PCR amplified from the genomic DNA of H37Rv
using upstream (5’ –GGATCCATGCATTTCGAAGCGTAC- 3’) and
downstream (5’ –AAGCTTCTAAGTGTCTGTACGCGATGA- 3’) primers.
BamHI and HindIII sites were incorporated in the 5' and 3' of the
primers

respectively,

to

facilitate

directional

cloning.

For

amplification, the Taq DNA polymerase (Promega, USA) was used.
The PCR was set up in a 50 µl volume containing 100 ng of template
(genomic DNA from the isolate), 1X Reaction buffer, 0.2 mM each of
dNTPs, 1 unit of Taq DNA polymerase, 1.5 mM MgCl2, 100 ng each of
the primers and distilled water to make up the volume. The template
was added to initiate the reaction and the tubes transferred to the
GeneAmp PCR system 9700 thermal cycler (Applied Biosystems,
USA). The amplification reaction was carried out as per the following
conditions:
Denaturation 94°C - 2 min.
Annealing

48°C - 90 sec.

Extension

72°C - 2 min.

These conditions were repeated for 30 cycles and the resulting PCR
product (amplicon) was subsequently used for cloning purposes.
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2.6. DNA Purification

Once the amplicon was checked on the agarose gel, it was purified
either by Qiagen's Qiaquick PCR purification kit or Qiaquick gel
extraction kit. The former was used in cases where there was no
non-specific amplification. In cases where there were more than one
bands the gel extraction protocol was applied. These kits employ the
technique of binding DNA to a silica matrix in the presence of high
salt buffers. While the DNA stays bound to the matrix, the impurities
are washed out by 70% ethanol. This DNA can then be eluted by TE
or water. The DNA so obtained is of high quality with the O.D.
A260/A280 in the range of 2.0.

2.7. PCR purification

The PCR product was diluted in 5 volumes of Buffer PB. The spin
column was placed in a 2 ml collection tube and the diluted mix
added to the column. The Buffer PB provides the high salt conditions
for DNA binding to the silica matrix in the column. The spin column
was centrifuged at 8,000 rpm for a minute. The flow through was
discarded and the column was put back in the collection tube. The
bound DNA was given two washes with 0.5 ml Buffer PE (ethanol
containing buffer). To completely dry the tube to make it free of any
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solutions a final spin for 2 minutes was given and the spin column
was transferred to a fresh 1.5 ml tube. The DNA was eluted by
adding 50 µl of distilled water to the column and the tube centrifuged
at 8000 rpm for a minute. The DNA was checked for quantity and
quality by running an aliquot (5 µl) on a 2% agarose gel. The tube
was stored at -200C till further use. It was important to dissolve the
DNA in water and not in TE as the EDTA in the buffer inhibits the
PCR sequencing step. All the samples that needed to be sequenced
were dissolved in distilled water.

2.8. Gel Extraction

For gel extraction the remaining (usually 40 µl) sample was loaded on
2% agarose gel and electrophoresed in 1X TAE buffer. The DNA was
resolved and the specific band (based on the amplicon's molecular
weight) was excised. DNA was extracted from the gel slices using the
QIAquick Gel Extraction kit (Qiagen, USA). The gel slice was weighed
and 3 volumes of Buffer QG (for solubilizing the gel piece and for
providing the right condition for DNA binding to the silica matrix in
the spin column) were added to it. The tube was incubated at 550C
for 15 minutes with gentle agitation. 1 volume of isopropanol was
added to the mix and vortexed. This was then transferred to the spin
column placed in a 2 ml collection tube. To bind the DNA the column
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was given a brief spin at 8,000 rpm for a minute. The flow through
was discarded and 0.5 ml of Buffer PE (ethanol containing buffer)
was added to the column. The column was placed in the collection
tube and centrifuged as above. This wash step was repeated once
more to remove unwanted primers, salts, enzymes, unincorporated
nucleotides etc. The spin column was then given a dry run that is
without any buffers. This ensured that the column was free of any
solutions and the resin within the column was completely dry. The
spin column was transferred to a fresh 1.5 ml tube and 50 µl of
distilled water was added. The tube was spun at 8,000 rpm for a
minute to elute the DNA. The tube was transferred to -200C after an
aliquot (5 µl) of the eluate was electrophoresed on an agarose gel to
confirm quantity and quality of DNA.

2.9. Cloning of the PPE gene Rv2430c
The purified fragment was ligated into the pGEMT-easy vector
(Promega Inc., USA) and the ligation mixture was then transformed
into

competent

DH5α

cells

using

standard

protocols.

The

transformed cells were plated on LB agar with 100 µg/ml ampicillin
and the resulting colonies were screened for the insert. The insert
was then sequenced from the vector using T7 promoter primer.
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2.10. Automated DNA Sequencing

Sanger's Dideoxy method was used for sequencing the DNA samples.
The technique depends on the requirement of the growing chain of
single strand DNA for a 3' hydroxyl group to form a phosphodiester
bridge with the incoming nucleotide. DNA polymerases are capable of
incorporating analogues of nucleotide bases. So instead of a 2', 3'
deoxynucleotide (dNTP) 2', 3' dideoxynucleotide (ddNTP) is added
which does not have the hydroxyl group needed to form the
phosphodiester bond with the incoming nucleotide. This leads to
chain

termination

at

this

point.

In

automated

fluorescent

sequencing, fluorescent dye labels are incorporated into DNA
extension

product

using

3'-dye

labeled

dideoxy

nucleotide

triphosphates (ddNTP). Each of the four different ddNTP (A, G, C, T)
is labeled with a different dye that emits fluorescence at different
wavelength. So the ddNTP that terminates the chain can be
determined by the colour it emits. This varying positional colour-code
is read on the automated sequencer and the DNA sequence obtained.
Cycle sequencing is a simple method in which successive rounds of
denaturation, annealing, and extension in a thermal cycler result in
linear amplification of the extension products. The advantages of the
technique are- the sequencing reaction can be done in a single tube,
there is requirement of less DNA template and more samples can be
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sequenced per gel (instead of four well per sample in radiolabeled
DNA sequencing, here one sample is loaded in one well of the gel).
The sequence lengths of 600 bases can be read with an accuracy of
95%. Both strands were sequenced to ensure the accuracy of
sequencing.

2.11. Cycle Sequencing Reaction

For each sample two sequencing reactions, using forward or reverse
primer were set up. The sequencing primers were identical to the
ones used in PCR amplification of the different loci. PCR sequencing
was carried out using the BigDye terminator kit (ABI Prism, USA)
according to the manufacturer's instructions. Each sequencing
reaction of 20 µl volume consisted of 50 ng template, 5 pmoles
primer, 8 µl sequencing mix (AmpliTaq DNA polymerase, FS, with
thermally stable pyrophosphate, the 4 dNTPs, MgCl2, Tris-HCl buffer
pH 9.0, 4 ddNTPs labeled with 4 different dyes) and distilled water to
20 µl. The cycling parameters were as follows; 30 cycles of 960C for
30 seconds; 450C-600C for 30 seconds (depending on the Tm of
primer used); 600C for 3 minutes. The labeled extension product was
purified to remove unincorporated labeled ddNTPs. This was done by
adding 0.1 volumes of 3 M sodium acetate pH 4.5 and 2.5 volumes of
absolute ethanol. The solutions were mixed by vortexing and the
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tube was left at room temperature for 10 minutes. The tube was
centrifuged at 10,000 rpm for 10 minutes to pellet the DNA. The
soup was discarded and the pellet was washed twice with 70%
ethanol. After the final wash the tubes were air-dried. The pellet was
dissolved in 5 µl of loading dye (90% Formamide, containing 0.1%
blue dextran) and heated at 950C for 3 minutes to denature the DNA.
The tube was kept on ice till loading and the left over was stored at200C.

1.5-2.0

µl

of

the

sample

was

loaded

onto

the

5%

polyacrylamide gel (19:1 acrylamide-bis acrylamide, 1X TBE buffer)
and electrophoresed at 3000 Volts for 3 hours in 1X TBE buffer (89
mM Tris base, 89 mM boric acid, 2 mM EDTA, pH 8.3). Sequencing
of the amplicons was carried out using the ABI Prism Automated
DNA Sequencer 377 sequencer (ABI Prism, USA). The automated
sequencer was set to collect data with filter set E as recommended by
the manufacturer. The software package Sequencing Analysis 3.3TM
was used for analyzing the gel information. Sequences generated by
the program were compared with their respective wild type sequences
using MegAlign software (Lasergene, DNASTAR, Inc USA).

2.12. Subcloning of Rv2430c in PQE30 expression vector

After confirmation of the sequence the insert was extracted from the
pGEMT-easy vector by digestion with BamHI and HindIII enzymes
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and then subcloned into the pQE30 expression vector (Qiagen Inc.,
USA), downstream of a 6X histidine sequence tag, at the BamHI and
HindIII sites to generate the plasmid construct called PQERv2430c.
The ligation mix contained 100ng each of the vector and the insert,
1U DNA ligase, 1X reaction buffer and the volume was made up with
water. The reaction was allowed to proceed at 14°C for 12 hours and
the ligation mix was transformed in DH5α cells using the standard
protocols. The resulting construct PQERv2430c was purified and was
finally transformed into M15pREP4 strain of E.coli for expression of
the recombinant protein.

2.13. Expression and purification of the recombinant protein
coded by Rv2430c

A single colony of M15pREP4 cell line harbouring the construct was
inoculated in 5 ml of LB broth with the appropriate antibiotics, as
mentioned above, and grown overnight at 37°C with constant
agitation. 100 µl of this overnight culture was inoculated into 5 ml of
LB broth with the appropriate antibiotics and grown till a cell density
corresponding to an absorbance value of 0.6 (A590= 0.6) was achieved.
The culture was then induced with 1 mM IPTG. A separate aliquot of
uninduced culture was kept as a control. Cells were harvested 3
hours post induction, suspended in 1X SDS sample buffer and
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denatured by heating at 100°C for 10 min. The samples were
resolved in a 12% SDS polyacrylamide gel, confirming that the
expected 23 kDa protein was expressed.

The recombinant protein was then purified to homogeneity using the
QIAExpressionist kit (Qiagen, Inc., USA). Cells harvested from 10 ml
of induced culture were resuspended in lysis buffer containing 100
mM NaH2PO4, 10 mM Tris.Cl and 8M urea (pH 8.0). The lysate was
loaded onto a Ni-NTA column pre-equilibriated with the lysis buffer.
The column was washed with wash buffer containing 100 mM
NaH2PO4, 10 mM Tris.Cl and 8 M urea (pH 6.3). Finally, the protein
was eluted with elution buffer containing 100 mM NaH2PO4, 10 mM
Tris.Cl and 8 M urea (pH 4.5), and resolved by electrophoresis in a
12% SDS polyacrylamide gel. A single 23 kDa protein band was
observed upon staining with Coomassie Brilliant Blue dye, indicating
the purified protein. The protein was then dialyzed against 1 X PBS,
pH 7.5 using a 10 kDa cut-off dialysis membrane and the dialyzed
protein was quantified using the PIERCE Micro BCA Protein Assay
Reagent Kit, according to the manufacturer's instructions.

2.14. Human Study Population
Serum samples were obtained from 101 TB patients who reported to
the outpatient department of Mahavir Hospital and Research Centre,
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Hyderabad. These 101 patients belonged to four well classified
categories of patients. Category 1 (n=32) comprised patients who had
contracted TB for the first time and had no history of TB treatment.
Category 2 (n=30) comprised patients with relapsed TB, i.e., who
were treated earlier for TB but the symptoms resurfaced after the
completion of treatment. Category 3 (n=32) comprised patients with
extrapulmonary TB in which case the disease was confirmed by
tissue biopsy and category 4 (n=9) were patients with MDR TB. In the
case of category 1 and category 2 patients, diagnosis was confirmed
by the examination of the sputum (acid-fast bacilli smear positive).
10 clinically healthy donors, which were M.bovis BCG vaccinated,
were included in the study. 15 non TB patients, i.e patients which
harbored any pathogen but were culture negative for Mycobacterium
tuberculosis were also included in the study. The study was carried
out after approval from the Institute Bioethics Committee.

2.15. Serological characterization of the recombinant protein

Serological characterization of the recombinant protein was carried
out using ELISA (Enzyme linked immunosorbent assay). ELISAs were
performed in 96-well microtitre plates (Corning, Costar) coated with
the recombinant Rv2430c protein. After overnight incubation at 4°C,
the plates were washed three times with phosphate-buffered saline
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(PBS) buffer and blocked with 200µl of blocking buffer (PBS
containing 1% bovine serum albumin) for 1h at 37°C. The plates
were then washed with PBS-Tween wash buffer (0.05% Tween 20 in
1X PBS, pH 8.0) and incubated for 1h at 37°C with human sera
(1:200 dilution in blocking buffer). The plates were washed with PBSTween

and

further

incubated

with

either

anti-human

immunoglobulin G (IgG)- horseradish peroxidase (HRP) or antihuman IgM-HRP (Sigma). HRP activity was detected using a
chromogenic

substance,

o-phenylenediamine

tetrahydrochloride

(Sigma) in citrate-phosphate buffer (pH 5.4) and 1µ of H2O2/ml. The
reactions were terminated using 1 N H2SO4 and the absorbance
values were measured at 492nm in an ELISA reader (Bio-Rad, USA).

2.16.

Localization

of

Rv2430c

using

an

in-vitro

coupled

transcription and translation system

Localization

of

Rv2430c

was

checked

by

using

a

coupled

transcription-translation system. The ORF Rv2430c was cloned in
pET23a expression vector under the control of T7 promoter to
generate a construct pET23aRv2430c. The coupled transcription and
translation reaction was carried out using the TNT Coupled
Reticulocyte Lysate Systems as per the suppliers instructions
(Promega, USA). Briefly, 1µg of the plasmid (pET23aRv2430c), 0.5µl of
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amino acid mix, 1µl of RNAsin, 1µl of

35

S Methionine, 0.5µl of T7 RNA

polymerase, 13µl of Rabbit Reticulocyte Lysate, 1µl of reaction buffer
and 6µl of water was incubated at 30°C for 90 minutes. A separate
reaction with the above reaction mix plus Canine Pancreatic
Microsomal membrane was also set up. Both the reaction products
were treated with Trypsin and analysed on SDS-PAGE.

2.17. Statistical analysis
Student’s t-test was used for analysis of statistical significance (pvalue). Graphpad Quickcalcs (Online t-test calculator) was used for
this purpose. http://www.graphpad.com/quickcalcs/ttest1.cfm.

2.18. Secondary structure prediction of Rv2430c

In silico analysis of the Rv2430c was carried out using the Protein
analysis software (Protean 4.0, Lasergene Navigator, DNASTAR Inc.,
Madison,

WI).

Predict

(http://cubic.bioc.columbia.edu/predictprotein/)

protein
and

PSIPRED

(http://bioinf.cs.ucl.ac.uk/psiform.html) both of which were web
based.
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2.19. On-column refolding of recombinant Rv2430c

A 100ml culture of M15pREP4 strain carrying the recombinant
plasmid PQERv2430c was grown till log phase and induced with
1mM IPTG. Cells were harvested 3 hours post induction and
suspended in Buffer A (25mM Tris-Cl, pH 8.0 containing 8M urea
and 0.9% NaCl) and incubated on an end-to-end shaker for 30
minutes at room temperature for lysis. The lysate was centrifuged at
13000 rpm for 30 minutes and the supernatant was then incubated
with pre-equilibriated Ni-NTA slurry (Qiagen Inc., USA) for 15-20
minutes with gentle agitation to maximize the binding of the
recombinant protein. The protein bound to slurry was then packed
into a column. The bound protein was then subjected to on-column
refolding by using a 250 ml gradient of buffer A and Buffer B (25mM
Tris, pH 8.0, 5mM imidazole, 1mM glutathione and 0.1M L-Arginine
hydrochloride)

at

a

flow

rate

of

1ml/min

using

Acta-Prime

chromatographic unit (Pharmacia Biotech). At the end of the
gradient, the column was further washed with 50 ml of buffer B and
then eluted with 25mM Tris, pH 8.0 containing 500 mM imidazole.
The homogeneity of the eluted protein was confirmed by 12% SDSPAGE and the purified protein was dialyzed extensively at 4°C
against 25mM Tris HCl pH 8.0 containing 0.9% NaCl. Protein was
quantified by Pierce Micro BCA Protein Assay Reagent kit (Pierce,
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USA) and was subsequently used for spectroscopic analyses. The
dialyzed protein was further centrifuged at 13000 rpm for 15
minutes to check for the presence of any visible aggregation.

2.20. Circular Dichroism (CD) Spectroscopy
CD measurements were carried out on a spectropolarometer (JASCO715, JAPAN) using a 0.02-cm cell at 0.2-nm intervals and a twonanometer bandwidth. Spectra were signal averaged by adding
atleast 4 accumulations. The base line was corrected by subtracting
the spectra of respective buffer blank obtained under identical
conditions. Percentage of secondary structure was calculated using
the

web

based

programme

K2D

(http://www.embl-

heidelberg.de/~andrade/k2d/).

2.21. Fluorescence spectroscopy

Purified recombinant Rv2430c protein was incubated in the presence
or absence of 8M urea for 2h at room temperature and the
fluorescence emission spectra (300-400nm) were recorded by exciting
the protein at 280nm using Perkin-Elmer LS-3B spectrofluorimeter.
The slit width was 10nm and the scan speed was 50nm/sec.
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3.1 : In silico analyses
3.1.1. In silico and web based analyses of the PPE family ORFs:
The members of PE and PPE family have a conserved N-terminal
domain of 110 and 180 amino acid residues respectively as evident
from Fig. 1. The 69 members of the PPE family (Cole et al, 1998)
display significant sequence and length variation in their C-terminal
region. These 69 members of the PPE protein family have a
conserved N-terminal domain that comprises ~180 amino acids
followed by C-terminal segments that vary markedly in sequence and
length. Based on our pattern search analysis of the Tuberculist
database (http://genolist.pasteur.fr/TubercuList/) these proteins
were categorised into three groups. Subgroup 1, represented by 20
members, constitutes the MPTR class characterized by the presence
of multiple, tandem copies of the motif Asn-X-Gly-X-Gly-Asn-X-Gly.
The second subgroup, comprising of 21 members, contains a
characteristic well conserved motif Gly-X-X-Ser-Val-Pro-X-X-Trp
around position 350, and the third subgroup proteins, with 28
members, are unrelated except for the presence of the common PPE
domain (Table 1). ORFs belonging to the third subgroup with coding
capacity equal to or less than 200 amino acids were shortlisted.
ORFs Rv2430c and Rv3425 displayed major antigenic stretches with
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Fig. 1 Schematic representation of the PE and the PPE families of
Mycobacterium tuberculosis indicating the variation in sequence and length
in the C-terminal region.
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Table 1. Classification of the members of the PPE family based on the
pattern

search

analysis

of

the

Tuberculist

database

(http://genolist.pasteur.fr/TubercuList/).
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peak values > 3.0 (Fig. 2). This shortlist was further narrowed down
based on two very important criteria – namely, antigenic profile and
the association of the ORF with pathological conditions as evident
from DNA Microarray expression data (Rodriguez et al, 2002).
Comparative analysis of the PPE members, belonging to the third
subgroup, less than 200 amino acids revealed that Rv2430c has a
high

antigenic

index.

Furthermore,

DNA

Microarray

results

demonstrated that Rv2430c was one of the genes induced in IdeR
mutant of Mycobacterium tuberculosis, suggesting its possible role in
pathogenesis. Rv2430c was accordingly shortlisted for the present
study and was evaluated for its role as an antigen in a clinical
setting.

3.1.2. In silico analysis predicts a high content of alpha helices
within PPE ORF Rv2430c: In silico and web based analysis of the
PPE family comprising of all three groups was carried out (Table 2). It
appears that while most of them have an irregular or a random coil
structure, the remaining ones display α helical structure. Given the
fact that microarray data indeed pointed to the likely importance of a
few members of this family under stress conditions, their function
however remains largely unknown. Detailed computational analyses
of

Rv2430c

predicted

regions

of

high

antigenic

index

with

corresponding hydrophilicity and surface probability.
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3.4

3.4

3.0

Rv2430c

Rv3135
3.1

3.0

3.4

3.4

Rv3425
3.1

3.0

Rv3429
3.43.1

Rv0354c
3.4

Rv0388c

Rv3022c

Rv3739c

Fig. 2. In silico analysis of the selected PPE ORFs belonging to the third sub
group. The analysis reveals a variable antigenic index. Relative peak
heights are shown to the left. The scale at the bottom depicts the length of
the ORFs in amino acids.
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Fig. 3. In silico analysis of Rv2430c employing Protean 4.0, DNASTAR
reveals a very high content of α helical structure in Rv2430c. The GarnierRobson and Chou-Fasman methods of secondary structure prediction
revealed similar results.
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Fig. 4. Secondary structure analysis of Rv2430c using the web based server
PSIPRED showed a predominant α helical composition with a high
prediction score.
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Table 2 : Results of in silico and web based analysis of the PPE ORFs
belonging to all the three groups.
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a

Microarray

data

were

obtained

from

Tuberculist

(http://genolist.pasteur.fr/TubercuList/). bIn silico analysis was carried out
using the Protein analysis software, PROTEAN, DNASTAR. (R indicates
irregular or random structure).
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Secondary structure prediction employing Protean 4.0 reveals a very
high content of α helical structure in Rv2430c. This is evident from
both the Garnier-Robson and Chou-Fasman methods of secondary
structure prediction (Fig. 3). Web based analysis of Rv2430c using
PSIPRED similarly revealed a predominant α helical composition with
a high prediction score (Fig. 4). Similar results were obtained with
Predict protein (76% α helix, data not shown).

3.2: Expression of PPE Rv2430c

3.2.1. The PPE ORF Rv2430c is transcribed in liquid cultures of
Mycobacterium tuberculosis : Rv2430c was listed as a hypothetical
protein (Cole et al, 1998) and therefore it was important to check
whether this hypothetical Rv2430c indeed represented a functional
gene. To address this primary question, mRNA extracted from in vitro
cultured Mycobacterium tuberculosis H37Rv cells was used as a
template for reverse transcription followed by PCR. The RT-PCR
reaction product was fractionated by electrophoresis on a 1% agarose
gel. A 597 bp band was observed upon staining with ethidium
bromide indicating the expression of this ORF at the mRNA level in
the liquid cultures of Mycobacterium tuberculosis (Fig. 5).
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M 1

600bp

597bp

Fig. 5. The hypothetical PPE ORF Rv2430c is transcribed in liquid cultures
of Mycobacterium tuberculosis. RNA extracted from

the virulent H37Rv

laboratory strain of Mycobacterium tuberculosis was used in an RT-PCR
reaction. A 597 bp RT-PCR product was observed after electrophoresis in a
1% agarose gel (lane 1). Lane M depicts the 100 bp DNA molecular size
marker run alongside. Arrowhead indicates the position of the 597bp PCR
product.
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3.2.2. Expression of the recombinant PPE protein Rv2430c: The
PPE ORF Rv2430c was cloned in PQE30 expression vector and the
expression of the recombinant protein was induced by 1mM IPTG.
High level expression of 6x His-tagged proteins in E.coli using PQE
vectors is based on the T5 promoter transcription-translation
system. PQE plasmids belong to the pDS family of plasmids (Bujard
et al, 1987) and were derived from plasmids pDS56/RBS11 and
pDS781/RBS11- DHFRS (Stüber et al, 1990). These low copy
plasmids have an optimized promoter-operator element consisting of
phage T5 promoter (recognized by the E.coli RNA polymerase) and
two lac operator sequences, which increase lac repressor binding and
ensure efficient repression of the powerful T5 promoter, synthetic
ribosomal binding site, RBS11, for high translation rates, 6x
Histidine-tag coding sequence either 5' or 3' to the cloning region,
multiple cloning site and translational stop codons in all reading
frames for convenient preparation of expression constructs. Two
strong transcription terminators : to from phage lambda, and t1 from
the rrnB operon of E.coli, are present to prevent read through
transcription and ensure stability of the expression construct,
alongwith β-lactamase gene confering resistance to ampicillin and
ColE1 origin of replication.
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E.coli host strain containing both the expression and the repressor
plasmid was used for the production of recombinant Rv2430c
protein. For this E.coli strain M15[pREP4] which permits high level
expression and is easy to handle was used. M15 strain is derived
from E.coli K12 and has the phenotype Nals, Strs, Rifs, Thi-, Lac-, Ara+,
Gal+, Mtl-, F-, RecA+, Uvr+, Lon+. The expression of Rv2430c protein
was achieved by inducing E.coli M15, transformed with the
recombinant plasmid, by the addition of 1mM IPTG.

3.2.3. Purification of the recombinant PPE protein Rv2430c :
Recombinant Rv2430c protein, folded on-column, does not
aggregate upon dialysis

Overexpression of the PPE protein in the M15 strain of E.coli led to
its localization in the inclusion bodies. Hence the protein was
extracted under denaturing conditions using 8M urea. Immobilized
metal

affinity

chromatography

was

employed

to

purify

the

recombinant protein from E.coli. The 6x Histidine affinity tag
facilitated the binding of the recombinant protein to Ni-NTA
(Nitrilotriacetic acid). Nitrilotriacetic acid is a tetradentate chelating
adsorbent that occupies four of the six ligand binding sites in the
coordination sphere of the Nickel ion, leaving two sites free to
interact with the 6x Histidine tag.
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The on-column refolding strategy has been earlier used to facilitate
minimal protein aggregation and precipitation. Chemical chaperones
such as L-arginine together with glutathione provide reducing
equivalents during folding. This strategy resulted in about 2mg pure
protein per 100 ml culture. Fractions eluted from the purification
column were analysed on 12% SDS-PAGE (Fig. 6) which confirmed
the homogeneity (>95%) of the recombinant protein. No visible
precipitation of the protein was observed upon extensive dialysis and
high speed centrifugation (13000 rpm, 15 minutes) pointing to the
stable conformation of the refolded protein.

3.3 : Biophysical characterization of the on column
folded PPE protein

3.3.1. Rv2430c displays a significant α helical composition : The
secondary

structure

of

the

on-column

refolded

protein

was

characterized by Circular Dichroism (CD) spectroscopy. The observed
CD spectrum was characteristic of a helical protein (Fig. 7). Data
obtained from the CD spectra recorded in 200 – 250 nm range were
used to calculate the secondary structure composition of the protein
using the web based programme K2D. The recombinant protein
displays 81% α helical content and 19% random coil structure (InsetFig. 7).
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1
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43
29
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14.3

Fig. 6. Expression and purification of the recombinant PPE protein. The
recombinant protein was expressed in E.coli M15pREP4 strain and was
purified to homogeneity using the NiNTA protein purification kit. The gel
was stained by Coomassie Brilliant blue. Lane 1 is the protein molecular
size marker, Lane 2 is the purified protein. Arrowhead indicates the
position of the 23kDa protein.

60

Results

Fig. 7. Rv2430c has alpha helical structure as revealed from far-UV CD
spectra analyses. Far-UV CD spectrum was recorded in 25mM Tris-Cl, pH
8.0 with 0.9% NaCl in the range of 190 to 250nm. Cell of path length
0.02cm was used for recording the Far-UV spectra. Ellipticity was
represented in millidegrees. The spectrum obtained is characteristic of
alpha helical protein. Figure in Inset shows the percentage composition of
different secondary structures in Rv2430c. Data obtained from the CD
spectra were calculated to get the percentage composition of secondary
structure. Rv2430c shows a very high content (81%) of alpha helical
structure.
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While these data confirm the proper folding of the purified protein,
they are also in agreement with the in silico predictions that Rv2430c
is a predominantly α helical protein.

3.3.2. The flourescence spectra of the folded protein differ
significantly from the unfolded protein : In order to assess the
local environment of the aromatic residues, the folded protein was
subjected to urea denaturation followed by fluorescence emission
spectroscopy. The refolded PPE protein displayed the emission
maximum at 340nm suggesting that the aromatic amino acid
residues are buried in the protein, indicative of a folded protein. A
significant red-shift in the absorption maxima and increased
emission intensity was observed from 340 nm to 350 nm upon
denaturation of protein with 8M urea (Fig. 8). These data suggest
that in the native conformation of the protein, aromatic residues are
present in a hydrophobic environment, which become exposed upon
protein denaturation.
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Fig. 8. The aromatic residues in Rv2430c are present in a hydrophobic
region. Purified PPE protein was incubated in the presence and absence of
8M urea for 2hr at room temperature and the fluorescence emission
spectra were recorded by exciting the protein at 280nm and recording the
emission spectra in the range of 300nm-400nm. Pink line represents the
unfolded protein whereas the blue line denotes the folded protein. A
significant red shift in absorption was observed.
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3.4

:

Immunological

characterization

of

the

recombinant PPE protein Rv2430c
3.4.1. A strong B-cell response is elicited against Rv2430c in
patients infected with TB: Having shown that the ORF encoded by
the PPE family of Mycobacterium tuberculosis was expressed at the
mRNA level, experiments were designed to evaluate the expression of
this protein in patients infected with TB. This was achieved by
assaying the immune response of TB patients to recombinant
Rv2430c. For this the recombinant Rv2430c protein was used to
screen TB patient sera by enzyme linked immunosorbant assay
(ELISA) using anti-human IgG-HRP and anti-human IgM-HRP as
conjugates. The humoral immune responses directed against the
recombinant

protein

were

compared

between

patients

with

tuberculosis and healthy controls. The data (Fig. 9) reveal that sera
of all the infected patients mounted a significantly higher antibody
responses against Rv2430c as compared to that of the healthy
controls (p<0.0001). Since negligible antibody responses were
obtained in the healthy control group, it is likely that this protein is
expressed during the course of Mycobacterium tuberculosis infection
and may be associated with disease manifestation and progression.

3.4.2. Immunodominant nature of Rv2430c: Having shown that
the PPE protein is expressed during infection, it was of imminent
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Fig. 9. The recombinant Rv2430c PPE protein elicits strong antibody
response in M.tuberculosis infected patients as opposed to healthy controls.
ELISA reactivity of IgG anti-Rv2430c antibodies were assayed in sera of
either M.tuberculosis infected patients or healthy controls. The healthy
controls were M.bovis BCG vaccinated whereas the infected subjects
comprised patients from all three groups.
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1

0

PPE

HSP10

Category 1
(Fresh Infection)

Fig. 10A. The antibody response to Rv2430c is significantly higher than
that elicited by Hsp10 in patients with fresh infection with M.tuberculosis.
Reactivity to both recombinant Rv2430c and Hsp10 of M.tuberculosis in
Category 1 patients was estimated by ELISA.
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interest to compare the reactivity of Rv2430c protein in the four
classified categories of patients, namely : 1) patients with fresh
infection, 2) patients with relapsed tuberculosis, 3) extrapulmonary
cases, and 4) Multi Drug resistant TB patients. Hence, recombinant
PPE protein was used to screen sera obtained from all the four
patient categories. In order to ascertain the immunodominant nature
of Rv2430c, Hsp10, a well documented immunodominant antigen of
Mycobacterium

tuberculosis,

was

selected

and

the

serological

reactivities of both the antigens to the sera obtained from all the four
clinical categories were compared. Results presented earlier (Fig. 9)
showed that Rv2430c elicits a strong immune response in the sera
obtained from a pool of TB infected patients. The antibody response
to Rv2430c and Hsp10 was comparable in relapsed tuberculosis (Fig,
10B), extrapulmonary cases (Fig.10C) and Multi Drug Resistant TB
patients (Fig. 10D). However in the case of fresh infection cases (Fig.
10A), the immune response to Rv2430c was significant as compared
to Hsp10 (P<0.003). These results (Fig. 10A, B, C, D) convincingly
demonstrate the immunodominant nature of Rv2430c.

3.4.3 Serological sensitivity of Rv2430c: In order to compare the
serological sensitivity of Rv2430c over Hsp10, data obtained from the
screening of categories 1, 2 and 3 were recalculated as percentage of
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1.2
C
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0.0
PPE

HSP10

Category 2
(Relapsed)
Fig. 10B and 10C.

PPE

HSP10

Category 3
(Extra pulmonary)

Rv2430c and Hsp10 mount more or less similar

immune response in patients with relapsed and extrapulmonary TB.
Reactivity to both recombinant Rv2430c and Hsp10 of M.tuberculosis in
Categories 2 and 3 was estimated by ELISA.
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Fig. 10D. Patients belonging to the MDR category TB also displayed similar
antibody responses to both the antigens.
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Fig. 11. A higher percentage of individuals belonging to Category 1, but not
Category 2 and Category 3, show stronger reactivity to Rv2430c than for
Hsp10. Immunological response to PPE Rv2430c and Hsp10 as a function
of % of individuals was calculated. Results described in Figs. 8A, B and C
were recalculated as percentage individuals showing absorbance value
above 0.65 at 492 nm.
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Fig. 12. A higher percentage of individuals show anti-IgM antibody against
PPE Rv2430c antigen as compared to the Hsp10. Percentage individuals
showing anti-IgM antibody above 0.5 absorbance at 492 nm in Category 1
is presented.
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Fig. 13. Patients belonging to Category 1 show significantly higher antibody
responses to the Rv2430c protein as compared to the PPD antigen. ELISA
reactivity of sera of M. tuberculosis infected patients belonging to category 1
to Rv 2430c and PPD was scored.
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Fig. 14. Patients belonging to Category 3 show more or less identical
antibody responses to both Rv2430c protein and the PPD antigen. ELISA
reactivity of sera of M. tuberculosis infected patients belonging to Category
3 to Rv2430c and PPD was scored.
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individuals showing absorbance above 0.65 at 492 nm. Though the
reactivities to Categories 2, 3, 4 between Rv2430c and Hsp10 were
comparable, a higher percentage of individuals belonging to Category
1 mounted antibody response of IgG type to Rv2430c as compared to
Hsp10 [(62.5 v/s28.12,), (Fig. 11)]. Similar results were obtained
when IgM antibodies were assayed against Rv2430c and Hsp10 in
fresh infection cases (Fig. 12). From these results it is clear that
Rv2430c mounts a stronger antibody response as compared to
Hsp10, to patients in fresh infection cases as compared to relapsed,
extrapulmonary and MDR TB cases.

3.4.4. Rv2430c is more immunodominant than PPD: The Purified
Protein Derivative (PPD) antigen of Mycobacterium tuberculosis has
often been used to diagnose TB. Therefore, the immunodominancy of
Rv2430c vis-a-vis PPD was compared with respect to patients
belonging to Categories 1 and 3. The results demonstrate that
Rv2430c elicits strong and statistically significant immune response
as compare to PPD in the case of fresh infection cases whereas a
comparable

immune

response

was

observed

in

the

case

of

extrapulmonary TB patients (Fig. 13 and 14) .

3.4.5. Recombinant Rv2430c can differentiate between TB and
non TB patients: In order to asses the diagnostic utility of Rv2430c,
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Fig. 15. The response to Rv2430c in sera from both healthy controls and
Non

TB

infected

group

was

statistically

insignificant

(p<0.92).

Immunoreactivity of recombinant Rv2430 was scored against sera obtained
from healthy controls and non TB infected patients.
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the potential of recombinant Rv2430c to specifically distinguish
between TB and non-TB patient sera (those essentially culture
negative

for

Mycobacterium

tuberculosis

but

harboring

other

pathogens) was tested by examining the cross-reactivity of the
recombinant protein with non-TB patient sera and comparing the
reactivity with Mycobacterium bovis vaccinated healthy controls and
infected categories. The non-TB patient sera included patients which
tested negative for tuberculosis by staining and culture based
techniques but harboring infections other than tuberculosis. Fifteen
non-TB patient sera were checked for their immunogenic response
against recombinant Rv2430c using ELISA and the reactivity was
compared with M.bovis BCG vaccinated healthy controls and infected
patients. The reactivity of Rv2430c with non-TB patient sera as seen
by ELISA absorbance values was found to be similar or almost equal
to that of healthy controls [(p<0.92) (Fig. 15)]. Since the non-TB
patients (those harboring other pathogens but not M. tuberculosis)
are also BCG vaccinated, the reactivity of the recombinant protein to
non-TB patient sera mimicked that of BCG vaccinated healthy
controls. However the recombinant Rv2430c showed significant
reactivity with samples obtained from infected subjects. The immune
response against the Rv2430c was statistically significant in the case
of all the three infected categories as compared to the non-TB
patients (p<0.0001 in all the three categories). These results
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demonstrate the presence of negligible levels of anti-Rv2430c
antibodies in the sera of non-TB patients as compared to the infected
patients. Thus, our results illustrate that Rv2430c can distinguish
between infected and non-TB patients and can be used as a
diagnostic marker for TB.

3.4.6. Rv2430c is a cytosolic protein as evident from the
coupled in vitro transcription and translation system: Results
obtained from the serological characterization of Rv2430c using the
sera obtained from infected patients clearly demonstrated the
immunodominant nature of this protein. With a strong B cell
response it is highly probable that Rv2430c is a secretory protein.
Hence we employed a coupled in vitro transcription and translation
system to ascertain the probable nature of Rv2430c with respect to
its localization. In vitro translation of the ORF Rv2430c, using Rabbit
reticulocytes, under the control of the T7 promoter yielded a protein
of expected size, i.e ~23kDa (Fig. 16). Digestion with Trypsin resulted
in the complete degradation of this protein. In vitro translation in the
presence of Canine Pancreatic Microsomal membrane did not result
in the reduction of the size of the protein, pointing to the unlikely
possibility of the protein having a signal peptide. Furthermore,
Trypsin digestion of Rv2430c translated in vitro in the presence of
Canine Pancreatic Microsomes also resulted in complete digestion of
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this protein indicating the absence of transmembrane regions in this
protein as predicted by web based analyses. This therefore,
demonstrates that Rv2430c is a cytosolic protein.
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Fig. 16. Rv2430c appears to be a cytosolic protein. Coupled in vitro
transcription-translation of Rv2430c was carried out to determine the
localization of the recombinant protein. Rv2430c was translated in vitro in
the presence and absence of Canine Pancreatic Microsomal membrane and
the reactions were trypsinized in order to check the presence and absence
of secretory and transmembrane signals. The different lanes are : Lane 1,
Marker; Lane 2, In vitro translated protein; Lane 3, Trypsinized translated
protein; Lane 4, In vitro translation of the protein in the presence of Canine
Pancreatic Microsomal membrane; Lane 5, Trypsinization of the protein
translated in the presence of Canine Pancreatic Microsomal membrane.

79

CHAPTER 4

DISCUSSION

Discussion

DISCUSSION
One third, approximately 1.7 billion people, of the world’s population
is infected with tuberculosis. Tuberculosis is the number one cause
of mortality from infectious agents world-wide, killing an estimated 3
million people each year, more than 10 times the number of deaths
due to AIDS. Global tuberculosis control will unlikely come from
development of new antituberculosis drugs because they will be too
expensive to be used in developing countries. Control of tuberculosis
depends on development of an effective antituberculosis vaccine.
Development of a safer and more effective vaccine has been made
feasible by two recent developments. First, it was found that
immunization of guinea pigs with a crude mixture of proteins
secreted

by

the

tuberculosis

bacterium

protected

against

development of tuberculosis. Second, in June 1998, the genome of
the

tuberculosis

bacterium,

Mycobacterium

tuberculosis,

was

sequenced, and the post genomic era may allow identification of new
genes that may produce proteins that elicit protective immunity
(Ahmed and Hasnain, 2004, Chakhaiyar and Hasnain, 2004). These
advances will make it possible to make a "subunit" protein vaccine,
which will be much safer than a live vaccine. However, it is essential
to first identify the best vaccine candidate proteins, and second, to
develop methods to produce large quantities of these proteins.
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4.1.

The

PE

and

PPE

gene

families

of

Mycobacterium

tuberculosis

Among the most interesting gene families found in the mycobacteria
are the PE and PPE families. Ten percent of the Mycobacterium
tuberculosis genome is devoted to these genes, encoding acidic
glycine-rich proteins. The field is rife with speculation on the
functions of these proteins, including their functions to provide
antigenic variation and interfere with immune responses. The amino
acid composition of these protein families differs radically from that
of the bulk of the proteins of the Mycobacterial genome. Both the PE
and PPE proteins are exceptionally glycine-rich while the PPE
proteins also contain copious amounts of asparagine, an amino acid
that is generally rare in the proteome. Curiously, asparagine is the
preferred nitrogen source for Mycobacterium tuberculosis, and this
raises the possibility that the PPE proteins may also serve as storage
proteins. Prior to completion of the genome sequence, the existence
of these protein families, whose genes occupy 10% of the total coding
sequence, was unknown. It was clear, however, that the genome
contained two dispersed simple sequence repeats referred to as
PGRS

(polymorphic

G+C-rich

sequence)

and

MPTR

(major

polymorphic tandem repeat) and these have since been shown to
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correspond to part of the 3´ ends of the PE and PPE genes (Cole et
al, 1998).

Review of literature reveals substantial information regarding the PE
families of proteins. Banu et al showed 10 of these genes to be
variable surface antigens (Banu et al, 2002). A significant humoral
immune response was observed against recombinant Rv1818, a
member of the PE-PGRS family (Brennan et al, 2001). Differential
expression of PE and PE_PGRS genes in Mycobacterium tuberculosis
strains has also been reported (Flores and Espitia, 2003). Singh et al
showed that Rv3367, a member of the PE-PGRS family is recognized
by pooled sera from TB patients and not from healthy controls,
confirming its in vivo expression during active infection in humans
(Singh et al, 2001). pH dependent expression of Rv0834c, a member
of the PE-PGRS family of Mycobacterium tuberculosis has been
reported (Saviola et al, 2003). However very few reports are available
regarding the PPE family of M.tuberculosis. The primary objective of
this study therefore, was to identify novel immunodominant
antigen(s) within the PPE family of M.tuberculosis.
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4.2. In silico and web based analyses

The 69 members of the PPE protein family have a conserved Nterminal domain that comprises ~180 amino acids followed by Cterminal segments that vary markedly in sequence and length. Based
on our pattern search analysis of the Tuberculist database
(http://genolist.pasteur.fr/TubercuList/)

these

proteins

were

categorised into three groups. Subgroup 1, represented by 20
members, constitutes the MPTR class characterized by the presence
of multiple, tandem copies of the motif Asn-X-Gly-X-Gly-Asn-X-Gly.
The second subgroup, comprising of 21 members, contains a
characteristic well conserved motif Gly-X-X-Ser-Val-Pro-X-X-Trp
around position 350, and the third subgroup proteins, with 28
members, are unrelated except for the presence of the common PPE
domain. Proteins belonging to the third sub group was the focus of
the present study as members of these sub-group display significant
sequence and length variation in their C-terminal region and are
unrelated except for the presence of the common PPE domain.

ORFs belonging to the third subgroup with coding capacity equal to
or less than 200 amino acids were shortlisted. This shortlist was
further narrowed down based on two very important criteria –
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namely, antigenic profile and the association of the ORF with
pathological conditions.

Antigenic

profiles

were

generated

using

the

Protein

Analysis

Software, Protean, DNASTAR. Two ORFs, Rv2430c and Rv3425
displayed major antigenic stretches. Furthermore, DNA Microarray
results demonstrated that Rv2430c was one of the genes induced in
IdeR mutant of M. tuberculosis (Rodriguez et al, 2002), pointing to its
possible role in pathogenesis. Rv2430c was accordingly shortlisted
for the present study and was evaluated for its role as an antigen in
a clinical setting. To confirm whether Rv2430c indeed represented a
functional gene, mRNA extracted from H37Rv, the virulent strain of
Mycobacterium tuberculosis was used in an RT-PCR reaction. The RTPCR reaction was found to be positive indicating the expression of
Rv2430c in liquid cultures of Mycobacterium tuberculosis.

The ORF corresponding to Rv2430c was amplified from the genomic
DNA of H37Rv and cloned in an E.coli expression vector. The
recombinant protein was purified from E.coli under denaturing
conditions and was used for further studies.
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4.3. Biophysical characterization of the PPE ORF Rv2430c

Though there have been several reports about immunodominant
antigens of Mycobacterium tuberculosis, information about the
structure of antigens is very little. Ronning et al have described the
crystal structure of the secreted form of antigen 85C (Ronning et al,
2000). The antigen 85 (ag85) complex, composed of three proteins
(ag85A, B and C), is a major protein component of the Mycobacterium
tuberculosis cell wall. Each protein possesses a mycolyltransferase
activity required for the biogenesis of trehalose dimycolate (cord
factor), a dominant structure necessary for maintaining cell wall
integrity. The crystal structure of recombinant ag85C from M.
tuberculosis, refined to a resolution of 1.5 A, reveals an alpha/betahydrolase polypeptide fold, and a catalytic triad formed by Ser 124,
Glu 228 and His 260. ag85C complexed with a covalent inhibitor
implicates residues Leu 40 and Met 125 as components of the
oxyanion hole. Renshaw et al have determined the secondary
structures

of

ESAT-6

and

CFP-10,

secretory

proteins

of

Mycobacterium tuberculosis, which are potent B cell and T cell
antigens (Renshaw et al, 2002). Using a combination of fluorescence,
circular dichroism, and nuclear magnetic resonance spectroscopy
they have shown that ESAT-6 contains up to 75% helical secondary
structure, but little if any stable tertiary structure, and exists in a
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molten globule-like state. In contrast, CFP-10 was found to form an
unstructured, random coil

polypeptide. An exciting discovery was

that ESAT-6 and CFP-10 form a tight, 1:1 complex, in which both
proteins adopt a fully folded structure, with about two-thirds of the
backbone in a regular helical conformation. This clearly suggests
that ESAT-6 and CFP-10 are active as a complex. Goulding et al have
determined the crystal structure MPT63, a small, major secreted
protein of unknown function from Mycobacterium tuberculosis at 1.5
A resolution that has been shown to have immunogenic properties
and has been implicated in virulence (Goulding et al, 2002). The
structure

of

MPT63

is

an

antiparallel

beta-sandwich

immunoglobulin-like fold, with the unusual feature of the first betastrand of the protein forming a parallel addition to the small
antiparallel beta-sheet. MPT63 has weak structural similarity to
many proteins with immunoglobulin folds, in particular, Homo
sapiens

beta2-adaptin,

bovine

arrestin,

and

Yersinia

pseudotuberculosis invasin. Although the structure of MPT63 gives
no conclusive evidence to its function, structural similarity suggests
that MPT63 could be involved in cell-host interactions to facilitate
endocytosis/phagocytosis. In another study, the purification and
characterization

of

three

immunodominant

antigens

of

Mycobacterium tuberculosis, namely the 38kDa, 30kDa and 16kDa
antigens have been described. The 38-kDa form was purified by
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preparative

isoelectric

focusing,

followed

by

preparative

electrophoresis (Devi et al, 2002). Gel-permeation chromatography
was employed for the isolation of the 16-kDa form, from the cytosol
fraction of M. tuberculosis H37Rv. The purified proteins were
characterized by Circular Dichroism studies. Analysis of the CD data
revealed that the 38kDa and the 16kDa proteins have a beta sheet
like structure.

No information, however, is available regarding the biophysical or
structural features of the PE and PPE family of proteins. Hence, the
present study was also carried out to gain insights into the
structural characteristics of the recombinant PPE protein. Secondary
structure prediction employing Protean 4.0 revealed a very high
content of α- helical structure in Rv2430c. This was evident from
both the Garnier-Robson and Chou-Fasman methods of secondary
structure prediction. Web based analysis of Rv2430c using PSIPRED
and Predict protein also suggested a predominant α helical
composition. To confirm these predictions, the recombinant PPE
protein was extracted under denaturing conditions from E.coli as
expression of the protein led to its localization in the inclusion
bodies. Initial attempts to refold the protein using dialysis resulted in
massive precipitation of the protein. Therefore, an on-column
refolding strategy (Pullakhandham et al, 2004) was used in the
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presence of L-arginine that is known to act as a chemical chaperone
(Srinivas et al, 2003), and glutathione was included to provide
reducing equivalents during folding. The on-column refolded protein
was soluble and was found to be pure by SDS-PAGE analysis. The
purified protein displayed a CD spectra characteristic of α helical
proteins, confirming the in silico predictions of secondary structure.
The possible environment of the aromatic amino acid residues in
refolded protein was also checked. The refolded protein exhibited
emission maximum at 340nm. Interestingly, incubation of protein
with urea resulted in the significant red-shift (340 to 350nm) in the
emission maxima and also an increase in the fluorescence intensity
was observed, indicating that the aromatic amino acid residues are
present in a hydrophobic environment. Thus, there appears to be a
well-formed hydrophobic core in the protein, which becomes exposed
under the influence of 8M urea. In the absence of any functional
assay described for this protein, conformation of the protein analyzed
by CD and fluorescence studies compared with in silico predictions of
protein based on primary structure suggest that the protein is
properly folded.

The current method of refolding can be employed for other members
of the PE/PPE protein family to obtain large quantities of protein for
crystallization purposes. Such on-column refolding strategy has been
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successfully used for a protein which is known to generate oligomers
(Pullakhandham et al, 2004). That such properly folded protein will
likely display differential immunoreactivity to patient sera renders it
possible to evaluate other members of this family for their likely
biological roles.

4.4. Serological characterization of the PPE ORF Rv2430c

Having shown that the ORF Rv2430c was expressed at the mRNA
level in liquid cultures of M.tuberculosis, experiments were designed
to assess its role in eliciting a humoral immune response. The
recombinant

His-tagged

protein

was

used

to

assess

its

immunological potential. Human sera obtained from a total of 101
patients were used in the present study. These patients belonged to
Fresh infection cases (Category 1, n=32), Patients with relapsed
tuberculosis (Category 2, n=30), Extrapulmonary cases (Category 3,
n=30) and Multi Drug Resistant Cases (Category 4, n=9). Also
included were 10 clinically healthy controls which were M.bovis BCG
Vaccinated and sera from 15 non-TB patients (culture negative for
Mycobacterium tuberculosis). Initial screening of the sera revealed
that the recombinant protein coded for by Rv2430c was recognized
by infected patients at a serum dilution of 1:200 where as a poor
reactivity was observed in clinically healthy controls. This result
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confirmed that Rv2430c is expressed in active infection with
M.tuberculosis

and

is

involved

in

disease

manifestation

and

progression.

Having demonstrated that the PPE ORF Rv2430c is associated with
disease manifestation and progression, it was of interest to dissect
the immune response to Rv2430c. For this the recombinant protein
was used to screen the panel of sera obtained from all the four
clinical

groups.

We

used

Hsp10,

a

well

documented

immunodominant antigen of M.tuberculosis (Young and Garbe, 1991)
as a reference to compare the immune response against Rv2430c in
all the four clinical categories. Screening of the sera revealed that
recombinant protein Rv2430c was well recognized by the sera of all
the four clinical categories. However, as compared to Hsp10, patients
belonging to Category 1 mounted a strong immune response to
Rv2430c (P<0.003). The immunoreactivity to Rv2430c in the
remaining three categories, however was comparable to Hsp10 with
values of

P<0.8, P<0.06 and P<0.912 for Categories 2, 3, and 4,

respectively. Serological sensitivity of Rv2430c as compared to Hsp10
was demonstrated by the fact that a higher percentage of individuals
belonging to Category 1 mounted a strong antibody response to
Rv2430c as compared to Hsp10. Similar results were obtained when
IgM antibodies were assayed.

90

Discussion

The Purified Protein Derivative has often been used to diagnose
infection with TB. This test has remained essentially unchanged
since it was developed 100 years ago by Robert Koch, who also
discovered M. tuberculosis. Intradermal inoculation of purified
protein derivative (PPD, or tuberculin), a crude precipitate of M.
tuberculosis culture supernatant containing over 200 antigens widely
shared among mycobacteria other than M. tuberculosis, including M.
bovis BCG, elicits

a local cutaneous delayed type hypersensitivity

response in sensitised individuals. This in vivo cellular immune
response results in a bump in the skin. The size of the bump, or
induration, is measured using a scale three to seven days after the
test is placed. A large bump is interpreted as indicating M.
tuberculosis infection, while the absence of a bump implies no
infection. Intermediate sized bumps are difficult to interpret. Several
reports have emphasized the utility of PPD in the serodiagnosis of
tuberculosis. Zeiss et al obtained sera from patients with active
tuberculosis and sera from appropriate control individuals and
screened the same for immunoglobulin G antibody activity to purified
protein derivative by a polystyrene tube radioimmunoassay and an
enzyme-linked immunosorbent assay. Both assays showed a marked
increase in immunoglobulin G antibody activity in patients with
active tuberculosis. There was no overlap between the values for the
patient group and the values for the purified protein derivative skin
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test-positive control individuals. The replication of these assays was
excellent, and both could provide quantitative measurements of
immunoglobulin G antibody activity to purified protein derivative
antigen within 24 h (Zeiss et al, 1982). Radin et al assayed the sera
of patients with active tuberculosis (TB) and sera from control groups
for IgG, IgA, secretory IgA, IgM and IgE antibody activity to purified
protein derivative (PPD) using the enzyme-linked immunosorbent
assay. Patients with active TB clearly had higher levels of IgG
antibody activity to PPD antigen than did healthy patients who were
skin test positive or negative. There was a clear separation between
the diseased and healthy groups. Similar, but not as marked,
increase was seen in IgA and secretory IgA antibody activity in
diseased patients. No correlation between the presence of disease
and antibody levels were found with IgM, and no IgE antibodies were
found (Radin et al, 1983). Viljanen et al developed an Enzyme-linked
immunosorbent assay (ELISA) for IgM, IgA and IgG antibodies
against PPD. PPD antibodies of 44 patients with active pulmonary
tuberculosis were measured at admission to hospital. The control
material consisted of 35 healthy blood donors. The mean antibody
levels in all three immunoglobulin classes correlated with the extent
of the tuberculous infection, i.e. the severer the disease the higher
the mean antibody level. The mean antibody levels also were
significantly higher in the tuberculosis patients than in the controls,
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the only exception was specific IgA antibodies in the patients with
minimal disease. ELISA-positivity of the patients, i.e. positive result
in at least one immunoglobulin class was as follows: 33% of the
grade I, 64% of the grade II and 100% of the grade II patients
(Viljanen et al, 1982). Kalish et al studied three patients with cultureproven

Mycobacterium

tuberculosis

meningitis.

Analysis

of

cerebrospinal fluid with an enzyme-linked immunosorbent assay
(ELISA) method measuring IgG antibody to purified protein derivative
rapidly yielded positive results, whereas results of acid-fast smears
were negative and cultures took several weeks before growth
appeared. They carried out serial studies of cerebrospinal fluid and
sera from one patient. Initially, greater amounts of IgG antibody to
purified protein derivative were present in the cerebrospinal fluid
than in the serum. The antibody level in the cerebrospinal fluid
paralleled the patient's clinical course, cerebrospinal fluid cell count,
protein level, and glucose level. Cerebrospinal fluid samples from 33
hospitalized control patients were negative for antibody to purified
protein derivative (Kalish et al, 1983a; Kalish et al, 1983b).

4.5. Diagnostic potential of PPE ORF Rv2430c

The diagnostic utility of PPD has become a question of debate
primarily because of false positives it generates in the case of healthy
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controls. The broad antigenic cross-reactivity of PPD is responsible
for the poor specificity of the Tuberculin Skin Testing (TST); a
positive reaction is consistent with BCG vaccination as well as M.
tuberculosis infection. Since one third of the world's population is
believed to be infected with M. tuberculosis and the majority have
been BCG-vaccinated, accurate identification of M. tuberculosis
infected people for targeted chemoprophylaxis is very difficult. There
are

also

numerous

administration

and

operational
reading

of

drawbacks

the

TST

are

with
highly

the

TST:

operator

dependent, standardization of PPD is problematic and a strongly
positive TST can cause painful ulceration and scarring, Taking into
account the above facts the need for identification of novel antigens
which can also serve the purpose of serodiagnosis has become one of
the primary goals in M.tuberculosis research. We compared the
immunopotentiality of Rv2430c with PPD. Interestingly, patients
belonging to Category 1 mounted statistically significant immune
response to Rv2430c as compared to PPD.

In order to confirm the diagnostic ability of Rv2430c, we compared
the reactivity of Rv2430c in sera obtained from clinically healthy
donors and non-TB patients. The non-TB patients were confirmed TB
negative both by acid fast staining and culture and therefore they
could be harboring any pathogen other than M.tuberculosis. ELISA
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results revealed that Rv2430c displayed similar reactivity to sera
obtained from clinically healthy donors and non-TB patients.
However the reactivity to the sera obtained from TB patients was
statistically significant as compared to sera obtained from clinically
healthy controls and non-TB patients indicating the presence of
antibodies against Rv2430c in infected patients and their absence in
non-TB patients. These results clearly indicate that Rv2430c does
not cross react with the sera of non-TB patients and can differentiate
between infected and non-TB patients.

Several reports have emphasized on the observation of lack of
sufficient immune responses in TB patients against many promising
serodiagnostic antigens of M. tuberculosis. The fact is more
distressing in case of fresh infection or active infection where for
majority of the cases the immune system is not sufficiently primed to
elicit a strong antibody responses against most of the M.tuberculosis
antigens. The recombinant Rv2430c protein was very strongly
recognized by all the four categories of patients including the fresh
infection or so called active infection group.

The development of a sensitive and rapid serodiagnostic test in
tuberculosis (TB) would complement present methods of diagnosis
including skin testing, DNA amplification, bacterial culture and
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radiological imaging. The major focus of tuberculosis research also
includes serodiagnosis of tuberculosis, since an early knowledge
about the patient’s disease would be an effective measurement for
global control of tuberculosis. The ELISA based serodiagnosis
appears to be rapid and inexpensive assay which could reduce the
cost of diagnosis too.

It is pertinent to note that although several antigens have been
tested for their use in serodiagnosis (Amara et al, 1998, Batoni et al,
2002, Devi et al, 2002, Dillon et al, 2000, Florio et al, 2002,
Houghton et al, 2002, Laal et al, 1997, Ljungqvist et al, 1990, Lim et
al, 2000, Lodes et al, 2001, Mustafa et al, 2002), no single antigen
has proved to be able to achieve sensitivity and specificity in a study
population suitably large and heterogenous. The factors responsible
include a) the stage of the disease, b) the location of the infection,
and c) the genetic background. Our results reveal that Rv2430c is
expressed during active infection with TB and shows better reactivity
to sera from fresh infection or the so called active infection cases
when

compared

to

Hsp10

and

PPD.

These

results

clearly

demonstrate the immunodominant as well as immunodiagnostic
nature of Rv2430c. It would be interesting to speculate on the use of
Rv2430c alongwith other immunodominant antigens for vaccine
development (Dhar et al, 2000). The PPE ORF Rv2430c used in our
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study belongs to the third subgroup of the PPE class of proteins.
Members of this subgroup are unrelated. Given the known antigenic
variability between the different members of this family the antigenic
epitopes will not be common. Therefore, the chances of crossreactivity would be minimum, if at all.

Data obtained from microarray studies reveal that Rv2430c is one of
the genes upregulated in Rel Mtb knock out of Mycobacterium
tuberculosis (Dahl et al, 2003). Long-term survival of nonreplicating
Mycobacterium tuberculosis is ensured by the coordinated shutdown
of active metabolism through a broad transcriptional program called
the stringent response. In M.tuberculosis, this response is initiated by
the enzymatic action of RelMtb and deletion of RelMtb produces a
strain (H37Rv∆relMtb) severely compromised in the maintenance of
long-term viability. Microarray analysis revealed that H37Rv∆relMtb
suffers from a generalized alteration of the transcriptional apparatus,
as well as specific changes in the expression of virulence factors, cellwall biosynthetic enzymes, heat shock proteins, and secreted
antigens that may alter immune recognition of the recombinant
organism. Hence, Rv2430c could be one of the genes responsible for
the long term survival of non replicating Mycobacterium tuberculosis.
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In order to ascertain the probable localization of Rv2430c, the ORF
was cloned in pET23a expression vector and experiments were
designed to ascertain its localization using a Rabbit Reticulocyte
Lysate cell free coupled transcription and translation system. In vivo
translation yielded a product of the expected size indicating lack of
any post translational modification of the protein. Translation in the
presence of Canine Pancreatic Microsomal membrane was set up to
determine the localization of the protein. No reduction in size of the
protein was observed in the above reaction pointing to the lack of a
secretory signal. Digestion of the protein translated in the presence
of Canine Pancreatic Microsomal membrane by Trypsin led to the
complete digestion of this protein indicating the absence of any
functional transmembrane domain in the protein. The Rv2430c,
originally considered a hypothetical protein, but based on results
presented in this thesis, could be ascribed a possible role in acting as
an immunodominant antigen. On the question of localization of this
protein, in silico analysis points to the unlikely possibility of Rv2430c
being a transmembrane protein. With a strong B cell response it is
highly probable that Rv2430c is a secretory protein.
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Summary

The

PPE

gene

Rv2430c

is

expressed

in

liquid

cultures

of

Mycobacterium tuberculosis suggesting that Rv2430c is not a
hypothetical gene.

The gene product of Rv2430c was expressed in E.coli and the
recombinant protein was purified in soluble form using an oncolumn folding strategy.

The gene product of the hypothetical PPE Rv2430c protein codes for
a alpha helical protein as confirmed by the results of the Far UV CD
spectroscopy.

The probable environment of the aromatic residues in the PPE
Rv2430c protein is hydrophobic, which becomes exposed upon
treatment with 8M urea as observed in the red shift.

Rv2430c elicits a strong immune response in all the four clinical
categories of patients included in this study.

A strong immune response to Rv2430c was observed in the fresh
infection cases as compared to Hsp10, whereas the reactivity to
Hsp10 and Rv2430c in the remaining three categories of patients
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was comparable, pointing to the immunodominant nature of this
protein.

Rv2430c is more immunogenic than PPD in patients with fresh
infection with TB whereas the immune response to Rv2430c and PPD
was the same in the case of sera obtained from the extrapulmonary
cases.

Rv2430c can be used as a possible diagnostic marker for active TB
infection. The immune response to Rv2430c in the case of healthy
controls and non-TB patients was comparable. Rv2430c, however
mounted statistically significant immune response to sera obtained
from TB patients including all the four infected categories, pointing
to the ability of this ORF to differentiate between TB and non TB
patients.

Rv2430c is a cytosolic protein as confirmed by Trypsin digestion of
the product of coupled transcription and translation reaction in
presence of Canine Pancreatic Microsomes.

In conclusion, data presented in this study describe for the first time,
immunodominant as well as structural characteristics of a
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hypothetical protein belonging to the PPE family of Mycobacterium
tuberculosis.
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The variation in sequence and length in the C-terminal region among members of the unique PE (Pro-Glu)
and PPE (Pro-Pro-Glu) protein families of Mycobacterium tuberculosis is a likely source of antigenic variation,
giving rise to the speculation that these protein families could be immunologically important. Based on in silico
analysis, we selected a hypothetical open reading frame (ORF) encoding a protein belonging to the PPE family
and having epitopes with predictably higher antigenic indexes. Reverse transcriptase PCR using total RNA
extracted from in vitro-cultured M. tuberculosis H37Rv generated an mRNA product corresponding to this gene,
indicating the expression of this ORF (Rv2430c) at the mRNA level. Recombinant protein expressed in
Escherichia coli was used to screen the sera of M. tuberculosis-infected patients, as well as those of clinically
healthy controls (n ⴝ 10), by enzyme-linked immunosorbent assay. The panel of patient sera comprised sera
from fresh infection cases (category 1; n ⴝ 32), patients with relapsed tuberculosis (category 2; n ⴝ 30), and
extrapulmonary cases (category 3; n ⴝ 30). Category 2 and 3 sera had strong antibody responses to the PPE
antigen, equal to or higher than those to other well-known antigens, such as Hsp10 or purified protein
derivative (PPD). However, a higher percentage of patients belonging to category 1, as opposed to clinically
healthy controls, showed stronger antibody response against the PPE protein when probed with anti-immunoglobulin M (IgM) (71 versus 37.5%) or anti-IgG (62.5 versus 28.12%). Our results reveal that this PPE ORF
induces a strong B-cell response compared to that generated by M. tuberculosis Hsp10 or PPD, pointing to the
immunodominant nature of the protein.
About 10% of the genome of Mycobacterium tuberculosis
codes for the PE and PPE families of proteins (7), which are
glycine rich and are exclusive to M. tuberculosis. The 69 members of the PPE protein family have a conserved N-terminal
domain that comprises ⬃180 amino acids followed by C-terminal segments that vary markedly in sequence and length.
These proteins fall into three groups, one of which constitutes
the MPTR class characterized by the presence of multiple
tandem copies of the motif Asn-X-Gly-X-Gly-Asn-X-Gly. The
second subgroup contains a characteristic well-conserved motif, Gly-X-X-Ser-Val-Pro-X-X-Trp, around position 350. The
proteins in the third group are unrelated except for the presence of the common PPE domain. The subcellular locations of
a few PPE proteins are known (6, 25), and in only one case (7),
that of a lipase (Rv3097), has a function been suggested. There
are few studies supporting the notion that PE and PPE proteins could be of functional importance (7, 23). It is widely
speculated that they could be responsible for generating antigenic variation (1, 4, 6, 8, 12, 27). However, the effects the PPE
family proteins, unique in their protein sequences and possible
structure, may have on the immune system have not been well
documented. Furthermore, a qualitative and quantitative immune response to PPE proteins in a clinical setting has not
been shown. Since 180 amino acid residues in the N-terminal

regions of PPE proteins are conserved, it is interesting to
speculate that the variation in sequence and length in the
C-terminal region could represent a source of antigenic variability.
Based on in silico analysis and DNA microarray expression
data (24), we selected an ORF, Rv2430c, whose product displays a high antigenic index and evaluated its importance in
eliciting immune responses in a panel of human sera obtained
from three well-classified categories of patients: (i) those reporting TB for the first time, (ii) those presenting with a relapse of TB, and (iii) those with extrapulmonary cases. Clinically healthy human sera were used as controls to compare the
immunological responses to the protein. Enzyme-linked immunosorbent assay (ELISA) using the recombinant protein
showed good specificity and sensitivity, suggesting that the
product of this PPE family ORF, Rv2430c, induces a strong
B-cell response in infected subjects.
MATERIALS AND METHODS
In silico analysis of Rv2430c. In silico pattern search analysis of the PPE family
was carried out to classify the products of the various ORFs into three subgroups.
Products of ORFs with ⱕ200 amino acids and belonging to the third subgroup of
the PPE family were further analyzed using protein analysis software (Protean
version 4.0, Lasergene Navigator; DNASTAR Inc., Madison, Wis.) to calculate
their antigenic indexes.
RNA extraction and reverse transcriptase (RT) PCR. RNA was extracted
from 109 H37Rv cells, cultured in vitro in Middlebrook 7H9 medium supplemented with albumin-dextrose complex according to the Qiaquick total RNA
extraction kit (Qiagen Inc.) instructions, dissolved in 50 l of nuclease-free
water, and stored at ⫺70°C until further use. First-strand synthesis was carried

* Corresponding author. Mailing address: C.D.F.D., ECIL Rd., Nacharam, Hyderabad 500-076, India. Fax: 91-040 27155610 and 91-040
27155479. Phone: 91-040 27155604 and 91-040 27155605. E-mail:
hasnain@cdfd.org.in.
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FIG. 1. In silico analysis of PPE ORFs. Only the ORFs belonging to subgroup 3 and encoding products ⱕ200 amino acids in length were
subjected to analysis. The presence of stretches of high antigenic index are shown. The x axis indicates the ORF product length in amino acids,
while the y axis represents the antigenic index.

out using avian myeloblastosis virus reverse transcriptase. This was followed by
heat denaturation to inactivate the enzyme. Subsequent second-strand synthesis
was performed using Tfl polymerase. The PCR product was visualized by electrophoresis in a 1% agarose gel.
Expression and purification of the recombinant protein encoded by Rv2430c.
Genomic DNA of H37Rv was extracted using the Genome Extraction kit provided by Epicentre Technologies, as described earlier (26). The Rv2430c gene
was PCR amplified from the genomic DNA of H37Rv using upstream (5⬘-GGA
TCCATGCATTTCGAAGCGTAC-3⬘) and downstream (5⬘-AAGCTTCTAAG
TGTCTGTACGCGATGA-3⬘) primers. BamHI and HindIII sites were incorporated in the 5⬘ and 3⬘ ends of the primers, respectively. The purified fragment was
ligated into the pGEMT-Easy vector (Promega Inc.), and the recombinant clone
carrying the Rv2430c insert was confirmed by DNA sequencing (ABI Prism 377

DNA Sequencer; PE Biosystems). The insert was then subcloned as a BamHI
and HindIII fragment into the PQE30 expression vector (Qiagen Inc.) to generate the plasmid construct PQERv2430c carrying Rv2430c as an N-terminal
histidine-tagged fusion. PQERv2430c was transformed into the host M15pREP4
strain of Escherichia coli. A single colony of E. coli strain M15pREP4 harboring
PQERv2430c was inoculated into 5 ml of Luria-Bertani broth with the appropriate antibiotics (100 g of ampicillin/ml and 25 g of kanamycin/ml) and grown
overnight at 37°C with constant agitation; 100 l of this overnight culture was
inoculated into 5 ml of Luria-Bertani broth with the appropriate antibiotics and
grown to an optical density at 590 nm of 0.6, at which time expression was
induced with 1 mM IPTG. A separate aliquot of uninduced culture was kept as
a control. Cells were harvested 3 h postinduction, suspended in 1⫻ SDS sample
buffer, and denatured by being heated at 100°C for 10 min. The recombinant
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FIG. 2. (A) Transcription of hypothetical PPE ORF Rv2430c. RNA extracted from the virulent H37Rv laboratory strain of M. tuberculosis was
used in an RT-PCR. A 597-bp RT-PCR product was observed after electrophoresis in a 1% agarose gel (lane 1). Lane M is the 100-bp DNA
molecular size marker run alongside. The arrow on the right indicates the position of the 597-bp PCR product. (B) Expression and purification
of the recombinant PPE protein. The recombinant protein was expressed in strain M15pREP4 of E. coli and was purified to homogeneity using
the NiNTA protein purification kit. Lane 1, marker; lane 2, purified protein. The arrow on the right indicates the position of the 23-kDa protein.

protein was purified to homogeneity with the QIA Expressionist kit (Qiagen
Inc.).
Serological characterization of the recombinant protein. ELISAs were performed in 96-well microtiter plates (Corning Costar) coated with the recombinant Rv2430c protein. After overnight incubation at 4°C, the plates were washed
three times with phosphate-buffered saline (PBS) buffer and blocked with 200 l
of blocking buffer (PBS containing 1% bovine serum albumin) for 1 h at 37°C.
The plates were then washed three times with PBS-Tween wash buffer (0.05%
Tween 20 in 1⫻ PBS, pH 8.0) and incubated for 1 h at 37°C with human sera (1:
200 dilution in blocking buffer). The plates were washed with PBS-Tween and
further incubated with either anti-human immunoglobulin G (IgG)-horseradish
peroxidase (HRP) or anti-human IgM-HRP (Sigma). HRP activity was detected
using a chromogenic substance, o-phenylenediamine tetrahydrochloride (Sigma),
in citrate-phosphate buffer (pH 5.4) and 1 l of H2O2 (Qualigens, India)/ml. The
reactions were terminated using 1 N H2SO4, and the absorbance values were
measured at 492 nm in an ELISA reader (Bio-Rad).
Study population. Serum samples were obtained from 92 TB patients who had
reported to the Mahavir Hospital and Research Centre, Hyderabad, India, and
10 clinically healthy donors. The 92 patients belonged to three well-defined
categories. Category 1 (n ⫽ 32) comprised patients who had contracted the
pathogen for the first time and had no history of TB treatment. Category 2 (n ⫽
30) comprised patients with relapsed TB, i.e., who were treated earlier for TB but
the symptoms resurfaced after completion of the treatment. Category 3 (n ⫽ 30)
comprised patients with extrapulmonary TB in which the disease was confirmed
by tissue biopsy. In the cases of category 1 and category 2 patients, diagnosis was
confirmed by examination of the sputum (acid-fast bacillus smear positive).
Clinically healthy donors were vaccinated with Mycobacterium bovis BCG. The
study was carried out after approval from the Institute Bioethics Committee.
Statistical analysis. Student’s t test was used for analysis of statistical significance (P value). Graphpad Quickcalcs (online t test calculator [http://www
.graphpad.com/quickcalcs/ttest1.cfm]) was used for this purpose.

RESULTS
The product of the hypothetical PPE ORF Rv2430c has a
high antigenicity profile score and is expressed at the mRNA
level. In silico analyses of the PPE ORF products, ⱕ200 amino
acids in length, belonging to subgroup 3 of the PPE family (7)
were carried out. Rv2430c and Rv3425 displayed major antigenic stretches (Fig. 1) with peak values of ⱖ3.0. However, an
analysis of the microarray expression data (24) identified
Rv2430c as one of the overexpressed genes in an IdeR mutant
of M. tuberculosis, and it was thereby implicated in pathogenesis. Rv2430c was thus selected for our study. Rv2430c was
further subjected to detailed analysis to predict its likely structure through various algorithms. The Predict Protein server

(http://www.embl-heidelberg.de/predictprotein/) gave a very
low score for Rv2430c, pointing to the unlikely possibility that
this ORF encoded a transmembrane protein (data not shown).
To check whether the hypothetical Rv2430c indeed represented a functional gene, the mRNA extracted from in vitrocultured H37Rv cells was used as a template for reverse transcription followed by PCR. The RT-PCR product was
fractionated on a 1% agarose gel. A 597-bp band was observed
upon staining with ethidium bromide, indicating that the ORF
was expressed at the mRNA level in the liquid cultures of M.
tuberculosis (Fig. 2A). The ORF Rv2430c was expressed as a
His-tagged fusion protein in E. coli (Fig. 2B) and used for
immunological studies.
The recombinant PPE protein Rv2430c displays strong Bcell responses during infection with TB. Having shown that the
ORF encoding RV2430c of M. tuberculosis was expressed at
the mRNA level, experiments were designed to evaluate the
immune response of TB patients to recombinant Rv2430c PPE
protein. For this, the recombinant Rv2430c protein was used to
screen the TB patient sera by ELISA, using anti-human IgGHRP and anti-human IgM-HRP as conjugates. The humoral
immune responses directed against the recombinant protein by
patients with TB and healthy controls were compared. The
data (Fig. 3) reveal that the sera of all the infected patients
mounted significantly higher antibody responses against
Rv2430c than those of the healthy controls (P ⬍ 0.0001). Since
negligible antibody responses were obtained in the healthycontrol group (Fig. 3), it is likely that this protein is expressed
during the course of M. tuberculosis infection, and it may be
associated with disease manifestation and progression.
Immunodominant nature of Rv2430c. Since all the patients
infected with TB revealed strong humoral responses against
Rv2430c compared to the healthy controls, it was of interest to
compare the antibody responses in various clinical categories
and also to evaluate whether Rv2430c is immunodominant.
For this, we chose recombinant Hsp10 of M. tuberculosis, which
is a well-known immunodominant antigen of M. tuberculosis
(28). Figure 4 clearly shows that strong antibody responses
were elicited against Rv2430c in all three study groups (category 1, category 2, and category 3). Rv2430c elicited statisti-
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FIG. 3. The recombinant Rv2430c PPE protein elicits strong antibody responses in M. tuberculosis-infected patients as opposed to
healthy controls. ELISA reactivities of IgG anti-Rv2430c antibodies
were assayed in sera of either M. tuberculosis-infected patients or
healthy controls (P ⬍ 0.0001). Symbols, patient population.
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cally significant immune responses compared to Hsp10 (P ⬍
0.003) in patients with fresh infections (Fig. 4A). Patients belonging to categories 2 and 3 exhibited Rv2430c-specific antibody equivalent to that for Hsp10 (Fig. 4B and C). Since the
PPD antigen of M. tuberculosis is also used to diagnose TB
infection (2, 15, 29), we compared the immunopotentiality of
Rv2430c over PPD only in cases of fresh infection (Fig. 4A).
The results clearly indicated that the PPE protein Rv2430c is
far more immunogenic and could elicit a stronger B-cell response than PPD. Sera from the fresh-infection category responded better against the Rv2430c antigen than against PPD
(P ⬍ 0.0001) (Fig. 4A).
In order to compare the serological sensitivities of Rv2430c
and Hsp10, the data presented in Fig. 4 were recalculated as
percentages of individuals showing absorbances above 0.65 at
492 nm. Although only 28.12% of individuals with fresh infections mounted strong antibody responses of the IgG type to
Hsp10, a very high percentage of individuals (62.5%) recognized Rv2430c (Fig. 5A). Similar conclusions could be drawn
when IgM antibodies were assayed (Rv2430c versus Hsp10, 71
versus 37.5%) (Fig. 5B). From these results, it is apparent that
Rv2430c shows better reactivity vis-a-vis Hsp10 to sera from
patients with fresh infection than to those of relapsed or extrapulmonary-TB patients. Our results, therefore, convincingly
demonstrate the immunodominant nature of the product of
the hypothetical PPE ORF Rv2430c.

FIG. 4. PPE Rv2430c protein shows strong reactivities to sera from all three patient categories. Reactivities to both recombinant Rv2430c and
Hsp10 of M. tuberculosis in the three categories of patients were estimated by ELISA. The patients belonging to categories 2 (B) and 3
(C) displayed similar antibody responses to both antigens. However, the antibody responses of category 1 patients (A) to Rv2430c were higher than
those to Hsp10 (P ⬍ 0.003) or PPD (P ⬍ 0.0001).
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FIG. 5. Serological sensitivities of PPE Rv2430c and Hsp10 as a function of percentages of individuals. (A) The results shown in Fig. 4 were
recalculated as percentages of individuals showing A492 values of ⬎0.65. The anti-IgG responses against Rv2430c or Hsp10 were compared for all
three categories of patients studied. A higher percentage of individuals belonging to category 1 showed stronger reactivity to Rv2430c than to
Hsp10, but for the other two categories, the values were comparable. (B) Percentage of individuals in category 1 showing anti-IgM antibody A492
of ⬎0.5. A higher percentage of individuals showed anti-IgM antibody A492 of ⬎0.5 against Rv2430c than against Hsp10.

DISCUSSION
The 69 members of the PPE protein family have a conserved
N-terminal domain that comprises ⬃180 amino acids followed
by C-terminal segments that vary markedly in sequence and
length (7). Based on our pattern search analysis of the
TubercuList database (http://genolist.pasteur.fr/TubercuList/), these proteins were categorized into three groups.
Subgroup 1, represented by 20 members, constitutes the
MPTR class characterized by the presence of multiple tandem copies of the motif Asn-X-Gly-X-Gly-Asn-X-Gly. The
second subgroup, comprising 21 members, contains a characteristic well-conserved motif, Gly-X-X-Ser-Val-Pro-X-XTrp, around position 350. The proteins of the third subgroup, with 28 members, are unrelated except for the
presence of the common PPE domain. That ORF products
across the subgroup do not react immunologically was evident from our studies with Rv2608 (unpublished data).
Rv2430c belongs to the third subgroup. ORFs belonging to
the third subgroup with coding capacities of ⱕ200 amino
acids were shortlisted. This shortlist was further narrowed
down based on two very important criteria, namely, the
antigenic profile and the association of the ORF with pathological conditions as evident from DNA microarray expression data (24). Rv2430c and Rv3425 were the ORFs with the
highest antigenicity indexes. DNA microarray results demonstrated that of these two ORFs, Rv2430c was one of the
genes induced in an IdeR mutant of M. tuberculosis (24),
pointing to its possible role in pathogenesis. Rv2430c was
accordingly shortlisted and evaluated for the role of its
product as an antigen in a clinical setting.

The ORF was shown to be RT-PCR positive, pointing to the
likelihood that it is expressed during infection. The Rv2430c
ORF was expressed in E. coli, and the recombinant protein was
purified and tested for its ability to recognize IgG antibody in
the sera of TB patients and healthy individuals.
The TB patients used in our study represent a heterogeneous population, including fresh infection cases characterized
by patients who contracted the pathogen for the first time
(category 1); relapsed cases, in which the disease resurfaced
after the completion of treatment (category 2); and extrapulmonary cases, which are mostly sputum negative (category 3).
The immune response profiles of Rv2430c in different clinical
categories were studied. The PPE protein Rv2430c was found
to be recognized by antibodies in the sera of infected patients
in ELISA with a serum dilution of 1:200, whereas poorer
ELISA reactivity was observed for the sera of all of the healthy
individuals. The presence of antibodies to Rv2430c in sera
from TB patients (Fig. 3) and their absence in sera from
healthy individuals suggests that the protein is expressed in
vivo during active infection with M. tuberculosis and that the
native molecule is immunogenic.
Several reports have emphasized the observation of a lack of
sufficient immune responses in TB patients against many
promising serodiagnostic antigens of M. tuberculosis. This fact
is more distressing in cases of fresh infection, where in a majority of the cases the immune system is not sufficiently primed
to elicit a strong antibody response against most of the M.
tuberculosis antigens. The recombinant Rv2430c protein was
very strongly recognized by all three categories of patients,
including the fresh-infection group (category 1). The members
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of the heat shock protein family, including Hsp70 (20, 28) and
Hsp10 (28), have been known to elicit a strong B-cell response.
Surprisingly, in our study, the immunodominant antigen
Hsp10, though recognized by category 2 and 3 patient sera, was
not sensitive enough to detect the patients with fresh infections
(category 1). The picture remained unaltered when we used
PPD in place of Hsp10. It is pertinent to note that although
several antigens have been tested for use in serodiagnosis, no
test with a single antigen has proved able to achieve sensitivity
and specificity in a study population that is suitably large and
heterogeneous (3, 5, 9, 11, 13, 14, 16, 17, 18, 19, 21, 22). The
factors responsible for this include (i) the stage of the disease,
(ii) the location of the infection, and (iii) the genetic background. Our results show that the PPE protein Rv2430c, which
lacks a transmembrane domain and is therefore likely to be
cytosolic or secretory in localization, is an immunodominant
B-cell target antigen with apparent diagnostic potential. It is
also interesting to speculate on the use of Rv2430c, along with
other immunodominant antigens (10), for vaccine development.
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The World Health Organization has identified India as a major hot-spot region for Mycobacterium tuberculosis infection. We have characterized the sequences of the loci associated with multidrug resistance in 126
clinical isolates of M. tuberculosis from India to identify the respective mutations. The loci selected were rpoB
(rifampin), katG and the ribosomal binding site of inhA (isoniazid), gyrA 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 rpoB
locus could be correlated with the drug resistance levels exhibited by the M. tuberculosis 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 a common Arg463Leu substitution
in the katG locus and certain novel insertions and deletions. Mutations were also mapped in the ribosomal
binding site of the inhA gene. A Ser95Thr substitution in the gyrA locus was the most common mutation
observed in ofloxacin-resistant isolates. A few isolates showed other mutations in this locus. Seven streptomycin-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 loci, others are not common,
suggesting diversity in the multidrug-resistant M. tuberculosis strains prevalent in this region. Our results
additionally have implications for the development of methods for multidrug resistance detection and are also
relevant in the shaping of future clinical treatment regimens and drug design strategies.
from North and Northwest India indicate an increasing incidence 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 epidemiology 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 community. The present study was undertaken to characterize mutations prevalent in patient isolates of M. tuberculosis 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, streptomycin, and fluoroquinolones, which are commonly prescribed for the treatment of tuberculosis in North
India. The first three drugs are the frontline drugs in tuberculosis chemotherapy, while fluoroquinolones are prescribed for
drug-resistant cases. The loci studied were rpoB (RNA polymerase B subunit), katG (catalase-peroxidase), inhA (enoyl
coenzyme A reductase), rpsL (ribosomal protein S12), rrs (16S
rRNA), and gyrAB (DNA gyrases A and B). The present study,
in combination with the molecular epidemiology of the drugresistant strains, will help track the routes of infection and the
extent of drug-resistant tuberculosis in this region. The elucidation of common and novel mutations in these loci could
form the basis for the creation of new diagnostic tools and the

Recent years have witnessed a dramatic upsurge in cases of
drug-resistant Mycobacterium tuberculosis infections. The acquisition of resistance by the bacterium is a random event, and
in a given mycobacterial population, 1 in 106 bacteria mutates
to develop isoniazid resistance, while 1 in 108 mutates to develop rifampin resistance (8). The chance that a bacterium will
acquire multidrug resistance (defined as resistance to at least
rifampin and isoniazid) is thus 10⫺14 (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. tuberculosis, urgent measures need to be
taken to contain this scourge (2). A recently published World
Health Organization report reviewing the global status of tuberculosis has pointed to an increasing incidence of drugresistant tuberculosis (5). The highest rates of MDR tuberculosis have been reported in Nepal (48.0%), Gujarat, India
(33.8%), New York City (30.1%), Bolivia (15.3%), and Korea
(14.5%). Furthermore, the report points to the alarming increase in the number of tuberculosis patients in the Indian
subcontinent, with India being singled out as having the greatest burden of tuberculosis patients. Three different studies
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TABLE 1. Primers used in the study to amplify and sequence the different loci, amplicon sizes, annealing temperatures,
and amplicon positions on the respective genes
Gene
(accession no.)

Annealing
temp (°C)

Position
(nt)

Amplicon size
(bp)

Primer

Sequence

rpoB (L27989)

Forward
Reverse

GGG AGC GGA TGA CCA CCC
GCG GTA CGG CGT TTC GAT GAA C

60

2266
2615

350

katG (X68081)

Forward
Reverse
Forward
Reverse

GCC CGA GCA ACA CCC
ATG TCC CGC GTC AGG
CGA GGA ATT GGC CGA CGA GTT
CGG CGC CGC GGA GTT GAA TGA

60

3
239
1187
1600

237

inhA regulator sequence

Forward
Reverse

CCT CGC TGC CCA GAA AGG GA
ATC CCC CGG TTT CCT CCG GT

45

Upstream of inhA gene

248

gyrA (L27512)

Forward
Reverse

CAG CTA CAT CGA CTA TGC GA
GGG CTT CGG TGT TAC CTC AT

45

2383
2702

320

gyrB (L27512)

Forward
Reverse

CCA CCG ACA TCG GTG GAT T
CTG CCA CTT GAG TTT GTA CA

55

1538
1965

428

rpsl (X70995)

Forward
Reverse

GGC CGA CAA ACA GAA CGT
GTT CAC CAA CTG GGT GAC

54

5⬘ noncoding region
S7 gene

505

rrs (Z83862)

Forward
Reverse

TTG GCC ATG CTC TTG ATG CCC
TGC ACA CAG GCC ACA AGG GA

54

141
1280

development of novel strategies that can be used to combat the
menace of drug-resistant M. tuberculosis.
MATERIALS AND METHODS
Sources of Mycobacterium isolates. Mycobacterium isolates were collected from
patients reporting to the outpatient departments of hospitals in northern India,
primarily New Delhi and its neighboring regions. Another source of samples was
the National Mycobacterial Repository at the Central Jalma Institute for Leprosy, Agra, India. The samples collected over a 3-year period from 1995 to 1998
were included in the present study. A large number of the patients (75%) had
histories of previous treatment and were on antitubercular treatment at the time
of collection of their sputa. Most of these patients had been through various
degrees of antitubercular drug therapy during the previous 20 months. Rifampin
and isoniazid were the most common drugs used in these regimens. Sputum
samples collected from patients reporting with pulmonary tuberculosis were
processed by standard methods and were streaked onto Lowenstein-Jensen
slants. Most of them were coded with ICC numbers (ICC01, ICC201, etc.). The
samples were biochemically characterized as belonging to the M. tuberculosis
complex by nitrate reduction, niacin production, and BACTEC NAP tests. Drug
susceptibility profiles were evaluated by the proportion method. The drugs tested
were rifampin (Lupin, India), isoniazid (Lupin), ofloxacin (Ranbaxy, India), and
streptomycin (Lupin). The MICs at which the isolates were considered resistant
were as follows: 10 g/ml for rifampin, 1 g/ml for isoniazid, 2 g/ml for
ofloxacin, and 2 g/ml for streptomycin. The numbers of drug-resistant isolates
included in the study were as follows: for rifampin, n ⫽ 94; for isoniazid, n ⫽ 74;
for streptomycin, n ⫽ 14; and for ofloxacin, n ⫽ 68. A total of 126 isolates were
tested. Thirty-six isolates were resistant to 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 isolation and PCR. The isolates were cultured on Lowenstein-Jensen
slants. The colonies were scraped, resuspended in 500 l of TE (10 mM Tris, 1
mM EDTA [pH 8]), and killed by freezing at ⫺70°C followed by heating at 80°C.
This cycle was repeated thrice to kill all the bacteria. The DNA was isolated (by
tretament with cetyltrimethylammonium bromide in the presence of 0.7 M so-

55

414

1140

dium chloride) and amplified by standardized protocols as reported previously
(21).
Table 1 lists the sequences of the different primers used and their positions on
the corresponding genes. It also lists the amplicon sizes generated and the
annealing temperatures used for PCR cycling. The temperatures used for all
cycles were identical for all PCRs except for that for annealing, the temperature
of which varied for each primer pair. Briefly, 35 cycles of 94°C for 1 min, 45 to
60°C for 1 min, and 72°C for 2 min were used to amplify the loci. The samples
were resolved in a 2% agarose gel, and the specific bands were excised. DNA was
extracted from the gel slices with a QIAquick gel extraction kit (Qiagen, Chatsworth, Calif.) according to the manufacturer’s instructions. The purified DNA
was resuspended in sterile double-distilled water and was used for the sequencing
studies.
DNA sequencing. Sequencing of the amplicons was carried out with an ABI
Prism 377 automated DNA sequencer (ABI Prism). PCR sequencing was carried
out with a BigDye terminator kit (ABI Prism) according to the manufacturer’s
instructions. The Sequencing Analysis (version 3.3) software package was used to
analyze the gel information. The sequences generated with the program were
compared to their respective wild-type sequences by using MegAlign software
(Lasergene; DNASTAR, Inc., Madison, Wis.).

RESULTS
Mutations in the hot-spot regions of various loci were characterized. The results are summarized in Table 2. On the basis
of the drug susceptibility profile for an isolate, the corresponding 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, Bangalore, and Shimla, with a few samples coming from Jaipur and
Chennai. Except for Chennai and Bangalore, all the cities are
located in North India. We could establish a previous treatment history for patients from whom 94 of the 126 isolates
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TABLE 2. Characteristics of M. tuberculosis isolates from patients
Strain no.

Geographic
location

Treatment
historya

Drug
susceptibilityb

Polymorphismc
rpo

ICC14
ICC19
ICC23
ICC98
ICC100
ICC101
ICC102
ICC103
ICC104
ICC105

New
New
New
New
New
New
New
New
New
New

Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi

⫹
⫹
⫹
⫺
⫹
⫹
⫹
⫹
⫹
⫹

R r, Ir, Or
R r, Ir, Or
R r, Ir
I r, O r
R r , I r , O r, S r
R r, Or
R r, Ir, Or
R r, Ir, Or
R r, Ir, Or
R r, Ir

D516V
L511L, S531L
L511L, S531L

ICC107
ICC109
ICC111
ICC114
ICC115
ICC123
ICC124
ICC125
ICC128
ICC129

New
New
New
New
New
New
New
New
New
New

Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi

⫺
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹

R r,
Ir
R r,
Ir
R r,
R r,
R r,
Rr
R r,
R r,

N518T, R528P

ICC147
ICC203
ICC204
ICC205
ICC206
ICC208
ICC209
ICC210
ICC211

New
New
New
New
New
New
New
New
New

Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi

⫺
⫹
⫹
⫹
⫹
⫺
⫺
⫹
⫹

R r, Ir, Or
Rr
R r, Ir
R r, Ir
R r, Ir
Rr
Rr
R r, Or
I r, O r

S531W
D516V
L521L, K527N
D516V
S531W
D516V
D516V
L511V, N518T

ICC212
ICC213
ICC214
ICC215
ICC216
ICC217
ICC218
ICC219
ICC220
ICC221

New
New
New
New
New
New
New
New
New
New

Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi

⫺
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫺

Rr
R r,
Ir
Rr
R r,
R r,
R r,
Ir
R r,
R r,

Ir

S531L
R528H, S531W

Sr
Ir, Or
Ir, Or

S531L
S531L
S531L
S522Q

I r , O r, S r
Or

S531W
L521L

ICC222
ICC223
ICC225
ICC237
ICC239
ICC240
ICC242
ICC244
ICC246
ICC275

New
New
New
New
New
New
New
New
New
New

Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi

⫺
⫺
⫹
⫺
⫹
⫹
⫹
⫹
⫹
⫹

Or
R r, Or
R r, Or
R r, Or
R r, Ir
R r, Ir
R r, Or
R r, Ir, Or
I r, O r
R r, Or
r

O r, S r
r

I,S

r

S531W

r

S531W
R528P
H526Y
L511L, S531L
H526Y, R528H
R528P

I
Ir, Or
Ir
O r, S r
Ir, Sr

r

r

S531L
S531L
S531L
L511L, N518T
D516V
K527N

H526Y
S531L
D516G
D516V
D516V
L511V
S531L
H526Y
r

katG or inhA

N35D, NA at second locus
R463L
NA
R463L, Inh (C/T)
R463L
NM
NM
⌬30C, R463L
R463L
NM
Insertion 185C
R463L
Insertion 98A, R463L
NA
R463L
R463L
⌬109G, R463L

rpsL

S95T
S95T
S95T
S95T
A90A, S95T
S95T
S95T

NM

NM
K121K

S95T
S95T

K121K
K121K

S95T

R463L
NA
NM
R463L
R463L

S95T
S95T

R463L, Inh (C/T)
R463L
R463L
R463L
T12P, R463L
R463L, Inh (T/A)

R463L
R463L
A61T, R463L
Insertion 185C, R463L

ICC277
ICC284
ICC286
ICC287
ICC325
ICC326
ICC327
ICC328
ICC408
ICC425

New
New
New
New
New
New
New
New
New
New

Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi
Delhi

⫹
⫺
⫹
⫹
⫹
⫹
⫹
⫺
⫹
⫹

R,I,O,S
Or
R r, Ir
R r, Ir
I r, O r , S r
R r, Ir, Sr
R r, Ir, Sr
Or
R r , I r , O r, S r
R r, Ir

H526Y

⌬30C

D516G
H526Y
H526L
S509R

NM
NM
NM
Insertion 98A, R463L
R463L

Q510H, S531W
S531L

R463L
R463L

F4
F5
F7
F8
F9
N31

New
New
New
New
New
New

Delhi
Delhi
Delhi
Delhi
Delhi
Delhi

⫹
⫹
⫹
⫹
⫹
⫹

R r,
R r,
R r,
R r,
R r,
Ir

H526Y
S531L
S531L
S531L
N518T

Or
Or
Or
Or
Or

gyrA

S95T
S95T

R463L

S95T
S95T
D94G, S95T
D94A, S95T

K121K

NM

S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
D94A, S95T
NM

K121K

NM

NM
NM
K121K

NM
S95T

K121K

D94G, S95T
S95T
A90V, S95T
A90V, S95T
S91P, S95T
Continued on following page
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TABLE 2—Continued

Strain no.

Geographic
location

N33
N34
N35
N36

New
New
New
New

Delhi
Delhi
Delhi
Delhi

ICC32
ICC33
ICC36
ICC37
ICC131
ICC132
ICC133
ICC134
ICC136
ICC137

Ahmedabad
Ahmedabad
Ahmedabad
Ahmedabad
Ahmedabad
Ahmedabad
Ahmedabad
Ahmedabad
Ahmedabad
Ahmedabad

Treatment
historya

⫹
⫹
⫹
⫺

Ir
Ir
Ir
Ir

⫹
⫹
⫹
⫹
⫹
⫺
⫹
⫺
⫹
⫺

R r, Ir
R r, Ir, Or
I r, O r
R r, Ir
R r, Ir
Or
R r, Ir
R r, Or
R r, Ir
Or

S531L
S509R
D516G
H526Y, R528P

NA
R463L
R463L
Insertion 98A, R463L
R463L
⌬30C, R463L

Ir
Ir

L511L, H526R
D516V, H526Y

⌬109G, R463L
⌬30C, R463L

Ir, Or

S531L

Or
Or
Or

H526Y
S522Q
S522Q

⌬30C, R463L
⌬30C, R463L

Insertion 98A, R463L

r

⫺
⫹
⫹
⫺
⫺
⫹
⫹
⫹
⫺
⫺

O
R r,
R r,
Or
R r,
Ir
R r,
R r,
R r,
Or

ICC165
ICC166
ICC167
ICC168
ICC169
ICC170
ICC171
ICC172
ICC173
ICC174

Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh

⫺
⫺
⫹
⫹
⫹
⫺
⫹
⫹
⫺
⫹

Or
Or
I r, O r
Or
R r, Ir
Or
R r, Ir
R r, Or
R r, Sr
Or

ICC175
ICC247
ICC248
ICC249
ICC251
ICC254
ICC255
ICC256
ICC257
ICC262

Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh

⫺
⫺
⫺
⫺
⫺
⫹
⫺
⫹
⫹
⫹

R r,
R r,
R r,
Or
Or
Rr
R r,
R r,
R r,
R r,

ICC95
ICC96
ICC399
ICC524
ICC525
ICC143
ICC144
ICC145
A3
A4

Bangalore
Bangalore
Bangalore
Bangalore
Bangalore
Shimla
Shimla
Shimla
Agra
Agra

⫺
⫹
⫹
⫹
⫹
⫺
⫹
⫺
⫹
⫹

Or
R r,
R r,
R r,
R r,
Or
Ir
Or
R r,
R r,

A9
A11
A12
A13
A14
A15
ICC332
ICC337
ICC85

Agra
Agra
Agra
Agra
Agra
Agra
Jaipur
Jaipur
Chennai

⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹

R r,
R r,
R r,
R r,
R r,
R r,
R r,
R r,
R r,

c

katG or inhA

H526R
S522Q
H526R

Ahmedabad
Ahmedabad
Ahmedabad
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh
Chandigarh

b

rpo

gyrA

rpsL

R463L
R463L
D73N, R463L
R463L

ICC138
ICC226
ICC233
ICC151
ICC154
ICC155
ICC159
ICC161
ICC162
ICC164

a

Polymorphismc

Drug
susceptibilityb

R463L
N518T

R463L

S531L
S522Q
H526L

R463L

Or
Or
Or

H526Y
D516V
D516V

Or
Ir
Or
Ir, Or

S531L
N518T
H526Y
Q510H, L511L
D516V

Or
Or
Ir
Ir

S531L
S531W
S531L
S531L

S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T
S95T

K121K

S95T
S95T
S95T
S95T
NM
NM
R463L

R463L
R463L
R463L

Ir, Sr
Ir

S531L
D516V

R463L
R463L

Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir, Or

S531L
D516G
D516V
D516V, N518T
D516V
S531L
H526R
S531L
H526R

R463L
T11A, R463L
N35D, R463L
R463L
R463L
R463L
Insertion 185C, R463L
R463L
NA

NM
S95T
S95T
S95T
S95T
NM
NM
NM

S95T
S95T

History of treatment in the previous 20 months.
Rr, rifampin resistant; Ir, isoniazid resistant; Or, ofloxacin resistant; Sr, streptomycin resistant.
NA, no amplification; NM, no mutation; Inh, mutation in the inhA ribosome binding site; ⌬, deletion at the indicated nucleotide position.
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FIG. 1. Summary of mutations at codons 508 to 532 in the rpoB 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
polymorphism. 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 stretch of 30 amino acids at the center of the amplicon for
the rpoB 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 to be the most vulnerable to mutations, as most rifampin-resistant isolates had this mutation (Fig. 1). Of the 93
rifampin-resistant strains in our study, 28 had the missense
mutation Ser531Leu and 8 had the substitution Ser531Trp.
The next most common mutations were the amino acid substitutions Asp516Val or Asp516Gly (20 isolates) and
His526Tyr, His526Leu, or His526Arg (19 isolates). We found
two isolates with Gln510His changes. While all these mutations
have been reported earlier, we also found mutations that have
not been reported previously. These included Ser509Arg (isolate ICC33), Leu511Val (isolate ICC242), Asn518Thr (isolate
ICC107), Ser522Gln (isolate ICC172), Lys527Asn (isolate
ICC105), Arg528Pro (isolate ICC129), and Arg528His (isolate
ICC213). 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 Leu511 and Leu521. Interestingly,
the mutation at position 511 never occurred alone and was
present only in isolates with more than one mutation at the
rpoB locus.
An important outcome of these studies is the direct correlation 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 g/ml) to rifampin,
whereas mutations in codons 510, 526, 527, 528, and 531 were
seen to confer high levels of resistance (MICs, ⱖ64 g/ml).
Amino acids 526 to 531 appear to be very important in drug
target interactions, and mutations in them result in MICs in
the range of 64 g/ml and above. In a few cases (e.g., for

isolates ICC204, ICC257, and ICC128), 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 isolates. In the
present study we looked for mutations in the 5⬘ region (nucleotides [nt] 3 to 239) and the midregion (nt 1187 to 1600) of the
katG gene, corresponding to amino acid positions 2 to 77 and
395 to 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 MICsa
Strain

Rifampin MIC
(g/ml)

Mutation

Mutation
type

Amino acid
change

ICC221
ICC208, ICC205
ICC37
ICC204
ICC204
ICC105
ICC129
ICC131
ICC131
ICC123
ICC100
ICC213
ICC213
ICC218
ICC218
ICC257
ICC257
ICC275
ICC220
ICC128
ICC128

10
10
10
40
40
40
40
40
40
64
64
64
64
64
64
64
64
64
64
128
128

G1317A
A1304T
A1304G
G1317A
G1336T
G1336T
G1338C
C1331T
G1338C
G1338C
C1349T
G1340A
C1349G
T1321C
C1322A
G1287T
C1288T
C1333T
C1349G
C1331T
G1338A

Novel
Reported
Reported
Novel
Novel
Novel
Novel
Reported
Novel
Novel
Reported
Novel
Reported
Novel
Novel
Novel
Novel
Reported
Reported
Reported
Novel

L521L
D516V
D516G
L521L
K527N
K527N
R528P
H526Y
R528P
R528P
S531L
R528H
S531W
S522Q
S522Q
Q510H
L511L
H526Y
S531W
H526Y
R528H

a
Missense mutations in the RpoB protein at amino acid positions 510, 511,
522, 526, 527, 528, and 531 confer higher levels of resistance (MICs, ⱖ40 g/ml)
than those at positions 509, 516, and 521 (MICs, ⱕ10 g/ml).
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FIG. 2. Summary of mutations 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. Codon 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 nucleotide) and 185 (a C
nucleotide) in four and three isolates, respectively. Both of
these insertions cause aberrant chain termination. Ala61Thr,
Thr12Pro, Thr11Ala, Asp73Asn, and Asn35Asp missense mutations 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 world. We were unable to amplify this locus in six
of the isolates (isolates ICC14, ICC23, ICC32, ICC85, ICC123,
and ICC205), indicating a partial deletion of the gene. A common mutation in all these isolates was Arg463Leu. 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. It was found that the
majority of the isolates carried this change. It has been argued
previously that this polymorphism in the katG locus might be
more important as a marker of evolution than as a marker of
resistance (22). Three isoniazid-resistant isolates carried mutations 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 mutations 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 gyrA gene spanning codons 89 to 95 was
sequenced to identify mutations. Most of the isolates showed a
single mutation corresponding to the amino acid change
Ser95Thr (Fig. 3). The second most common mutation, observed in four isolates, was Asp94Gly or Asp94Ala. Two isolates had an Ala90Val substitution, while one had a silent
mutation at this codon. Seven isolates had double mutations,
with the S95T change being common to all seven. These mu-

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 mutations in the gyrB locus, which is associated with low levels of
resistance. However, we found no mutations in the gyrB 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 ofloxacin via other
mechanisms.
We tested 14 isolates resistant to streptomycin for mutations
in the rpsL and rrs loci. In eight strains we found a novel silent
mutation at amino acid position 121 in the rpsL locus, where
the codon AAA (Lys) was changed to AAG (Lys), but we
found no mutations in the rrs genes. To our knowledge, there
are no reports of this mutation. The reported mutations at the
rpsL locus are generally Leu43Arg, Leu43Thr, 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 a permeability barrier or by the production of drug-altering enzymes.
A point to be kept in mind is that the majority of isolates
included in the present study were from North India. Our 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 killing 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 efflux pumps (6,
14). The objective of the present study was to identify muta-

FIG. 3. Summary of missense mutations in the gyrA locus. Nucleotide changes are indicated 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 Ser95Thr.
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tions in drug target loci in Indian strains of M. tuberculosis and
to identify the different drug resistance genotypes. As in all
such studies, the aim was to generate information about the
markers associated with drug resistance, polymorphisms in the
drug target genes, the association of the level of resistance with
particular mutations, etc. Our findings of mutations in the
rpoB, katG, and rpsL loci are similar to 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 tuberculosis (4, 10), and our study corroborates this hypothesis. The
mutation frequency of codon 531 (rpoB) was similar to that
reported earlier (13, 17, 19, 20, 21, 25). Significantly, the frequency of mutations (relative to those of other mutations) was
higher at codon 516 and lower at codon 526 in Indian isolates
compared to those reported elsewhere. We found novel mutations that 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 designing 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 resistance to rifampin exhibited by an isolate is related to the type
of mutation in the rpoB 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
Arg463Leu substitution, which is also present in isolates that
were sensitive to isoniazid. This is in concordance with a report
from Sreevatsan et al. (22), who argue that polymorphism at
this residue does not contribute to resistance per se but is an
important marker for evolutionary genetics. The insertions and
deletions in the katG locus invariably resulted in chain truncation and termination, leading to the generation of dysfunctional polypeptides. We found changes in the putative ribosomal binding site of the inhA gene in three isolates. While the
exact mechanism of how these mutations confer resistance to
isoniazid is not clear, reports (1, 18, 20) indicate that they
probably increase the levels of enoyl-acyl carrier protein reductase which in turn leads to resistance via a drug titration
mechanism. In isolates with no mutations in the hot-spot region of the gene, the complete sequencing of the gene is being
done. However, resistance to isoniazid can also be due to
mutations in the ahpC-oxyR and kasA gene loci (7, 16).
Fluoroquinolones comprise the secondary drug regimen in
the treatment of tuberculosis. A large number of isolates were
resistant to ofloxacin, which could be due in part to the inaccurate diagnosis of tuberculosis as a bacterial infection and
fluoroquinolone overuse in the population. Codons 89, 90, 91,
94, and 95 in the gyrA gene have been shown to be polymorphic
(20, 23, 26). The most common mutation in ofloxacin-resistant
isolates in the present study was Ser95Thr, which reportedly
has no direct role in the development of drug resistance, as it
also occurs in drug-sensitive strains (22). It seems likely that
ofloxacin resistance possibly results due to mutations elsewhere in the gene or the presence of drug efflux pumps.
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Mutations in codons 43 and 88 of the rpsL gene generally
result in high levels of resistance to streptomycin, while mutations in the loop at codon 530 or the region at codon 915 of the
rrs locus 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 codon 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 loci in Indian clinical
isolates of M. tuberculosis that enhance our understanding of
the molecular mechanisms of drug resistance. The diversity of
the polymorphisms exhibited at these loci by the drug-resistant
strains indicates the prevalence of a large numbers of drugresistant 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 methods promise faster detection rates compared to those achieved
by methods based solely on culture of the isolates.
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