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INTRODUCTION




Chapter 1 Introduction and Review of Literature

Mycobacterium tuberculosis (Mtb) is a multifaceted pathogen

which can either cause an acute disease or can survive in an
asymptomatic latent form. It is an acid-fast bacillus that is transmitted
primarily via the respiratory route. Infection occurs in the lungs, but the
organism can seed in any organ via hematogenous spread. Unlike mucosal
colonizers, latent Mtb resides deep inside the body for years before being
reactivated (Comstock et al, 1974; Wayne, 1994). Nearly one third of the
population is infected with tuberculosis and this population is an important
reservoir for disease reactivation and of these about 5-10 % of individuals have
a life time risk of developing active tuberculosis. The latency attribute
represents a significant obstacle to the worldwide control and eradication of
tuberculosis because the non-replicating bacilli may be in a state of ‘drug
indifference’ wherein they are not killed by the drugs (Dermott, 1959). An
understanding of the latency and reactivation of tuberculosis, at the level of
both the host and the bacillus, is therefore crucial for worldwide control of this

disease.

1.1 History

Mycobacterium tuberculosis (Mtb) is present in the human population
since antiquity as spines from Egyptian mummies (2400 BC) show sign of
tubercular decay (Hershkovitz et al, 2008; Zink et al, 2003). Other terms that
were used to describe tuberculosis are “phthisis” (Greek name for tuberculosis

associated with chronic wasting away), “king’s evil” (tuberculosis of the lymph
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glands and neck), “lupus vulgaris” (tuberculosis of the skin), mesenteric disease
(tuberculosis of the abdominal lymph glands), “pott’s disease” (tuberculosis
infection of the spine), “scrofula” (tuberculosis of the lymph glands), “white
plague”, “consumption” etc. The term phthisis was given by Hippocrates around
460 BC. In India, tuberculosis has been described as early as 600 BC in Shruta
Samhita, a compendium to ancient medicine and surgery. In Sanskrit the
disease is known as Kshaya, ‘wasting disease’, or Raja Yakshamaa, ‘the king of
disease’. The second name was given due to the fact that among its sufferers
was said to be the moon, the king of stars (Ramakrishnan & Chandrashekhar,
1999).

In the middle ages, kings were considered sacred, and in some countries
they were held to possess miraculous powers of healing. For many centuries
the kings of France and England used to touch patients with ‘scrofula’ and it
was considered their touch could cure people suffering from tuberculosis.

Exact pathological and anatomical descriptions of the disease began to
appear in the seventeenth century. Sylvius wrote Opera Medica in 1679. He
was the first to describe actual tubercles as a consistent and characteristic
change in the lungs and other areas of consumptive patients. In 1702, Manget
described the pathological features of miliary tuberculosis. Benjamin Marten in
1720 wrote “A New Theory of Consumption” where he mentioned that
tuberculosis is caused by "wonderfully minute living creatures”. In 1761,
Austrian Leopold Avensbrugger wrote a book about the clinical symptoms and

different pathologies of tuberculosis.
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Figure 1.1 Charles Il of England touching for scrofula (Wellcome Library, London;
http://www.sciencemuseum.org.uk/broughttolife/technigues/kingsevil.aspx)

In 1865, the French military doctor Jean-Antoine Villemin demonstrated
that “consumption” could be passed from humans to cattle and from cattle to
rabbits. Hermann Brehmer, a Silesian botany student suffering from
tuberculosis, was instructed by his doctor to seek out a healthier climate. He
came to the Himalayan Mountains to pursue his botanical studies while trying
to rid himself of the disease. He returned home cured and began to study
medicine. In 1854, he presented his doctoral dissertation entitled,
“Tuberculosis is a Curable Disease”. In the same year, he built an institution at
Gorbersdorf, in the midst of fir trees, where the patients were exposed to
continuous fresh air along with good nutrition. This setup became the
blueprint for the subsequent development of sanatoria. In 1882, Robert Koch
discovered a staining technique that enabled him to visualize Mtb. He received

the Nobel Prize in physiology or medicine in 1905 for this discovery. The first
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therapy for TB patients was created by Forlanini, an Italian doctor, in 1890.
He found that collapsing the lungs had positive effects on recovery from
tuberculosis. Doctors began to reduce lung volume to treat TB. Wilhelm
Konrad von Rontgen in 1895 developed radiation technique to examine the
progression of TB and the severity of the illness.

Selman A. Waksman in 1943 purified a compound called Streptomycin,
from Streptomyces griseus to treat TB. It was administered to a live, human
patient for the first time in November 20, 1944 and by the use of this
compound the patient fully healed. In 1946 Para-aminosalisylic acid (PAS) was
discovered and found to be moderately effective against tuberculosis. In 1947
Mtb showed resistance to streptomycin. In 1948 Streptomycin and PAS were
used together to effectively treat tuberculosis. In 1951 Isoniazid (INH) was
discovered (Bernstein et al, 1952; Bloom & Murray, 1992; Youatt, 1969). When
used with PAS, isoniazid was shown to be more effective than the previous
combination of streptomycin and PAS. Subsequently in 1954 pyrazinamide, in
1955 cycloserine, in 1962 ethambutol and in 1963 rifampicin was discovered
to treat tuberculosis. But chemotherapy by these drugs takes 6 months to
achieve a cure because bacteria persist during chemotherapy and relapse (2 to
5% in 5 years) after the end of treatment (Fox, 1981). These latent bacteria
become drug insensitive, but at relapse become usually drug sensitive as their
resistance to chemotherapy is phenotypic (Hong Kong Tuberculosis Treatment
Services et al, 1976) rather than genetic. It is therefore suggested that an

altered physiological state of latent Mtb accounts for its tolerance to drugs as
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well as the ability to survive in the host for many years. Latency is likely to be a
combined effect of both the immune system and bacterial physiology, resulting
in what is generally referred to as a latent state (Bloom & McKinney, 1999). It
is not known whether the metabolism of persistent bacteria is switched off with
no cell division (spore-like) or, alternatively, is active albeit at much reduced

level (Parrish et al, 1998).

1.2 Evolution of Mycobacterium bovis BCG (vaccine strain)

The current vaccine was originally developed by Calmette and Gueérin,
who passaged a strain of M. bovis 230 times in-vitro between 1908 and 1921.
However, because of the inability to preserve viable bacteria (such as by
freezing), this live vaccine required continued passage, eventually resulting in a
profusion of phenotypically different daughter strains that are collectively
known as BCG (Behr et al, 1999). The lyophilized seed lots of BCG vaccine were
created in 1960, however by this time vaccine strain has gone through
additional 1000 passages under the same culture conditions which has lead to
the original attenuation. In comparison to H37Rv there are around 16 regions
deleted in BCG strain varying in length from 1903 to 12733bp. Of these 16
deletion regions, nine are missing from BCG and all virulent M. bovis strains,
one is missing from all BCG strains, and four are missing only from certain
BCG strains (Behr et al, 1999). In comparison with M. bovis, all BCG vaccines
lost one region (RD-1) that presumably was lost during the 1908-1921

attenuation. Another deletion (RD-2) occurred at Institute Pasteur between




Chapter 1 Introduction and Review of Literature

1927 and 1931. A further deletion (RD-14) specific to BCG Pasteur occurred
before 1961. The loss of RD-8 region occurred at Montreal (between 1937 and
1948) and RD-16 in Uruguay or Brazil (after 1925). With this loss of genes BCG
was further attenuated. There are reports that when RD2 region was lost
(between 1927 and 1931) it led to decreased vaccine lesions in humans and
reduced virulence in animals. However, none of these ORFs present in M. bovis
but deleted from BCG strains were classified as virulence element. In these
deletions ORF's classified as transcriptional regulators were over-represented in

comparison to H37Rv (Behr et al, 1999).

M. bovis
1908
wm RDI
IS
= RD2
1931
RD16
-
RD 14w T RD8
1961
Pasteur = Frappier Tice Glaxo  Birkhaug  Japan Russia

Phipps Connaught Denmark Prague Sweden Moreau

Figure 1.2 Historical genealogy of BCG showing different genetic deletions. The
vertical axis represents time. The horizontal axis denotes different geographic locations
of BCG propagation. Under this reconstruction, the M. bovis strain that was used to
develop BCG would be missing RD3, RD4, RD5, RD6, RD7, RD9, RD10, RD11, RD12,
RD13 and RD15. During serial propagation of this strain RD1, RD2, RD8, RD14, RD16
and 1S6110 element (IS) were deleted (Behr et al, 1999).
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1.3 Understanding Latency

“Latent tuberculosis is a clinical syndrome that occurs after an
individual has been overexposed to Mtb, the infection has been established and
an immune response has been generated to control the pathogen and force it
into a quiescent state” (Parrish et al, 1998). In contrast to individuals with
active tuberculosis, individuals with latent tuberculosis do not transmit the
disease. The factors which lead to development of latency include depletion of
nutrients, shift in pH, production of growth limiting products and/or depletion
of oxygen. Mtb can grow in a very simple culture medium (Redmond, 1957)
and at a pH as low as 5.5 (Salfinger & Heifets, 1988). Necrotic tissues have a
pH of about 6.5, which is optimal for Mtb. A common denominator in
inflammatory or necrotic regions is a state of depleted oxygen (Imboden &
Schoolnik, 1998). Tuberculosis lesions are essentially avascular (Russel et al,
1955), so a blocked lesion has a very limited access to oxygen.

The diagnosis of latent tuberculosis is done either by a positive
tuberculin skin test using intradermal purified protein derivative (PPD)
inoculation or by a chest radiograph that demonstrates scars indicative of old
tuberculosis. These scars are actually formed due to the entry of bacilli into
pulmonary alveolar macrophages. The entry of bacilli disrupts phagosome
maturation by inhibiting phagosome-lysosome fusion. During this 2-4 week
initial infection process, host immunity may be inadequate and the bacilli may
escape from infected macrophages, causing a transient bacteremia with

dissemination of viable bacilli thought the body. In most of the
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immunocompetent individuals, T cells and macrophages are recruited, a
secondary immune response is mounted and the infection is controlled. In
about 60% of the patients who control the infection, a scar is sometimes
apparent in the lungs, in which calcified lesions, corresponding to the initial
site of pulmonary infection and a hilar lymph node, are seen. These are also
called Ghon Complex or granuloma. It consists primarily of T cells and Mtb
infected macrophages (Kaplan et al, 2003). The function of the granuloma is to
segregate the infection to prevent spread to the remainder of the lung and to
other organs, as well as to concentrate the immune response directly at the
site of infection. In addition immunological memory also persists in the form of
a positive delayed type hypersensitivity reaction to the PPD of Mtb. The live
bacilli have been isolated from granulomas or tubercles in the lungs of persons
with clinically inactive tuberculosis, indicating that the organism can persist in
a granulomatous lesion for many years.

The host response prevents active disease from occurring and the
bacterium avoids elimination. In most cases, the host response is sufficient to
forestall active disease for a lifetime. However, occasionally the immune
response fails in some way and the infection reactivates to cause active
disease. Age plays a role in the post-infection development of active disease
with peaks in early childhood, late adolescence, and a third rise in the
population aged 65 and older (Stead & Lofgren, 1983). There are a number of
important questions that remain to be answered with respect to latent

tuberculosis. How does the host control the initial infection to prevent disease?
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What immune factors contribute to establishment of a latent infection? Which
immunologic components are required to maintain a latent infection and
prevent reactivation? How does the bacterium evade host antimicrobial
defenses and survive in the face of a strong immune response? Is the bacillus
dormant, slowly or intermittently replicating, or metabolically active? All of
these questions impact another question relevant to vaccine development: How
can the immune system be induced to eliminate, rather than just control, the
tubercle bacillus? Several factors may affect the course of latent tuberculosis; a
major factor among them is HIV. There is mounting evidence that there is
pathogenic synergy between HIV and tuberculosis leading to accelerated
progression of both infections.

Very little information is available about the physiological state of the
microorganism during latency. Are they in a metabolically active state or are
they spore-like (metabolically inactive and awaiting a signal to resume
division)? Evidences are in support of both. The low tissue bacterial burden
associated with tuberculous latency is a major obstacle to characterizing the
mechanisms by which Mtb persists and reactivates in the host. This difficulty
is further compounded by the lack of a much-needed genuine animal model of
latent tuberculosis for stringently testing the validity of putative mechanisms
underlying the persistence of the tubercle bacillus. Existing animal models,
particularly those of the mouse, have been employed to evaluate the
significance of these mycobacterial factors in tuberculous persistence. The use

of the low-dose, persistent-infection murine model for tuberculosis, despite

10
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certain limitations, has been particularly useful for elucidating the roles of

various Mtb components in tuberculous persistence.

No Infection

/ 70%

Exposure Primary Active TB
(Close Contacts) \ 40% Continued Latent TB

Infection Reactivation TB

30% S Laleng B =P 739 per lifetime
60%
& \ Reactivation TB

HIV Infection —==——pp- 5-10% per year

Figure 1.3 Adapted from Parrish et al., (Parrish et al, 1998)

1.3.1 Models for studying Latency
1.3.1.1 Drug induced Cornell Mouse Model

This model for latent tuberculosis was developed at Cornell University,
NY, USA by Walsh McDermott and colleagues in 1950s and1960s. In this
model, outbred mice are infected intravenously with ~105 cfu of H37Rv strain
of Mtb. They are then immediately treated for a period of 12 weeks with
antimicrobial drugs Isoniazid (INH) and pyrazinamide (PZA) (McCune et al,
1966a; McCune et al, 1966b). After 4-6 weeks of withdrawal of INH and PZA,
mice showed no evidence of cultivable tubercle bacilli. However ~12 weeks after
INH and PZA treatment was withdrawn, one third of the mice developed full
blown active tuberculosis. Researchers have used variations in this model to

study persistence and reactivation of mycobacteria in the host, as well as

11
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vaccination of latently infected hosts (Brooks et al, 1999; Jagannath et al,

2000; Kindler et al, 1989; McKinney et al, 2000).

1.3.1.2 In-vitro model for latency in Mycobacterium tuberculosis

An in-vitro anaerobic model of latent tuberculosis was developed by
Lawrence Wayne (Wayne, 1994). In this model Mtb cultures are subjected to
gradual self-generated oxygen depletion by incubation in sealed containers
with controlled agitation. Upon slow shift of aerobic growing Mtb to anaerobic
conditions, the culture is able to adapt and survive anaerobiosis by shifting
down to a state of non-replicating persistent stage (NRP) (Hu et al, 1998); a
micro-aerophilic state associated with induction of glycine dehydrogenase
activity (NRP1) (Wayne & Hayes, 1996), and a later anaerobic state (NRP2) in
which glycine dehydrogenase activity declines and alteration in drug
susceptibility are observed. A key feature of the dormancy response is that the
anaerobic persistent NRP-2 culture is arrested at a uniform stage of the cell
cycle, ie., the culture is synchronized (Wayne, 1977; Wayne & Hayes, 1996).
Hypoxia developed by this model mimics the micro-aerobic environment of
tuberculous granulomas and necrotic lesions that have little or no access to air
(Wayne & Sohaskey, 2001). Once the oxygen is reintroduced to anaerobic
bacilli, there is a resumption of growth in a synchronous fashion. At the
initiation of replication, RNA is transcribed, but there is a lag period before the
transcription occurs. One interpretation of this finding is that the persistent

form of bacilli grown under anaerobic conditions is diploid and the organism is
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awaiting cell division. This model provides valuable insights into the
physiological, structural, metabolic and molecular changes accompanying

adaptation to hypoxia.

1.4 Growth rate in mycobacterium

The genus Mycobacterium includes fast growing species, with doubling
times between 2 and 3 h (M. smegmatis and M. fortuitum) and 10 h (M. avium -
intracellulare complex) and slow-growing species, with doubling time of 24 h
(M. tuberculosis and M. bovis) (Ratledge, 1976). Although M. smegmatis is
viewed as a fast-growing member of the genus Mycobacterium, its doubling

time is approximately six to seven times slower than that of E. coli.

1.5 Factors affecting growth rate

In several bacteria including E. coli, the number of ribosomes varies
linearly with the growth rate over a range of conditions and this relationship is
called growth rate dependent control (Bartlet & Gourse, 1994). Growth rate
control acts at the level of transcription initiation from the P1 promoters of the
seven rRNA (rrn) operons, while the downstream P2 promoters of these operons
are constitutively regulated (Gourse et al, 1986; Sarmientos & Cashel, 1983). A
feedback system senses the level of translationally competent ribosomes and
controls the transcription initiation at rrn P1 promoters and some tRNA
promoters in response to the need for protein synthesis (Cole et al, 1987;

Gourse et al, 1985; Jinks-Robertson et al, 1983). It has been suggested that
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this feedback system is the mechanism by which growth rate control of
transcription is achieved (Gourse et al, 1986; Nomura et al, 1984). Another
system for the stringent control acts at the level of transcription initiation from
the rrn P1 promoters (Gourse et al, 1983; Sarmientos et al, 1983). In this
system, rRNA synthesis is rapidly and severely inhibited by the production of
guanosine 3'-diphosphate S'-diphosphate (ppGpp) in response to aminoacyl-
tRNA limitation (Schreiber et al, 1991) and ppGpp concentrations are inversely
proportional to the growth rate of the cell under most conditions.

To understand the molecular basis of the slow growth of Mth, the study
of ribosome regulation is extremely relevant as protein synthesis is very critical
to growth and dependent on ribosomes. Mtb cultures contain small amounts of
RNA per unit content of DNA and the total RNA content varies only two fold
between stationary phase cultures and actively growing cells (Bradford, 1976).
The production of rRNA is determined by the number of rrn operons, the
number of promoters, the nature of the promoter elements, and the efficiency
with which the operons are transcribed. Since rRNAs represent a relatively
stable population, breakdown is less likely to constitute a major regulatory
mechanism and the regulation of rRNA synthesis is expected to occur at the
level of RNA chain initiation (Verma et al, 1999). Besides the number of rrn
operons, other factors influencing growth are the unique cell wall composition
of the mycobacterial envelope which presents permeability barriers. Since cell
wall lipids constitute a high proportion of the dry weight of mycobacteria (Besra

& Chatterjee, 1994) and cell wall synthesis imposes considerable energy
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demand on the cell, its biosynthetic rate may also be limiting for growth. Also
the RNA chain growth in Mtb is 10 times lower than that in E. coli, and the low
transcription rate is attributed to a low rate of transcription initiation (Harshey
& Ramakrishnan, 1977) and this leads to a rather low content of RNA per unit
of DNA compared to that in other bacteria. In M. bovis and Mtb, the RNA/DNA
ratio varied between 1:1 and 2:1, while in M. smegmatis, it reached 5:1 in
rapidly growing cultures (Winder, 1982). The G+C content of mycobacterial
DNA, particularly that of the promoter regions, has been suggested as another
constraint for the low rate of transcription; the upstream regions of
mycobacterial genes have a higher G+C content than do the corresponding
regions from M. smegmatis (Bashyam et al, 1996). rRNA gene dosage is also
considered a critical factor influencing growth. Slow growers such as Mtb
depend entirely for their total ribosome pool on a single rrn operon, while fast
growers including M. smegmatis typically have two rrn operons per genome
(Bercovier et al, 1986) and possess multiple promoters to increase their

capacity for rRNA synthesis (Gonzalez-y-Merchand et al, 1997).

1.6 Mechanism of DNA Replication
1.6.1 Bacterial Chromosomal DNA Replication

Initiation of chromosome replication is a key event in the life cycle of any
organism. It involves several regulated steps: (i) binding of the initiator proteins
to the sites located within the origin region (orj; (ii) local unwinding of the oriC

region; and (iii) loading the DNA helicase and other proteins required to form
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replication forks (Kornberg & Baker, 1991). Chromosomal replication starts
either from one (Bacteria and Archaea, e.g. Pyroccocus abyssi (Matsunaga et
al, 2001), two (Archaea, e.g. Sulfolobus solfataricus) (Robinson et al, 2004) or
multiple replication origins (Eukaryota) (Kelman & Kelman, 2003). In bacteria,
chromosomal replication initiated at the oriC region proceeds bi-directionally
until the replication forks reach the termination site, terC (in the case of
circular chromosomes) or chromosomal ends (in the case of linear
chromosomes). The initiation of bacterial chromosome replication is mediated
by the initiator DnaA protein, which interacts with repetitive non-palindromic
nonamer sequences (TTA/TTNCACA) (Fuller et al, 1984; Schaefer & Messer,
1991; Zakrzewska-Czerwinksa & Schrempf, 1992), the DnaA boxes, located
within the oriC region. Among bacteria, the initiation of replication is best
understood in E. coli (Messer, 2002). The binding of 10 to 20 DnaA protein
molecules to five DnaA boxes promotes unwinding within the A+T rich region of
oriC. The replication origin of E. coli contains five DnaA boxes (Fuller et al,
1984; Langer et al, 1996) and three A+T rich 13 mer tandem repeats adjacent
to a short A+T cluster at the left border. The first step in the E. coli in-vitro
replication is recognition and binding of the DnaA boxes by the DnaA protein
(Kornberg & Baker, 1991) forming the “initial complex” with about 20 to 40
DnaA protein monomers (Crooke et al, 1993; Fuller et al, 1984; Funnell et al,
1987). In the presence of HU protein and ATP (Sekimizu et al, 1988) the E. coli
DnaA protein catalyzes a local unwinding at the A+T rich region and leads to

the formation of “open complex” (Bramhill & Kornberg, 1988; Gille & Messer,
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1991; Hwang & Kornberg, 1992a). The DnaB/DnaC helicase is delivered to the
opened DNA and this leads to bidirectional unwinding by the DnaB helicase to
generate two forks. This is followed by successive priming by DnaG primase
and chain elongation by DNA polymerase III holoenzyme (Funnell et al, 1987;
Kaguni & Kornberg, 1984; Kornberg & Baker, 1991). Protein HU stimulates the
early stages (Ogawa et al, 1985) and single-strand binding protein (SSB) and
gyrase must be present during opening of the duplex to stabilize the single-
stranded DNA and relieve the torsional stress (Baker et al, 1987; van der Ende
et al, 1985). Negatively supercoiled DNA has a greater affinity for DnaA protein
(Fuller & Kornberg, 1983) and is required for oriC template to be replicated
(Funnell et al, 1986). In-vitro, a sharp increase in the rate of prepriming
complex formation is observed at around 30°C (van der Ende et al, 1985).

It is observed that naturally occurring closed circular DNA is negatively
supercoiled in-vivo, and this DNA topology is known to strongly influence both
replication and transcription (Funnell et al, 1986). Plasmid replication can be
separated into stages of: (i) formation of a pre-priming complex, (ii) priming, (iii)
elongation (DNA synthesis) and (iv) termination to produce supercoiled
daughter molecules. The formation of the pre-priming complex requires a
higher temperature (> 28 9C) and subsequent priming and elongation events
can be carried out at 16 0 or 24 9C (Barbara et al, 1986). But before priming it
requires the action of DnaA, DnaB, DnaC and HU proteins at the elevated
temperature. Pre-priming complex formation with DnaA, DnaB, DnaC and HU

proteins absolutely requires supercoiled plasmid (Barbara et al, 1986).
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Although DnaA protein can bind non-supercoiled DNA, albeit with lower
affinity, increasing the amount of DnaA protein does not increase the ability of
relaxed DNA to replicate. Thus, the formation of a pre-priming initiation

complex requires a negatively supercoiled oriC plasmid (Barbara et al, 1986).

1.6.1.1 Pre-priming Complex

The DnaA protein recognizes and binds specifically to asymmetric 9
base consensus sequence named DnaA boxes. This initial complex contains
10-20 monomers of DnaA and 200-250 bp of oriC (Funnell et al, 1987). The
initial complex can be converted to an open complex in the presence of high
temperature (38°C) and SmM ATP (Bramhill & Kornberg, 1988; Krause et al,
1997). Unwinding of the 13mers appears to be sequential, starting with the
right most 13 mer (R-13mer) and spreading to the middle and left most ones.
The formation of this open complex is the first step in replication initiation.
DnaA then guides the DnaB protein from a DnaB-DnaC complex in solution to
its place between the strands of the denaturation bubble, forming a prepriming
complex.

Formation of the open complex appears to be the key step in initiation
at oriC. Kowalski & Eddy (Kowalski & Eddy, 1989) demonstrated that the L-13
mer exists stably unwound in a supercoiled plasmid in-vitro. The specific
sequence of the L-13 mer was not required for this effect, but only the A+T-rich
nature of the region. The importance of open complex formation is further

underscored by the discovery in Kornberg’s laboratory of a 33-kDa protein that
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inhibits oriC replication in-vitro by binding to the 13 mers and preventing open
complex formation (Hwang & Kornberg, 1990). Action of this protein and of
DnaA is mutually exclusive. Interestingly, null mutants of E. coli in iciA
(inhibitor of chromosome initiation), which encodes the 33-kDa protein, are

viable and grow at the same rate as wild type (Thony et al, 1991).

1.6.1.2 Priming

As DnaB binds, it displaces DnaA from the 13 bp repeats and extends
the length of the open region. Then it uses its helicase activity to extend the
region of unwinding. In this process it also recruits SSB and DNA gyrase to the
template DNA (Baker et al, 1987; Baker et al, 1986). Gyrase provides a swivel
that allows one strand to rotate around the other. Without this reaction,
unwinding would generate torsional strain in the DNA. The protein SSB
stabilizes the single-stranded DNA as it is formed. Earlier experiments
suggested that DnaB induces a template secondary structure that attracts
primase (Arai & Kornberg, 1981). However, later on it was established that
primase can prime on unstructured oligonucleotides and this provides an
indirect evidence for a primase-DnaB protein interaction (Morris et al, 1975;
Nossal, 1974). The length of duplex DNA that usually is unwound to initiate
replication is probably <60 bp. Each DnaB activates a DnaG primase, in one
case to initiate the leading strand, and in the other to initiate the first Okazaki
fragment of the lagging strand. Input of energy in the form of ATP is required at

every step, it is required for unwinding DNA, helicase action of DnaB and the
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swivel action of gyrase also requires ATP hydrolysis. ATP is also needed for the

action of primase and to activate DNA polymerase III.

1.6.1.3 Elongation

Both prokaryotic and eukaryotic cells contain multiple DNA polymerase
activities. Only some of these enzymes actually undertake replication while the
others are involved in subsidiary roles in replication and/or participate in
repair synthesis. They can extend a DNA chain by adding nucleotides one at a
time to a 3' OH end. The choice of the nucleotide added to the chain is dictated
by base pairing with the template strand. E. coli has different kinds of DNA
polymerases. DNA polymerase I, coded by polA, is involved in the repair of
damaged DNA and, in a subsidiary role, in semi-conservative replication. DNA
polymerase III, a multisubunit protein, is the replicase responsible for de novo
synthesis of new strands of DNA. Other enzymes (DNA polymerases II, IV and
V) are involved in specific repair reactions.

DNA polymerase III holoenzyme is the chromosomal replicase of E. coli
(Kornberg & Baker, 1991). The holoenzyme is composed of 10 subunits (Maki
et al, 1988; Maki & Kornberg, 1988a; Wickner, 1976) and can be subdivided
into two sub-assemblies with distinct functions. One sub-assembly is the
hetero-trimer core polymerase of a (DNA polymerase), € (3’-5’ exonuclease) and
0 (McHenry & Crow, 1979). The other sub-assembly is the pre-initiation
complex, a tight ATP activated protein clamp on primed ssDNA formed by the

accessory protein B and the five protein y complex (y86xy) (Maki & Kornberg,
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1988b; O'Donnell, 1987; Wickner, 1976). The t subunit binds to the core
polymerase and greatly accelerates its assembly with the pre-initiation complex
to form the fully assembled holoenzyme (Studwell & O'Donnell, 1990). The
reconstituted holoenzyme is rapid (>500 nucleotides/s) and entirely processive
in DNA synthesis. After completing replication of a template, the holoenzyme
(possibly just the core) rapidly cycles from the product duplex to a new primed
template provided the new template is already endowed with a pre-initiation
complex (O'Donnell, 1987). Through this cycling reaction one core progressively

replicates multiple templates (O'Donnell, 1987).

1.6.1.4 Termination

Replication of the E. coli chromosome initiates at oriC and proceeds bi-
directionally around the chromosome (Bird et al, 1972; Prescott & Kuempel,
1972). The opposing replication forks meet in the terminus region, roughly
1800 away from oriC. Sequences that stop movement of replication forks have
been identified in the form of the ter elements of the E. coli chromosome or
equivalent sequences in some plasmids. The common feature of these elements
is a 23 bp consensus sequence (Pelletier et al, 1989) that provides the binding
site for the product of the tus gene, a 36 kD protein that is necessary for
termination (Kuempel et al, 1977; Louarn et al, 1979). Tus binds to the
consensus sequence, where it provides a contra-helicase activity and stops
DnaB from unwinding DNA. The leading strand continues to be synthesized

right up to the ter element, while the nearest lagging strand is initiated 50-100
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bp before reaching ter. Currently, six ter sites have been identified on the E. coli
chromosome (Hidaka et al, 1988; Hill et al, 1988a; Hill et al, 1988b). Three
(terA, terD, and terE) are clustered between min 23 and 29 and are oriented to
stop the counter-clockwise moving fork. Two (terB and terC) are clustered
between min 33 and 36 and are oriented to stop the clockwise moving fork. The
sixth site (terF) is also oriented to stop the clockwise moving fork and is found
at min 48 on the map. Thus, the terminus region can act as a replication fork
trap, allowing forks to enter, but not to exit. The result of this inhibition is to
halt movement of the replication fork and to cause disassembly of the
replication apparatus. Tus stops the movement of a replication fork in only one
direction. The crystal structure of a Tus-ter complex shows that the Tus protein
binds to DNA asymmetrically; a-helices of the protein protrude around the
double helix at the end that blocks the replication fork. Presumably a fork
proceeding in the opposite direction can displace Tus and thus continue. A
difficulty in understanding the function of the system in-vivo is that it appears

to be dispensable, since mutations in the ter sites or in tus is not lethal.

1.7 Organization of oriC region in Mycobacterium tuberculosis

The sequences of bacterial oriC regions are conserved only among closely
related organisms. Bacterial replication origins vary in sizes (from ~200 up to
1000 bp). The oriC from one bacterial species has been shown to be functional,

i.e., support autonomous replication in other members of the same genus
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(Kornberg & Baker, 1991; Yee & Smith, 1990) . 3.5 kb dnaA region containing
the rpomH, dnaA and dnalN genes and their intergenic regions (Rajagopalan et
al, 1995) or just the dnaA-dnalN intergenic region alone (Qin et al, 1997;
Salazar et al, 1996) of M. smegmatis functions as oriC in M. smegmatis, i.e.
nonreplicative plasmids are rendered capable of autonomous replication in M.
smegmatis. Further, the 5' flanking region of the dnaA-dnalN intergenic region
of M. smegmatis was shown to promote its oriC activity (Qin et al, 1997). A
common feature of bacterial replication origin is the presence of A+T rich
regions adjacent to multiple DnaA boxes, whose number and relative location
within the origin is very different between species. A cluster of four or more
DnaA boxes is an indication of a functional chromosomal origin. However, only
one and two DnaA boxes were identified within the functional oriC regions of
Caulobacter crescentus (Marczynski & Shapiro, 2002) and Coxiella burnetti
(Suhan et al, 1994), respectively. The oriC region is always located within the
intergenic region, frequently within the mpA-rmpH-dnaA-dnalN-recF-gyrB-
mpA genes cluster, usually next to the dnaA gene. In many eubacteria there is
a close association between DnaA box regions and the dnaA gene (Ogasawara
& Yoshikawa, 1992). However, in enterobacteriaceae and in some other species

the dnaA gene is distant to oriC (Richter et al, 1998).

1.8 Organization of DNA
Variations of DNA supercoiling are intimately concerned with packaging of DNA

and manipulation in crucial biological processes such as chromosome

23



Chapter 1 Introduction and Review of Literature

condensation, regulation of gene expression and unraveling of topological
domains after completion of DNA replication. DNA supercoiling regulates the
double helix stability. DNA superhelicity is regulated by the complex interplay
of topoisomerases and DNA binding proteins. In Eubacteria and Eukarya DNA
is overall negatively supercoiled, due to action of gyrase and wrapping of core
histones.

In eukaryotes, the genome is organized into chromatin, a structure that
is differentially accessible for replication and transcription (Hayes & Wolffe,
1992). The fundamental block in eukaryotic chromatin is the nucleosome, a
bead-like structure composed of an octamer of histone protein subunits with
the DNA wrapped around its surface (Ramakrishnan, 1994). Additionally, in
eukaryotic cells the nucleosomes are deposited non-randomly on the genomic
DNA, making it differentially accessible for developmental processes (Wallrath
et al, 1994). In bacteria, histone-like proteins, are abundant non-specific DNA
binders and their primary function is to organize the genomic DNA (Drlica &
Rouviére-Yaniv, 1987). There are several members of this class in prokaryotes —
primarily, H-NS, Fis, the HU homolog Integration Host Factor (IHF), LRP and

HU.

1.9 Short Account of the Members of the Histone-like Family
1.9.1 H-NS (Histone-like Nucleoid Structuring protein)
It is an abundant, heat-stable, DNA-binding protein found in bacteria

(Cukier-Kahn et al, 1972; Laemmi et al, 1984). It has a molecular mass of 15.6
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kDa and is neutral with a pl of about 7.5 (Laemmi et al, 1984; Spassky et al,
1984). It contains a large number of charged residues which, unlike the
eukaryotic histones or other DNA-binding proteins, are acidic and not basic. It
does not contain a typical DNA-binding motif (i.e. helix-turn-helix or zinc
finger), but has a stretch of positive charges at the C-terminal end which may
be involved in DNA binding. It forms a dimer in solution, with small amounts of
trimer and tetramer (Frederich et al, 1988; Spassky & Buc, 1977). It has three
isoforms, differing in isoelectric point, but present in equimolar amounts
(Spassky et al, 1984). H-NS is induced by cold shock and its concentration
increases three to four fold in comparison to its level under normal growth
conditions, thus repressing transcription of a number of genes (Drlica &
Rouviére-Yaniv, 1987; Kaidow et al, 1995). It plays an antagonistic role with
HU, affecting chromosome replication and partitioning (Kaidow et al, 1995). It
is very abundant 22,000 molecules per cell or 1 H-NS dimer per 440 bp DNA,
(Talukder et al, 1999) and auto-regulates its own expression in the cell. H-NS
binds DNA non-specifically, very strongly (Laine et al, 1984) and prefers curved
DNA and bends non-curved DNA (Spurio et al, 1997), inducing topological
changes, thus indicating that it compacts the genome (Spassky et al, 1984;

Spurio et al, 1992).

1.9.2 FIS (Factor for Inversion Stimulation)
It is an 11.2 kDa, heat-stable, DNA-binding protein in E. coli It is a

pleiotrophic transcriptional regulator altering the pattern of gene expression
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through direct control at transcription initiation or indirectly of many genes
(Finkel & Johnson, 1992; Xu & Johnson, 1995) including activation of rRNA
synthesis (Richins et al, 1997). It is the most abundant protein in growing cells,
60,000 molecules per cell (Talukder et al, 1999) and modulates the activity of
gyrase and homeostatic control of DNA supercoiling (Schneider et al, 1997). FIS
is able to stimulate site-specific DNA inversion, chromosomal replication,
phage integration/excision, DNA transposition and illegitimate recombination
reactions by binding to an enhancer sequence and bending the DNA (Filutowicz

et al, 1992; Gille et al, 1991; Weinrich & Reznikoff, 1992).

1.9.3 IHF (Integration Host Factor)

It stimulates several site-specific recombination events in E. coli (Nash &
Robertson, 1981), and has more than 45 percent identical or similar residues
with HU (Nash, 1996). It is a basic protein composed of two non-identical
subunits, [HF-a and IHF-, having molecular weight 11,224Da and 10,581Da,
respectively, coded by E. coli genes himA and hip, respectively (Nash &
Robertson, 1981). It has about 3,500 molecules (dimers) per cell, yielding an
intracellular concentration of about 6 uM (Nash, 1996). IHF binds DNA with
conserved recognition sequence (YAANNNNTTGATW) and this sequence (Gamas
et al, 1987; Leong et al, 1985) is detected on attP containing DNA (Craig &
Nash, 1984). IHF recognition sites are also found in the att region of
bacteriophages @80 and P22 (Leong et al, 1985), the terminal region of

insertion element IS1 (Gamas et al, 1987), in phage 21 cos site (Feiss et al,
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1985), and upstream of translation initiation codons or close to promoters of
several genes (Craig & Nash, 1984; Friden et al, 1984; Krause & Higgins,

1986).

1.9.4 LRP (Leucine Responsive Protein)

It is a 15 kDa, DNA-binding protein that works as a global
transcriptional regulator affecting the transcription of at least one-tenth of all
E. coli genes, most of which are expressed in stationary phase (Tani et al,
2002). It can exist as dimer, tetramer, octamer and hexadecamers with a
moderately high copy number (approximately 3000 dimers per cell) (D Ari et al,
1993; Willins et al, 1991). The crystal structure of LrpA from Pyrococcus
furiosus revealed that the protein has a N-terminal domain which has a typical
helix-turn-helix fold that binds DNA and a C-terminal domain with an af-
sandwich fold that functions as a regulatory domain modulating the catabolism
and anabolism of many amino acids as well as pili synthesis (Leonard et al,
2000; Platko & Calvo, 1993). Binding to DNA is non-specific and usually
cooperative which suggests that the protein acts less specifically as a DNA
organizing protein, contributing to the packaging of the chromosome (Calvo &
Matthews, 1994; D Ari et al, 1993), and without any influence on initiation of
DNA replication (Smith et al, 1992). In E. coli, Lrp often acts in concert with
other global regulators like CRP (cAMP receptor protein), IHF and H-NS

(Levinthal et al, 1994; Paul et al, 2001; Weyand et al, 2001).
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1.10 Abundance of HU

HU is a basic, DNA-binding protein capable of wrapping DNA. HU was
first isolated from E. coli strain U93 (ribonuclease negative), and was called
factor U. The letter H was added when there was growing evidence of its
similarity to eukaryotic histones (Rouviére-Yaniv & Gros, 1975). Its primary
structure is highly conserved among prokaryotes, and it is found in almost all
eubacteria, a few archaebacteria, blue-green algae and also plant chloroplasts,
bacteriophages (Geiduschek et al, 1990) and animal viruses (Neilan et al,
1993). Histone like proteins have been reported in the dinoflagellate
Crypthecodium cohnii (Wong et al, 2003) with similarities to both eubacterial
histone like proteins and eukaryotic histone H1, and is thus postulated as an
intermediate in the evolutionary scale. HU proteins are small, usually with
length varying from 90-99 amino acids with a molecular weight of ~10,000
daltons. They exist as dimers in solution, which can be heterodimer as seen in
enterobacteria (Oberto & Rouviére-Yaniv, 1996), or homodimer as found in
other eubacteria (Drlica & Rouviére-Yaniv, 1987). Based on the values of the
protein content and the volume of the cell, the cellular concentration of HU in
the cell has been calculated at an average value of 2.5 ng per pg of cell protein
(Ditto et al, 1994), which is about 12,000 molecules (dimers) per cell,
corresponding to an intracellular concentration of about 20 pM. Others have
shown that the HU level (about 50,000 molecules per cell or 1 HU dimer per
190 bp DNA) decreases in the stationary phase to less than one-third (15,000

molecules per cell), which is close to the level of H-NS (Talukder et al, 1999).
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1.11 Structure of HU and DNA Binding

The molecular structure of HU and its interaction with DNA is based on
the NMR and Xray crystallographic analysis of the HU homolog IHF from E. coli
(Rice et al, 1996) and the homodimeric HU protein from Bacillus
stearothermophilus, Thermotoga maritima and Anabaena (Boelens et al, 1996;
Christodoulou et al, 2003; Swinger et al, 2003; Tanaka et al, 1984; White et al,
1989; White et al, 1999). The amino terminal half has two a helices connected
by a turn; the carboxy terminal half also forms an a helix. The remainder of the
protein has a three stranded B sheet structure which includes af3 ribbon
extension in the middle. Two monomers come together to form a compact a
helical “body” capped by B sheets that extend as two 3 ribbon “arms” which are
disordered (Tanaka et al, 1984; White et al, 1999). Xray and NMR studies have
shown that the arms are flexible in solution and their tips are folded (Boelens
et al, 1996; Jia et al, 1996; Saitoh et al, 1999; Sayre & Geiduschek, 1990). E.
coli IHF and Anabaena HU have been cocrystallized with DNA (Swinger et al,
2003) and the structures reveal that the B-ribbon arms lie in the minor groove
of the DNA and a highly conserved proline residue at position 63 at the tip of
each arm introduces kinks into the DNA at a spacing of 9 bp and causes
stabilization of the bending by intercalating into the base-pair stack (Figure
1.4). The DNA can also interact with the positively charged residues on each
side of the protein which is variable. Despite sequence and structural
similarity, IHF and HU can distinguish different DNA substrates. While IHF

binds tightly (2-20nM) (Murtin et al, 1998; Wang et al, 1995; Yang & Nash,
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1995) to cognate sites represented by the consensus WATCARXXXXTTR (W is a
AorT;, XisaA, T, C, or G; Ris A or G), HU does not have any topology
independent DNA binding sequence. It has low nanomolar affinities for DNA
with nicks, gaps, cruciforms, phased loops and with single base insertions 9 bp
apart (Baladina et al, 2002; Castaing et al, 1995; Kamashev et al, 1999;
Kamashev & Rouviere-Yaniv, 2000; Pontiggia et al, 1993).

Fluorescence resonance energy transfer (FRET) experiments of IHF-DNA
(Lorenz et al, 1999) confirmed previous affinity experiments and
crystallography results showing that the bending in solution is ~160° which
also agrees with the DNA cyclization experiments (Teter et al, 2000). Whereas
IHF binds without cooperativity to 35 bp DNA under different conditions,
published results on HU vary with little or high cooperativity of DNA binding
with sites varying from 9 to ~ 50 bp (Ghosh & Grove, 2004). Thus, the short,
non-specific 9 bp binding sites are due to the DNA being bound only by the
ribbon arms, whereas longer binding sites are due to contacts between the
more tightly bent DNA and the sides of the protein (Swinger & Rice, 2004). Co-
crystal structures of HU with DNA reveal that although IHF and HU are
conserved, HU is capable of inducing/stabilizing different bend angles of 105-
140° as observed in the three independent Anabaena HU homo-dimers
(Swinger et al, 2003). The variable bend angle correlates with a more fluid
structure of the prokaryotic chromatin compared to that of eukaryotes. This
facilitates HU in formation of higher order protein DNA complexes that may

require different, system specific DNA bend angles (Swinger & Rice, 2004).
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Molecular dynamics/potential of mean force stimulations show that the large
strain generated with the disruption of the base stacking at the kinks in IHF-
DNA and HU-DNA complexes, with ~14.1 kcal/mol for the kink in IHF (Bosch
et al, 2003), is coupled with the disruption of a large number of surface salt
bridges (Holbrook et al, 2001; Saecker & Record, 2002). A recently proposed
binding model based on isothermal titration calorimetry (ITC) shows that the
binding is enthalpically driven with limited salt dependence. This type of
surface salt bridge distribution also plays a role in HU-DNA complexes where
the variations in the binding site lengths are due to the presence/absence of
amino acids involved in the formation of the salt bridges distal to the site of
kinking (Grove, 2003; Grove & Saavedra, 2002). In HU homologs, Lys3 is
proposed to form a salt bridge with Asp26 which results in shorter binding
sites, whereas in Transcription Factor 1 (TF1, HU homolog from Bacillus
subtilis bacteriophage SPO1) Asp26 is absent, thus Lys3 contacts DNA 8-9 bp

away from the kink, forming a 37 bp binding site (Grove, 2003).
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B

Figure 1.4 Cocrystal structure of Anabaena HU with DNA. (Protein data bank (PDB)
code IP-51 (Swinger et al, 2003). A is turned 90° to get the alternate view B. DNA is
shown in ball and stick model and protein in ribbon form.

In E. coli where most of the studies on HU have been carried out, HU
exists as a heterodimer, composed of HU-a and HU-3, which are closely related
subunits encoded by genes hupA and hupB, respectively. HU binds to nucleic
acids without the aid of any cofactors or proteins. Early experiments using
electron microscopy, nuclease protection, affinity chromatography and
nitrocellulose filtration have shown that the protein interacts with RNA, and
with single-stranded and double-stranded DNA without any sequence
specificity. Electrophoretic
mobility shift assays (EMSA) have shown that HU binds to linear double
stranded DNA, regardless of the sequence, with low affinity (Kd ~2.5 pM) in
200mM salt with a modest enhancement in low salt conditions (Bonnefoy &

Rouviére-Yaniv, 1991). One dimer binds every 9 bp in a weak cooperative

manner (® = 30), with a slight bending of the DNA upon several HU molecules
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binding the DNA (Bonnefoy & Rouviére-Yaniv, 1991; Hodges-Garcia et al, 1989;
Lavoie et al, 1996). Thus, when small plasmids are incubated with the protein
and then relaxed with topoisomerase, there is modest level of supercoiling
following deproteinization (Broyles & Pettijohn, 1986; Rouviere-Yaniv et al,
1979). This is also observed in HU-DNA complexes in the electron microscope
(Rouviere-Yaniv et al, 1979). HU can introduce circles readily into 60-100 bp
duplex DNA, whereas duplex DNA less than ~150 bp in length otherwise resists
circularization due to its inherent inflexibility (Hodges-Garcia et al, 1989; Paul
et al, 1993). Agents that deform the helical axis should preferentially bind to
DNA that is pre-bent (Kahn & Crothers, 1992). This is observed in E. coli HU,
where the affinity for the four-way junction is 1000 fold stronger than for linear
DNA under stringent conditions. Two HU dimers bind to opposing sides of the
junction with no cooperativity (® = 1) and with high affinity (Kd= 4 nM). This
binding is not inhibited by a 100 fold excess of linear DNA (Bonnefoy et al,
1994; Pontiggia et al, 1993). HU also has high affinity for duplex DNA
containing an interrupted motif such as a nick or a gap of one or two
nucleotides (Castaing et al, 1995). Though these DNA structures are different,
HU binds with high affinity (Kd ~8 nM, under stringent conditions) to both
junction and discontinuous DNA compared to the non-specific and weak
binding (Kd ~25,000 nM) under similar conditions to linear duplex DNA

molecules (Pinson et al, 1999).
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1.12 Role of HU
1.12.1 In Mu Transposition

HU plays a pleiotrophic role in bacteria. It was first characterized as a
histone like protein in E. coli for its ability to introduce negative supercoils into
relaxed DNA in the presence of topoisomerase I (Rouviere-Yaniv et al, 1979).
HU contributes to the maintenance of the intricate balance of DNA superhelical
density by constraining DNA and modulating the topoisomerase I activity
(Bensaid et al, 1996). Efficient in-vitro transposition of bacteriophage Mu
requires HU (Craigie et al, 1985), where it plays an essential role that leads to
the formation of the stable synaptic complex in which multiple copies of the p
transposome assemble to attach to target DNA during later stages of
transposition. Fine mapping of co-localization of HU with p transposase at the
donor ends was achieved by an elegant experiment in which HU was converted
by chemical modification into a nuclease (Lavoie & Chaconas, 1993). Later
studies have shown one HU heterodimer binds around the center of two pA
binding sites by HU induced DNA bending creating a footprint of ~30 bp (Lavoie
et al, 1996). HU can be displaced from the p transposome complex after
assembly steps by high salt (Lavoie & Chaconas, 1993), but not so from the gal
DNA by addition of heparin (25 pg/ml) or by chasing with excess HU (Aki &
Adhya, 1997), where HU functions as an accessory factor in transcriptional

regulation.
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1.12.2 In Transcription

In the Gal repressosome, a higher order nucleoprotein complex that
represses transcription of gal operon in E. coli, two GalR dimer proteins bind to
two operators, OE and OI, by forming a DNA loop of 113 bp around the
promoter sequence (Adhya et al, 1998; Irani et al, 1983; Majumdar & S., 1984).
The 113 bp DNA loop requires the architectural protein HU and supercoiled
DNA for transcription initiation from gal promoters, P1 and P2 (Aki et al, 1996;
Choy et al, 1995; Lewis et al, 1999). The repression is removed by binding of D-
galactose to GalR (Majumdar & S., 1984). HU specifically interacts with a
segment of the DNA loop, centered at position +6.5, and to GalR (Aki & Adhya,
1997). Though the DNA loop closes by the tetramerization of the two DNA
bound GalR dimers without HU as an adaptor in between, the dimer-dimer
interaction requires supercoiling of HU as an architectural protein during loop

formation (Semsey et al, 2002).

1.12.3 In DNA Inversion

HU also plays an accessory role in DNA inversion together with FIS and a
recombinase, Hin, that promotes recombination between inversely repeated
loci, the hix sites in E. coli and Salmonella typhimurium (Johnson, 1991).
Fifteen to twenty HU dimers are required per molecule of DNA to form a loop
between the enhancer and the nearby hix site, an amount sufficient to coat the

100 bp loop but not the entire plasmid. Cells depleted of HU are impaired of
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Hin-mediated recombination suggesting that no other bacterial protein can

assist looping in this system (Haykinson & Johnson, 1993).

1.12.4 In DNA Replication

HU is involved in initiation of DNA replication in-vitro at the replication
origin in E. coli (Dixon & Kornberg, 1984). HU has been located at or near this
in-vitro pre-priming complex, formed by supercoiled plasmid DNA containing
the chromosomal origin sequence oriC (Baker et al, 1987). The DnaA, DnaB,
DnaC and HU proteins assemble to form the large complex around oriC that
seems to be wrapped around the DnaA protein as indicated by nuclease
digestion studies (Fuller et al, 1984). The replication bubble is formed upon
addition of single-stranded DNA binding protein and DNA gyrase, which is
recognized by E. coli primase as a template and thus initiates bidirectional

replication by DNA polymerase III.

1.12.5 In DNA Repair and Recombination

HU, like HMGB1- a member of the high mobility group proteins, protects
DNA against y-ray and UV induced cleavage in-vitro. This is evident in cells
lacking HU which show increased amounts of double stranded breaks (Boubrik
& Rouviére-Yaniv, 1995; Li & Waters, 1998). HU is associated with RecA and
participates in homologous recombination repair (Li & Waters, 1998; Miyabe et
al, 2000). Eukaryotic histones H1-HS5 and proteins of the HMG class have low

affinity for double stranded DNA with no sequence specificity, but displays high
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affinity for DNA junctions (Bianchi, 1988; Hill & Reeves, 1997). Another class of
DNA junction recognizing proteins, the resolvases and nucleases bind and cut
DNA junctions without any sequence preference (West, 1997). However, HU
binds specifically to DNA with a nick or a gap and DNA junctions: one HU
dimer binds to DNA containing a nick or a gap (Castaing et al, 1995; Pinson et
al, 1999), while two HU dimers bind specifically to DNA junctions (Bonnefoy et
al, 1994; Pontiggia et al, 1993). Phenanthroline protection analysis and Fe-
EDTA footprinting shows HU binding to both the substrates and interacting
with the minor groove. The protected region is large, ~20 bp, which can be
explained by bending of the DNA upon HU binding (Kamashev et al, 1999).
Based on circular permutation assays, when one HU dimer binds to nicked
DNA, a curvature of 63° is introduced at the break point between the two
double helices of DNA (Kamashev et al, 1999).

The involvement of the HU body in the interaction with the nicked DNA
explains the 100-fold stronger affinity of HU for nicked DNA compared to
double-stranded DNA (Castaing et al, 1995; Pinson et al, 1999). As HU and IHF
have similar three-dimensional structures, the position of HU and IHF is also
very similar on the DNA that has a nick in the middle. However, the position of
IHF on the nick is due to sequence specificity whereas for HU it is based on the
structural features. Also, as IHF introduces two kinks of 80° into nicked DNA
(Rice et al, 1996), HU introduces only one kink at the DNA break point, which

allows contact with the 5’ arm of the DNA and the body of HU. Though HU can
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be substituted for IHF in-vitro (Segall et al, 1994), in-vivo production of IHF
cannot compensate for HU in

hupAB mutants (Boubrik et al, 1991). Using magnetic tweezers and atomic
force microscopy it has been observed that HU can have two opposing
mechanical effects on DNA architecture depending on the protein
concentration. At concentrations <100 nM, individual HU dimers induce
flexible bends in DNA with compaction up to 50%, while at higher
concentrations of HU, a rigid nucleoprotein filament forms with HU arranged
helically around the DNA (van Noort et al, 2004). This stiffness may be due to
binding of HU molecules out of phase with the DNA helical pitch, preventing
the formation of the concerted structure or by destabilization of the protein
scaffold by protein -protein interactions (Sagi et al, 2004). High affinity HU-
DNA binding together with similar single molecule elasticity studies with IHF
(Ali et al, 2001) indicates that histone like proteins play an important role in

shaping the bacterial nucleoid structure.

1.13 Mycobacterial HupB protein

Histone-like protein (HupB) of Mycobacterium tuberculosis (Mtbh) was
earlier named as HLPwm: (Prabhakar et al, 1998) or (MDP-1) (Furugen et al,
2001) and it showed sequence homology to both bacterial histone-like proteins
(HU) as well as to eukaryotic H1 histone. Like other bacterial HU proteins,
HupB completely lacks tryptophan, cysteine and tyrosine residues. Mtb HU

protein (HupB), earlier annotated as mycobacterial DNA binding protein is
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composed of 214 amino acids, has a very high content of alanine (23.78%) and
lysine (18.93%) and a pl of 12.4. The N-terminal part of HupB from Mtb
exhibits significant homology to histone like protein from organisms like E. coli
and has neutral charge while the C-terminal part displays homology to
eukaryotic H1 histones as it has seven tetrapeptide repeats (PAKK and KAAK)
in the 118 to 200 amino acid stretch and is highly positively charged (Rao et al,
2007). These tetrapeptide repeats (PAAK, PKAK, PAKK and KAAK) are present
in histone H1 and are known to bind DNA (Paci et al, 1984). It has a 74% bias
for G/C in the third position of the codon, similar to other mycobacterial genes.
Compared to other DNA binding proteins the HupB of Mtb appears to be highly
basic, the ratio of basic to acidic amino acid residues in HupB of Mtb is 12,
while the ratio in HU-1 or HU-2 proteins of E. coliis 1.4 and in case of histone
H1 or HS the ratio is approximately 7.14 (Prabhakar et al, 1998). Mutational
analyses have shown that replacing neutral amino acids in arm of HU-a gene
with basic amino acid increases DNA binding, whereas mutation of Arg45 and
Phe47 of HU-B reduced affinity for DNA (Goshima et al, 1992; Goshima et al,
1990). It therefore appears that ionic interactions in the protein arm play an
important role in DNA binding. Computer programs predicting protein
secondary structure indicate that C terminal HupB could form long a-helical
structures within the tail that could interact with DNA. This is probably due to
its high lysine and alanine content, which strongly favors a-helical structure.
These properties of HupB and its homology to HU proteins suggest that it could

be involved in the packaging of mycobacterial DNA.
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1.13.1 HupB is used for differentiating different members of Mtb family
hupB gene is also used as a diagnostic marker for differentiating different
members of Mtb complex (Prabhakar et al, 2004). The hupB gene target is
useful in the differentiation of M. tuberculosis from M. bovis species by PCR
analysis. The precise differences in the PCR amplicons can be confirmed by
RFLP assay. The difference in the PCR product size between M. bovis and M.
tuberculosis isolates was ascribed to differences in the C-terminal portion of the

hupB gene (deletion of 27bp from the C terminal region).

1.13.2 HupB protein of Mtb interacts with immune system of the host
One more unique property of Mtb HupB is that despite being an
intracellular protein it interacts with the immune system. This could either be
due to release of the protein during natural/immune induced alterations in
membrane permeability leading to release of this protein along with other
cytoplasmic proteins. The released protein(s)/degraded products are present in
the system long enough to induce an immune response (Prabhakar et al, 1998)
or due to “decoration” of the surface of neighboring cells as a result of lysis of
bacteria (Mueller-Ortiz et al, 2002).The HupB homologs in M. leprae (Shimoji et
al, 1999) and M. smegmatis (Pethe et al, 2001) are been characterized as

laminin-binding proteins. However such reports from Mtb are absent.
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1.13.3 HupB protein of Mtb is an iron regulated protein

HupB protein is identified as a major iron-regulated protein of Mtb, with
two forms differing slightly in apparent mass — one form (referred to as Irp28)
upregulated by low iron concentrations and the other form (Irp29) upregulated
by high iron high concentrations (Calder & Horwitz, 1998). Expression of HupB
coordinated with mycobactin and carboxymycobactin indicating that its
expression in-vivo may be influenced by iron limitation. Restricting the
availability of iron is an important strategy for defense against bacterial
infection (Ratledge, 2004). This includes the chelation of free iron by transferrin
and lactoferrin and increased synthesis of transferrin and ferritin. Under in-
vivo conditions, Mtb grows within the phagocytic vacuoles of the macrophages,
where the pH is between 6.1 and 6.5. At this pH range the maximum
concentration of Fed* is between 1 and 10ng/ml. However, the lactoferrin
present within the macrophages may lower this further, thus making it

necessary for the pathogen to adapt to this condition of iron restriction.

1.14 Regulation of DNA Replication

The initiation reaction is precisely regulated such that it takes place at a
fixed time in the bacterial cell cycle. The replication is controlled at the
initiation stage; the events that occur at the replication origin play a central
role in the cell cycle. In E. coli, the initiation of chromosomal replication is

tightly regulated during the cell cycle (Kornberg & Baker, 1991). There are
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three regulatory mechanisms to keep replication only once per cell cycle (Boye
et al, 2000; Katayama, 2001; Katayama & Sekimizu, 1999; Messer, 2002) and
elements targeted by these regulatory mechanisms include the ATP-bound form
of the initiator protein DnaA and the replication origin oriC. One of these
mechanisms is RIDA (Regulatory inactivation of DnaA). It involves the
inactivation of DnaA after initiation reactions have been completed (Katayama,
2001; Katayama et al, 2001; Katayama et al, 1998). The inactivation of DnaA
depends on both the Hda protein and the 3 sliding clamp subunit (f clamp) of
the DNA polymerase (Pol) III holoenzyme loaded on to DNA (Katayama et al,
1998; Kato & Katayama, 2001). In this reaction, the hydrolysis of ATP-DnaA
takes place to produce ADP-DnaA, which is inactive for initiation, unlike ATP-
DnaA. Another mechanism of initiation control is the initiator-titration system
which involves the binding of many DnaA molecules to about 1 kb
chromosomal locus, datA, which reduces the number of DnaA molecules
accessible to oriC (Kitagawa et al, 1996; Kitagawa et al, 1998; Ogawa et al,
2002). Control of DnaA protein activity seems to be most crucial to the timing
of initiation (Atlung & Hansen, 1993; Lobner-Olesen et al, 1989).

There are 11 GATC sequences in the 245-bp minimal oriC region that are
sites for methylation by DNA adenine methyltransferase (Dam methylase)
(Zyskind & Smith, 1992). Newly replicated GATC sites remain hemimethylated
until Dam methylase transfers methyl groups to these sites. The time required
for conversion of hemimethylated GATC sequences in oriC and in the promoter

region of the dnaA gene, which also contains several GATC sequences, to the
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fully methylated state is much longer than that for other GATC sequences in
the genome (Campbell & Kleckner, 1990). The prolonged hemimethylated state
is assumed to be caused by specific binding of these sites to the membrane
(Campbell & Kleckner, 1990; Ogden et al, 1988). Under such circumstances,
oriC and PdnaA are protected from further methylation by Dam methylase, and
reinitiation is blocked (Campbell & Kleckner, 1990; Russell & Zinder, 1987). A
gene, segA, is involved in this process (Lu et al, 1994; von Freiesleben et al,
1994). Purified SeqA protein has a strong affinity for hemimethylated DNA. The
SeqA protein preferentially binds to newly replicated oriC DNA, which is
temporarily hemimethylated (Brendler et al, 1995), and inhibits extra rounds of

initiation.

1.15 IciA as an inhibitor of helix unwinding and thus initiation

As the name suggests the E. coli IciA protein (Inhibitor of Chromosome
Initiation) blocks initiation at very early stage in-vitro by binding specifically to
A+T rich region of oriC (Thony et al, 1991). On comparison of IciA protein
sequence to those in the Swiss-Prot data bank, it showed extensive sequence
homology with the LysR family of prokaryotic regulators. These in general
behave as transcriptional activators but they also negatively regulate their own
expression and possess a potential helix-turn-helix DNA-binding motif in their

N-terminal domain (Thony et al, 1991).

Binding of IciA blocks the opening of A+T rich region mediated by DnaA

and HU (Histone like protein) or integration host factor (IHF) protein and this
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inhibition of strand opening by IciA does not affect binding of DnaA and IHF (or
HU) protein to their respective binding sites (Hwang & Kornberg, 1992b). IciA
has also been implicated in binding to A+T rich regions within the plasmid ori
sequence and the copy number of the F plasmid is increased in iciA deletion
mutant (Wei & Bernander, 1996). IciA also shows higher binding preference for

curved DNA (Azam & Ishihama, 1999).

1.16 Other functions of IciA

1.16.1 As a regulator of dnaA

The dnaA gene, encoding DnaA protein, has two promoters, P-1 and P-2.
Binding of DnaA protein to the consensus DnaA box between the two
promoters results in the repression of transcription from the two promoters
(Hansen et al, 1987; Wang & Kaguni, 1987). The autoregulated expression of
the dnaA gene has been suggested to contribute to the regulation of initiation
of chromosomal DNA replication (Atlung et al, 1985; Skarstad et al, 1989). The
binding of DnaA protein to the DnaA box between the two promoters is followed
by subsequent oligomerization of DnaA proteins over the two promoter regions
(Lobner-Olesen et al, 1989). The extent of oligomerization of DnaA protein
appeared to be proportional to the inhibition of RNA polymerase binding to the
promoters and the inhibition of transcription from the promoters. As the

intracellular level of DnaA protein is critical for initiation of chromosomal DNA
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replication (Lobner-Olesen et al, 1989), E. coli might adopt a fine tuning
regulatory mechanism, rather than a simple on-off switch, for DnaA expression
by using the DnaA protein concentration dependent oligomerization as a
controlling mechanism. The dnaA promoter region contains two binding sites
for IciA protein, IciA I and IciA II, located upstream of the promoter P-1 and
downstream of the promoter P-2, respectively (Lee et al, 1996). IciA acts as an
activator of DnaA by activation of transcription from the dnaA promoter P-1.
This is achieved by enhancing the binding of RNA polymerase to the dnaA
promoter P-1 by IciA protein. Although the binding of RNA polymerase to the

promoter P-2 was unaffected by IciA protein (Lee et al, 1997).

1.16.2 As a regulator of nrd gene encoding ribonucleoside diphosphate

reductase

Ribonucleotide reductase encoded by the nrd operon catalyzes the
enzymatic reduction of ribonucleotides to deoxyribonucleotides and is the first
enzyme in the pathway unique to DNA replication in E. coli. The synthesis of
nrd mRNA increases when DNA synthesis is inhibited (Filpula & Fuchs, 1977;
Filpula & Fuchs, 1978). Deletion analysis (Tuggle & Fuchs, 1986) has shown a
cis-acting positive regulatory site located between positions -139 and -124
within an AT-rich sequence immediately upstream of a 45-bp inverted repeat
sequence. Studies of cultures synchronized by either phosphate starvation or

sucrose gradient centrifugation demonstrated that the expression of the nrd
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operon in E. coli is cell cycle regulated in parallel with the initiation of DNA
replication (Sun & Fuchs, 1992). Later on the cis-acting AT-rich region
immediately upstream of an inverted repeat was found to be required for cell
cycle regulation. The AT-rich region could be replaced by a different AT-rich

sequence.

The nrd promoter region also contains binding sites for DnaA and Fis.
Introduction of point mutations into either protein binding site reduces the
expression of a nrd-lac fusion (Augustin et al, 1994). Therefore, Fis and DnaA
are believed to be transcriptional activators of the nrd gene. The upstream
region of the nrd promoter contains three binding sites for IciA. All three
binding sites are AT-rich. In-vivo over-expression of IciA enhanced the rate of
transcription from the nrd promoter by four to five folds thereby regulating

expression of nrd gene.

1.16.3 As a regulator of yggA gene encoding argnine exporter

In E. coli iciA gene is also annotated as argP as it also acts as a regulator
of yggA which encodes for arginine exporter (Nandineni & Gowrishankar,
2004). ArgP is a transcriptional regulator of yggA that mediates the latter’s
induction by Arg. Intracellular Lys, on the other hand, mediates a reduction in

yggA expression, apparently by abolishing the activating role of ArgP.
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1.17 Objectives of the present work

A unique growth -characteristic of Mtb is that it maintains two
physiologically distinct growth states — an active multiplicative state and a non-
replicative persistent state. In the latter state, the bacterium remains
metabolically active but is in a state of static growth with little or no bacterial
replication for extended periods, only to revive to multiply and cause infection.
The genetic and biochemical aspects of replication initiation and the factors
that assist in maintaining two physiologically distinct growth states are largely
unknown. A number of genes required for DNA replication are missing and
these include : a) genes required for nucleoid organization viz. IHF, H-NS, DPS,
b) gene required for loading of DnaB helicase onto replication fork and c) genes
like hda which regulate ATPase activity of DnaA-ATP and also the datA locus
which titrates out DnaA molecules to control replication.

In the present study two genes of Mtb were selected with an aim to
decipher the nucleoid organization and the mechanism by which Mtb
maintains latency. HupB gene, as discussed above, encodes histone like
protein. However Mtb has only one homolog of HupB which is more than twice
the size HupB found in other bacterial species. The N terminal domain shows
homology to HupB found in other bacteria however the C terminal domain
shows homology to eukaryotic histone H1l. An attempt has been made to
decipher the function associated with the additional C terminal domain. Since

little information is available regarding latency the role of IciA in inhibiting
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helix unwinding mediated by DnaA protein and inhibiting DNA replication has

been studied.
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Chapter 2 In-vitro DNA Replication

2.1 Introduction

Tuberculosis remain a major health problem taking a toll of one human
life somewhere in the world every 15 second (Ahmed and Hasnain, 2004;
Chakhaiyar and Hasnain, 2004; Ize and Palmer, 2006). One third of the world
population is infected with tuberculosis, of this about 5 — 10 % of the infected
people become sick or transmits disease while in the remaining population the
bacterium remains in a latent form. The genus Mycobacterium comprises of a
wide variety of organisms ranging from slow growing pathogens such as M.
tuberculosis, to M. bovis which has a generation time of 18 — 24 hrs, and M.
leprae with a generation time of 2 weeks (Wheeler and Ratledge, 1988). The
rapid growing saprophytes like M. fortuitum, M. smegmatis, M. indicus pranii
(Ahmed et al., 2009; Ahmed et al., 2007) etc, on the other hand divide once

every 3 — 4 hrs.

DNA replication in bacteria starts at a unique site on a circular
chromosome and proceeds bi-directionally. Sizes of replication origins (ori) vary
in different bacteria, however all of them contain several binding sites, known
as DnaA boxes and an A+T rich region, for binding of the initiator protein
(DnaA). E. coli oriC possesses five DnaA boxes (Kaguni, 1997), while Mtb oriC
has 13 DnaA boxes (Madiraju et al., 20006). E. coli oriC has three A+T rich
repeats (Kaguni, 1997), while Mtb has only one A+T rich region (Qin et al.,
1999). According to the currently accepted model for DNA replication in E. coli

DnaA binds as monomer, to four of the five 9 nucleotide long DnaA boxes. This

binding introduces a bend of 40° at each DnaA box (Schaper and Messer,
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1995). This structure, called the ‘initial complex’, also contains FIS protein
(Factor for inversion stimulation) bound to a specific site, presumably
inhibiting further progression into initiation (Wold et al., 1996). Once the
correct complement of DnaA protein has accumulated, FIS leaves the complex,
and IHF (Integration Host Factor) binds to its binding site, introducing a strong
bend (Cassler et al., 1995). This leads to rapid oligomerization through DNA
bending by contact with adjacent unoccupied DnaA boxes as well as by contact
with other DnaA protein molecules. In the presence of HU protein, a higher
concentration of ATP (>2mM) and elevated temperature leads to partial opening
of A+T rich region. This so called ‘open complex’ formation is followed by DnaC
dependent loading of DnaB helicase, successive priming and chain elongation

(Bramhill and Kornberg, 1988a, b).

There are two kinds of DnaA boxes in E. coli, R boxes (Bramhill and
Kornberg, 1988b) and I sites (Grimwade et al., 2000). DnaA protein shows high
affinity for both ATP and ADP and exhibits a weak intrinsic ATPase activity.
Both ATP and ADP bound form of DnaA could bind equally well to R boxes
(Schaper and Messer, 1995), whereas ATP-DnaA binds preferentially to I sites
(McGarry et al., 2004). The initiation complex formed with ATP-DnaA is
competent for replication initiation and the function of ATP, in E. coli, appears
to be allosteric as ATPyS can substitute for ATP (Sekimizu et al., 1987). Mtb
oriC however does not contain I sites (Madiraju et al., 2006) and also the role of

ATPyS is not merely allosteric since ATPyS-DnaA protein is unable to cause

helix unwinding (Kumar et al., 2009). In Mtb, ATPase activity of DnaA protein
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helps to rapidly form oligomeric complexes at oriC which are replication

initiation competent (Madiraju et al., 2006).

The oriC region of one bacterial species has been shown to be functional
in other members of the same genus (Yee and Smith, 1990). However the oriC
region of Mtb does not function in M. smegmatis and vice versa suggesting that
the replication initiation process in Mtb is different from that in M. smegmatis.
However, the initiation process is conserved in slowly growing members of
mycobacteria and this is evident from the fact that Mtb oriC region can

replicate in M. bovis BCG (Qin et al., 1999).

The unique growth characteristic of Mtb is its ability to maintain two growth
states, an actively multiplicative state and a non replicating persistent stage. In
the persistent state Mtb persists in a metabolically active but non growing state
which can resume replication at an opportune time later in life (Bloom and
McKinney, 1999). There is evidence for the presence of Mtb in latent state in
host (Parrish et al., 1998), however the nature of bacterium in latent state and
the factors which contribute to its reactivation are poorly understood. This
Chapter describes a novel in-vitro DNA replication system which will enable a
better understanding of the regulation of DNA replication and molecular

mechanisms of latency of Mtb.
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2.2 Material and Methods

2.2.1 Cloning oriC of Mtb

The intergenic region between dnaA and dnalN was PCR amplified using
genomic DNA from Mtb H37Rv with the primers FwOriC (5'-
GCAAGCTTTGTGTCGTGAGCTCACCGATC -3') and RvOriC (5'-
GCGGATCCGGCCTGGCTGGCAGATTTT -3'). The PCR products were digested
with HindIll and BamHI restriction enzyme (recognition sites are underlined)
and then cloned into pUC18 plasmid digested with the corresponding
restriction enzymes (Figure 2.1). The authenticity of the recombinant construct

was confirmed by DNA sequencing.

—2656 bp

— 827 bp

Figure 2.1 Identification of the positive clone of oriMtb in pUC18 vector by
restriction digestion with Bam HI and Hind Ill. Lane 1, 100 bp ladder; lane 2, 1 Kb
marker and lane 3 oriMtb cloned in pUC18.
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2.2.2 Fractionation of oriC replication activity through ammonium

sulphate

M. bovis BCG Pasteur was grown in 7H9 media supplemented with
OADC and casitone (Pancreatic digest of casein), in roller bottles at 37°C to log
phase. M. bovis BCG Pasteur cells were allowed to grow for 6-7 days to reach
log phase. The cells were then harvested in oakridge tubes at 6000g and the
cell pellet was washed by centrifugation at 6000g with small volume of buffer A
[25mM, HEPES/KOH (pH 7.6), 0.1lmM EDTA, 2mM DTT, and 100mM
potassium glutamate|. The cell pellet was either stored at -20 9C for future use
or immediately processed to prepare replication competent fraction. The pellet
was then resuspended in about 20ml of buffer A supplemented with 1mM
PMSF and the cells were ruptured by sonication. Since the cell wall of M. bovis
BCG Pasteur is very tough, sonication was carried out for a longer time (Ssec
pulse with 5 sec rest for 20 min) than what is required for E. coli. The
supernatant (fraction I) was precipitated slowly by the addition of ammonium
sulphate (0.26 or 0.28 or 0.34 gm per ml of supernatant) at 4 °C with
continuous stirring over a period of 30min. After an additional 30min of
stirring, the suspension was centrifuged at 4 °C for 30min at 18000xg. The
precipitate was resuspended in minimal volume of buffer A (fraction II) and was
dialyzed for 60-90 min at 4 9C. The dialysates (fraction II), with a protein
concentration of 25-30 mg/ml were distributed in 20ul aliquots, frozen under
liquid nitrogen and stored at -70° C. The protein concentration was estimated

by BCA kit (Pierce, USA), using bovine serum albumin as standard.
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2.2.3 Assay for DNA replication

In-vitro DNA replication was carried out in a buffer having 40mM HEPES-
KOH (pH 7.6), 21.6mM creatine phosphate (Fluka), 6mM ATP, 500uM of each
GTP, CTP and UTP, 100uM each of dGTP, dCTP and dTTP, 50uM dATP;
50ug/ml BSA, 200 cpm/ molar of total deoxynucleotide a 32PdATP, 7% PEG
10,000, 11 mM magnesium acetate, 35ug creatine kinase (Sigma) and 2.5ug
supercoiled plasmid DNA (pUC_OriMtb). The reaction mixture was assembled
on ice and the reaction was started by the addition of 60 — 200ug of protein
(Fraction II) and incubating at 30°C/169C for 15-90 min as indicated in figure
legends. Requirement of PEG was considered absolute as this polymer
increases the effective concentration of macromolecular reactants by “excluded
volume” effect (Fuller et al., 1981). Total nucleotide incorporation was
measured by determining radioactivity retained after 10% trichloroacetic acid
(TCA) precipitation on nylon membrane. During TCA precipitation 10ug of yeast
total RNA was used as a carrier. The radioactivity retained was determined by
using Ultima Gold Cocktail (Amersham Biosciences, USA). It was diluted in the
ratio of 1:4 and 300ul of this fluid was used per well. The nylon membrane
carrying the TCA precipitated DNA was placed inside 96 well ELISA plate with
proper spacing between the samples. Onto this, 300ul scintillation fluid was
added and the ELISA plate was placed over a 96 well format of a scintillation
plate and the activity was recorded using a scintillation counter. The

replication products were also phenol extracted and the aqueous phase was
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loaded onto a 5% native polyacrylamide gel. During phenol extraction 10ug of
sonicated salmon sperm DNA was wused as carrier. The gels were
electrophoresed in 0.25X TBE (22.25mM Tris/ borate/ 0.25mM EDTA) for 3-4
hrs at 4 9C. The gels were then dried and analyzed by Typhoon Variable Mode

Imager and Image Quant software.

2.3 Results

2.3.1 Ammonium sulphate (34%) fractionation of M. bovis BCG total cell

extract yields maximal DNA replication

DNA replication was carried out with protein concentration varying from
60-200ug, at a temperature of 30 °C for 45 min. When DNA replication was
carried out using 26% ammonium sulphate cutoff fraction DNA replication
could only be seen in the presence of higher concentration (150-200ug) of
protein (Figure 2.2). Similarly when 28% cutoff was used DNA replication could
be seen only at still higher concentration of protein with maximal DNA
synthesis occurring in the presence of 150-200ug protein. Interestingly,
replication using 28% ammonium sulphate cut off is significantly lower than
seen when 26% cutoff was used. However, when 34% cut off of enzyme fraction
II was used to carry out replication, more than 3-7 fold increase in DNA
replication, as measured by nucleotide incorporation, could be seen (Figure

2.2).
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Figure 2.2 Maximum DNA replication occurs when 34% ammonium sulphate cut
off fraction is used. pUC_OriMtb was used as a template for in-vitro replication in the
presence of increasing concentrations of Fraction Il. Different ammonium sulphate
precipitations (26%, 28%, 34%) were used for replication assay. DNA replication, as a
function of protein concentration (0, 60, 80, 100, 150 and 200ug), was measured by
TCA precipitation on nylon membrane which was quantitated by Scintillation counting to
determine absolute DNA synthesis. Squares represent 34% ammonium sulphate cut off,
triangles represent 28% ammonium sulphate cut off and circles represent 26%
ammonium sulphate cutoff.

It could also be seen that maximal DNA synthesis occurs when 150ug of
the 34% ammonium sulfate cutoff fraction II is used. These results
demonstrate that the 34% ammonium sulphate precipitation of the M. bovis
BCG fraction II supports optimal DNA replication when Mtb ori sequence cloned

in pUC vector is used as a template.

2.3.2 Maximal DNA synthesis could be observed when replication was

carried up to 90 min

Having shown that maximal DNA synthesis occurs with 150ug of 34%

ammonium sulphate cut off fraction II, the optimum time required for maximal
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DNA synthesis was determined. Replication was carried out using 150ug of
34% ammonium sulphate cut off fraction II (Figure 2.3), for varying time
ranging from 15 min to 90 min. The reaction products were fractionated by
electrophoresis on 5% native polyacrylamide gel (29:1, acrylamide to bis-
acrylamide ratio and prepared in 0.5X TBE) and visualized by autoradiography.
In-vitro replication in general requires supercoiled plasmid DNA. In the
replication assay described have pUC_OriMtb (total length of 3483bp including
827bp of Mtb oriC) which contains oriC of Mtb on pUC18 vector was used
(Figure 2.3A lower panel). Thus, the appearance of DNA band corresponding to
3483bp circular plasmid is a reflection of DNA replication. As could be seen,
DNA synthesis occurs only after 30 min of incubation (Figure 2.3A, lane 3) with
the replication competent extract and increases with time of incubation (lanes
4-6). Maximal DNA synthesis could be observed when the reaction was carried
for 90min (lane 6). Quantitation of the gel image (Figure 2.3B) similarly

revealed increase at 90 minute as compared to 30 minute.
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Figure 2.3 Optimum time required for DNA synthesis. All reactions were carried out
at 30 °C. Lane 1, Oug; lanes 2-6, 150ug of fraction Il prepared by 34% ammonium
sulphate precipitation was incubated for 15, 30, 45, 60 and 90 min, respectively. Linear
map of the plasmid used for DNA replication assay is shown below A. The gel image (A)
was densiomatically scanned (B) to quantify the products.

2.3.3 Maximal DNA synthesis occurs at 30 °C

Having determined the optimum time (90 min) for DNA replication the

temperature optima for DNA synthesis was then evaluated. DNA replication
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was carried out either at constant protein concentration and varying time
ranging from 15 min to 90 min at 16 °C (Figure 2.4A, lanes 1-6) or 30 °C (lanes
7-12) or in the presence of increasing protein concentration ranging from 60-
200ug for 90 min at 16 °C (Figure 2.4B, lanes 1-6) or 30 9C (Figure 2.4B, lanes
7-12). As can be observed, either no (Figure 2.4A, lanes 1-6) or very little
(Figure 2.4B, lanes 1-6) DNA replication could be seen at 16 9C. This clearly
points to the requirement of a high temperature for DNA replication and this is
evident from increased DNA synthesis at 30 °C (Figure 2.4A lanes 7-12) and
that too as a direct function of protein concentration (Figure 2.4B, lanes 7-12).
Quantitation of the above gels (lower panels) clearly showed several folds
increase at 30 °C when compared to 16 °C thereby confirming 30 °C as the

optimum temperature for DNA synthesis.

60



Chapter 2 In-vitro DNA Replication
A 16°C 30
7 1 ¥ 1
3483 bp
b supercoiled plasmid
1 2 3 4 5 6 7 8 9 10 11 12
[ | e —
0 150 0 150 <€— Fraction Il (ug
3000- ]
Fraction IT 150 pg
2500
'S 2000-
i 0
2" 1500- =DNA synthesis at 1600
2 1000 sDNA synthesis at 30 C
<
500-

Arbitrary Units

0“4~45 30 45 60 ' 90

Time (min)

0

16°C = 30°C 1

. | 3483bp
' ‘ mle supercoiled plasmid
1 2k 33 4=y i o 9 Foge i 12
0 60 80 100 150 200 0 60 80 100 150 200 <= Fraction II (ng)

3000
2500
2000

1500 = DNA synthesis at 16°C
1000 = DNA synthesis at 30°C
500 I J

0 6 % 100

0 100 150 = 200
Fraction Il (ug)

Figure 2.4 Optimum DNA synthesis occurs at 30 °C as a function of protein
concentration. A) Lanes 1 and 7 have 0 pg of fraction Il and all other lanes have
150pg of fraction 1. Lanes 1-6: the reaction was incubated at 16 °C while in lanes 7-12
incubation was carried out at 30 °C. Lanes 2 and 8, 3 and 9, 4 and 10, 5 and 11 and 6
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and 12 were incubated at 15, 30, 45, 60 and 90min respectively. The lower panel shows
the quantitation of the above gel image. B) Lanes 1 and 7 have 0 ug of fraction Il while
lanes 2 and 8, 3 and 9, 4 and 10, 5 and 11 and 6 and 12 have 60, 80, 100, 150 and
200ug of fraction Il and were incubated for 15, 30, 45, 60 and 90 min respectively.
Lanes 1-6 were incubated 16 °C while lanes 7-12 were incubated at 30 °C. The lower
panel shows the quantitation of the above gel image through Image Quant Software of
Typhoon.

2.3.4 Replication once initiated at higher temperature continues even at

low temperature

Results presented so far clearly show that 34% ammonium sulphate cut
off fraction II of M. bovis BCG supports DNA replication, which is optimum at
30 °C and 90min. It was also very clear that at 16 9C replication is very
inefficient (Figure 2.4A and B). It was therefore determined whether the pre-
priming complex formation alone requires higher temperature or the latter is
required throughout the replication cycle. Experiments were accordingly
designed to ascertain whether replication once initiated at 30 °C can continue
at lower temperature. For this, reaction was carried out using 100-200 ug
fraction II either at 30 °C for first 30 min and then continued at 16 °C for
another 60 min (Figure 2.5A, lanes 1-3) or at 30 °C for 90 min (lanes 4-6). The
reaction products were fractionated by electrophoresis on a 5% PAGE and the
appearance of the band was scored as a reflection of replication. The
densiometric quantitation of bands (Figure 2.5B) was carried out using
Typhoon variable mode imager and image quant software. As can be seen

(Figure 2.5B) there is very less difference when reaction was first incubated at
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30 9C for 30 min, followed by 16 °C for 60 min as compared to being carried
out for 90 min at 30 9C. However, when the reaction was carried out solely at
16 OC, very less incorporation of a32PdATP (Figure 2.4A and B) could be
observed. It therefore appears that initiation of DNA replication requires higher
temperature (30 °C) and once the initiation of DNA replication has occurred the

reaction can be continued even at low temperature.

A
3483 bp
plasmid
1 2 3 4 5 6 1
100 150 200 100 150 200 <€— FractionII (ug)
B
100
80
= 60
§ - 30°ci30C
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20
0
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Figure 2.5 Replication once initiated at high temperature (30 °C) continues even at
lower temperature. The reactions were carried out at 30 °C for first 30 min and then at
16 °C for 60 min (lanes 1-3) or at 30 °C for 90 min (lanes 4-6). A) Lanes 1 and 4 have
100ug, lanes 2 and 5 have 150ug and lanes 3 and 6 have 200ug of fraction Il. B) The
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replication products were quantitated by Typhoon Variable mode Imager and Image
Quant Software and plotted against respective protein concentration as shown.

2.3.5 Replication competent fraction II of M. bovis BCG prefers Mtb oriC

The template plasmid used in these DNA synthesis assays namely
pUC_OriMtb, contains two origin of replication sequences, pUC oriC and Mtb
oriC. It was therefore considered necessary to determine which oriC is more
efficiently recognized by the replication competent fraction II from M. bovis
BCG. For this the replication was carried out in the presence of increasing
protein concentration (60-200 pg). After the usual phenol extraction the
replication products were passed through Sephadex Gso spin columns which
were pre-equilibrated with water. The elution products were restriction digested
with Hind III and BamH1 (0.5 Unit/20ul) in a 20 ul reaction mix. After heat
inactivation of the restriction enzyme the digests were fractionated on 5%
polyacrylamide gel (Figure 2.6). As can be seen the intensity of the 827 bp band
corresponding to Mtb oriC increases (lanes 2-6) with increasing protein
concentration. In addition, a faint band could also be observed corresponding
to the 2686 bp pUC18 backbone which could be due to initiation from pUC18
oriC. It therefore appears that the replication competent M. bovis BCG fraction

II preferentially recognizes the Mtb oriC during replication initiation.
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1 223 4 5 6
Figure 2.6 M. bovis BCG replication competent fraction preferentially recognizes
Mtb oriC. All reactions were carried out at 30 °C. Lanes 1-6: 0, 60, 80, 100, 150 and
200 pug of fraction Il. The DNA obtained after replication was phenol extracted, passed
through pre-packed Sephadex G50 spin column and restriction digested with Hind Il

and BamH1 and fractionated on 5% native PAGE. The restriction digests (shown by
arrow heads) correspond to pUC 18 backbone (2656bp) and oriC of Mtb (827bp).

& 2656 bp

«827bp

2.3.6 Replication competent M. bovis BCG fraction II differentially

recognizes other ori sequences

Having shown (Figure 2.6) the preferred replication from Mtb oriC it was
next determined whether other ori sequences are differentially recognized by
this M. bovis BCG replication competent fraction II. Accordingly in-vitro
replication was carried out using different plasmids like pUC 18, pBSK II and

pOK12 carrying pMB1, pBR322 and P15A oriC sequences and compared
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directly with Mtb oriC. DNA replication was carried out as usual using 150ug of
fraction II, as it gave the highest DNA synthesis. As can be seen (Figure 2.7) all
the above three plasmids were quantitatively far less efficient in terms of
a32PdATP incorporation in comparison to pUC_OriMtb. This therefore, shows
that while M. bovis BCG replication competent fraction II can recognize other

oriC, abeit poorly, it is most efficient for Mtb oriC.
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Figure 2.7 Soluble replication enzyme system preferentially recognizes oriC of

Mtb. Scintillation counts were measured to determine the extent of DNA replication in
the presence of various origin of replication (ori) sequences.

2.4 Discussion

Mtb undergoes latency state wherein it can survive for years before getting
reactivated to cause disease. However, the mechanism by which

mycobacterium maintains latency and how it senses the external stimuli to
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enter replicative phase is not known. To provide answers to these questions it
is essential to study DNA replication mechanism of Mtb. This however, is
seriously hindered due to the absence of an in-vitro system for mycobacterial
DNA replication. Towards this goal an in-vitro DNA replication system using M.
bovis BCG cell extract was developed. This system is capable of replicating
plasmids containing Mtb oriC. Ultimately the exploitation of this system would
provide a biochemical tool to study the regulation of replication and in the
process help in identifying and characterizing various factors and processes
that control the rate of chromosomal duplication. Also this method will allow
us to screen various inhibitors of replication (Kumar et al., 2009) and also
further fine tune the mechanistic of Mtb chromosomal DNA replication. Since
DNA replication is a key to latency, it should be therefore possible to exploit

this tool to dissect the underlying mechanism of latency.

An in-vitro enzymatic replication protocol has been reported for E. coli
which uses 28% ammonium sulphate cutoff fraction II for maximal DNA
synthesis (Fuller et al., 1981). This is due to the fact that E. coli DnaA protein
gets precipitated by 28% ammonium sulphate. In Mtb however to precipitate
DnaA > 28% ammonium sulphate was required (Zawilak et al., 2004). At 26%
ammonium sulphate cutoff some DNA replication could still be seen, however
28% gave a lower value probably because some inhibitors of replication also got
precipitated and only at 34% cutoff maximized replication activity could be
seen. In E. coli the general time required for maximal DNA replication is around

30 min (Fuller et al., 1981), however as can be seen in figure 2.3, maximal DNA
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synthesis in Mtb was observed around 90 min which is expected since DNA
replication rate in Mtb is slower than that of E. coli. The doubling time of Mtb is
22-24 hrs while that of E. coli is only 20min. Also it is known that the rate of
chain elongation in Mtb is 3200 nucleotides per minute, which is about 11
times slower than the fast growing of M. smegmatis and about 13-18 times

slower than that of E. coli (Hiriyanna and Ramakrishnan, 1986).

The entire reaction of DNA replication can be divided into four stages: (i)
prepriming, which is rate limiting and requires a higher temperature, (ii)
priming, which can continue at lower temperatures (e.g., 16°C); (iii) elongation,
which can also continue at lower temperature and (iv) amplification of DNA
synthesis (van der Ende et al., 1985). As can be seen (Figure 2.4A and 2.4B)
when DNA replication was carried out completely at 16 °C, there was very poor
incorporation of a3?2PdATP perhaps because prepriming could not occur as it
required higher temperature. However, once the prepriming was carried out by
incubating at 30 °C (Figure 2.5A and B) for 30 min and then continuing at 16
0C, there was not much difference from the reaction which was completely

carried out at 30 OC.

The prepriming stage requires the participation of DnaA protein, gyrase,
DnaB protein, DnaC protein, SSB, and ATP. Initially DnaA protein in Mtb alone
unwinds about 19 bp stretch (Kumar et al., 2009). Once the helix is unwound
the two double hexamers of DnaB helicase get loaded with the aid of helicase

loader protein DnaC. However in Mtb, DnaC protein is not present (Table 2.1),
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also the DnaB protein possesses intein (a protein sequence embedded in-frame
within a precursor protein sequence and excised during maturation), the role of

which is not clear (Perler et al., 1994; Perler et al., 1997).

Table 2.1. List of various proteins required in replication, which are present in E. coli but
absent in Mtb. Further details about the proteins can be had from
http://genolist.pasteur.fr/Colibri/ and from http://genolist.pasteur.fr/TubercuList/.

Protein

name M. tuberculosis | E. coli Role of protein

DnaA + i Chromosomal replication initiator protein DnaA

DnaB +((.:ont.a1ns H Replicative DNA helicase

intein)

Sliding clamp subunit, required for high

DnaC - + processivity and is a part of beta-subunit of DNA
polymerase III

DnaE +(DnaE,;, DnaE,) + DNA polymerase III, alpha-subunit

DnaG n . Primase, primer synthesis for leading- and lagging-
strand synthesis

DnaN i A Shdlng clamp subunit, DNA polymerase III beta-
subunit

DnaQ 1 . DNA polyrperase III epsilon-subunit, 3' to 5
proofreading

DnaX +(DnaZzX) N Subunit of DNA polymerase III holoenzyme, DNA

elongation factor III; tau and gamma subunits.
Nucleoid associated protein, binds specifically to
HupA - + different recombination and repair intermediates
and helps DnaA protein in helix unwinding.
Same as above however the ratio of HupA/HupB

HupB K . varied during different growth stages.
Integration Host Factor, alpha subunit, site-specific
Ihf A - & recombination, also required during initial complex
formation at the time of replication
Ihf B - i Integration Host Factor, beta subunit
Binds site specifically, bends DNA and inhibits
FIS - + L o
further progression into initiation
Negatively regulator of DnaA-ATP ATPase activity
HAD - + by a process called RIDA (Regulatory Inactivation of
DnaA)
SSB + + Single-strand DNA-binding protein
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In-vitro replication assays were also carried out using different origin of
replication sequences such as those present in pUC18 (pMB1), pBSK II
(pPBR322) and pOK 12 (P15A). It was observed that the total incorporation of
a32PdATP was insignificant or at best inefficient in comparison to plasmid
having Mtb oriC. It is known that plasmids containing oriC region of Mtb, which
do not have A+T rich cluster can be maintained in M. bovis BCG under
antibiotic pressure. However, the recovery of plasmids was successful only in
primary transformants but not from their respective propagated cultures (Qin
et al., 1999). The soluble M. bovis BCG enzyme system described herein,
capable of in-vitro DNA replication in Mtb, will enable a better understanding of
not only the role of intein, DnaC other proteins listed in Table 1, which are
missing in Mtb but also the mechanism of latency and, by extension, the

process of activation of the bacterium to cause the disease.

2.5 Summary and Conclusion

Mycobacterium tuberculosis (Mtb) is a multifaceted pathogen which can
either cause an acute disease or can survive asymptomatically in a latent form.
It is a Gram-positive, acid-fast bacillus that is transmitted primarily via the
respiratory route. One of the characters which make Mtb distinct is its ability
to shift between two physiologically distinct growth states; active growth and
latency. During latency Mtb exists both in a metabolically active state and also

in a spore like state where they are metabolically inactive, awaiting a signal to
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resume division. Biochemical aspects of DNA replication in Mtb are unknown
so is the mechanism by which Mtb maintains itself in two distinct growth
stages. We describe an in-vitro DNA replication assay for Mtb using M. bovis
BCG extract. A replication competent fraction II was prepared by ammonium
sulphate precipitation (34%) of log phase cell extract. This M. bovis BCG
fraction preferentially recognizes Mtb oriC sequences. Unlike E. coli, which
takes about 30 min for maximal DNA replication, the M. bovis BCG fraction II
requires about 90 min. The temperature requirement by both E. coli and M.

bovis is same with maximal DNA synthesis occurring at 30 °C.
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3.1 Introduction

Replication in eubacteria is initiated when DnaA, an initiator protein,
binds to DnaA boxes located within the origin of replication (oriC) sequence
(Bramhill and Kornberg, 1988a). Initiation of replication in E. coli proceeds with
the binding of DnaA protein to oriC (Fuller et al., 1984) and leads to opening of
13-mer region, which is followed by entry of DnaB helicase to form the
prepriming complex (Sekimizu et al., 1988). In many bacteria either or both the
3" and 5 flanking regions of the dnaA gene exhibit oriC activity, thereby
conferring the ability to replicate autonomously. In Bacillus subtilis, both the 5°
and 3~ flanking regions of dnaA act as oriC (Moriya et al., 1992), whereas in
Mycobacterium tuberculosis (Mtb), M. bovis (Qin et al., 1999) and M. smegmatis
(Qin et al., 1997; Rajagopalan et al., 1995; Salazar et al., 1996), only the 3~
flanking region provides oriC function. There are five DnaA-binding sites in the
oriC region of E. coli, referred to as R boxes, to which both active ATP-DnaA and
inactive ADP-DnaA proteins bind with equal affinity (Schaper and Messer,
1995; Sekimizu et al., 1987). There are additional initiator binding sites in the
oriC, region referred to as I sites, to which only DnaA-ATP can bind (McGarry et

al., 2004).

DnaA protein binds with nearly equal affinity to ATP and ADP. In E. coli
the function of ATP appears to be allosteric and the non-hydrolysable analogue
ATPyS can replace ATP in helix unwinding (Thony et al., 1991). For opening of

the DNA duplex multiple DnaA proteins, complexed with ATP, bind to oriC and
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melt the DNA unwinding element (DUE). ADP bound form of DnaA is inactive

for replication initiation, forming an important level of regulation at the origin.

The E. coli IciA protein (Inhibitor of Chromosome Initiation) blocks
initiation at very early stage in-vitro by binding specifically to A+T rich region of
oriC (Hwang and Kornberg, 1990; Thony et al., 1991). Binding of IciA blocks
the opening of A+T rich region mediated by DnaA and HU (Histone like protein)
or integration host factor (IHF) protein and this inhibition of strand opening by
IciA does not affect binding of DnaA and IHF (or HU) protein to their respective
binding sites (Hwang and Kornberg, 1992). IciA contains helix turn helix motif
at the N terminal region and shows homology to LysR family of prokaryotic
transcription regulators (Thony et al., 1991). IciA has also been implicated in
binding to A+T rich regions within the plasmid ori sequence and the copy
number of the F plasmid is increased in iciA deletion mutant (Wei and
Bernander, 1996). IciA also shows higher binding preference for curved DNA
(Azam and Ishihama, 1999). Further, IciA is involved in regulation of nrd gene
encoding ribonucleoside diphosphate reductase (Han et al., 1998), activating
dnaA gene (Lee et al., 1996) and has recently been shown to also regulate the
yggA gene encoding the arginine exporter (Nandineni and Gowrishankar,

2004).

Mtb maintains itself in two physiologically distinct growth states — an
active replicative state and a non-replicative persistent state (Wayne, 1994). In

persistent state, the bacterium is metabolically active, but shows no
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multiplication for extended periods, only to revive later and multiply to cause
infection (Munoz-Elias et al., 2005). The genetic elements responsible for the
replication process in Mtb, specifically its initiation and regulation, are not
known. In Mtb, the DNA fragments bearing the dnaA-dnalN intergenic region
function as oriC (Qin et al., 1999). Upon comparison of the oriC region of E. coli,
Mtb and B. subtilis (Figure 3.1A) it appears that E. coli has three A+T rich 13
mers (Bramhill and Kornberg, 1988a), B. subtilis has a 27 mer (Moriya et al.,
1992) which is exclusively rich in A+T residues, but Mtb has only one A+T rich
15 mer region (Qin et al., 1999; Seitz et al., 2001). In addition, both E. coli and
B. subtilis have DnaA-ATP boxes (Figure 3.1A), however in Mtb such boxes are
not present (Madiraju et al., 2006). One more unusual observation reported for
Mtb is the requirement of ATP hydrolysis for rapid oligomerization of DnaA on
oriC (Madiraju et al., 2006). It should also be noted that E. coli possesses only
five DnaA boxes, whereas Mtb has 13 presumptive DnaA box sequences (Figure
3.1A) that bear little sequence similarity to any of the E. coli DnaA boxes (Qin et
al., 1999; Salazar et al., 1996). DnaA protein of mycobacteria has been shown
to bind to at least some of these boxes (Zawilak-Pawlik et al., 2005; Zawilak et
al., 2004). These studies suggest that the replication origin site in Mtb is very
complex thereby making it interesting to study the mechanism of DNA

replication and its regulation in Mtb.
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Figure 3.1 Alignment of A+T rich regions from E. coli, M. tuberculosis and
B. subtilis. These regions were aligned using adjacent DnaA box (shaded
arrow) to A+T rich regions. Shaded boxes represent A+T rich cluster of E. coli,
M. tuberculosis and B. subtilis respectively. Underlined regions in E. coli and B.
subtilis represent potential DnaA-ATP boxes. L, M and R represent left, right
and middle 13-mers.

Given the clinical significance of persistence within the macrophages, it
is important to identify and characterize the events involved in Mtb replication
initiation and the negative effectors of replication initiation. This chapter
describes the interaction between Mtb DnaA protein and the Mtb oriC, including
mapping the nucleotide sequences involved in DNA opening, and the
requirement of ATP hydrolysis in this process. Additionally the ability of Mtb

IciA like protein, coded by Rv1985c, to block DnaA mediated helix opening and
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the eventual DNA replication by specifically interacting with A+T rich

sequences present within the oriC region is shown.

3.2 Materials and Methods

3.2.1 Molecular cloning

The M. tuberculosis ORF Rv1985c and Rv0001 coding for putative IciA
protein and DnaA protein respectively, were PCR amplified using genomic DNA
from H37Rv and primers IciAF, IciAR, DnaAF and DnaAR, carrying specific
restriction enzyme sites (Table 3.1), by Accutaq DNA polymerase (Sigma). The
amplicons thus generated were digested with Ndel / HindIIl restriction enzymes
and cloned into the corresponding sites of pET28a expression vector. The
resultant plasmids were labeled as pETIciA and pETDnaA. For cloning
intergenic region between dnaA/dnalN genes, the corresponding region was
PCR amplified using MtbOriF and MtbOriR primer pair (Table 3.1). The
amplicon thus generated was digested with HindIll/BamH1 restriction enzyme
and cloned into the corresponding site of pUC18 vector. The resultant plasmid
was labeled as pUC_OriMtb. The authenticity of all constructs was confirmed

by restriction analysis and DNA sequencing.
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3.2.2 Purification of recombinant His tagged IciA protein

Recombinant putative IciA, coded by Mtb ORF Rv1985c, was purified
from the soluble fraction of BL21 (DE3) pLysS cells transformed with pETIciA
grown overnight at 18°C and induced with 0.5mM IPTG at an ODgoo of 0.3 for
the expression of recombinant protein as described earlier (Ghosh et al., 2004;
Prakash et al., 2005a). The recombinant protein was purified in buffer C
containing 20mM Tris, 300mM NaCl and 10% glycerol. The purity of the
protein was confirmed by SDS PAGE. The concentration of the protein was
estimated by BCA (Bichinconic acid) and the purified protein was stored at -

200C until further use.

3.2.3 Purification of recombinant His tagged DnaA protein

Recombinant DnaA protein was purified as described earlier (Zawilak et
al., 2004) with minor modifications. To prevent the recombinant protein from
getting complexed with ATP present in E. coli cytoplasm, which could interfere
in the helix unwinding assays, the protein was denatured in buffer A [25mM
Tris acetate (pH7.5), 250mM NaCl, 0.1mM EDTA, 10mM Magnesium acetate
and 10mM B-mercaptoethanol] containing 8M urea (Madiraju et al., 2006).
This was followed by sequential dialysis in 4M, 2M, 1M and 0.5M urea in buffer
A containing 10% glycerol. The final dialysis buffer A contained 20% glycerol.

The refolded DnaA protein, as seen on 10% SDS PAGE, was >95% pure. The
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protein concentration was estimated by BCA and stored at -20°C until further

use.

Table 3.1 Bacterial strains, plasmids and oligonucleotide primers used in the current
study. Nucleotides in bold represent the restriction enzyme sequence appended to the
primers to enable directional cloning in pET28a/pUC18 vector.

Bacterial Strains Relevant characteristics Source/ref.

Strains

E. coli DH5a supE44 AlacU169 (©80lacZAM15) hsdR17 recAl Invitrogen
endAl and endAl gyrA96 thi-1recAlf

E. coli BL21(DE3) | F- ompT hsdSg(remgs’) gal dem (DE3) Invitrogen

E. coli BL21(DE3) | F- ompT hsdSg(rsmg’) gal dem (DE3) pLysE (CamkR) Invitrogen

PlysS

M. bovis BCG Vaccine Strain, Pasteur Institute AstraZeneca,

Pasteur India

Plasmids

pUC18 Ampicillin resistant; multicopy plasmid with a Fermentas
ColE1 - type replicon

pET28a Expression Vector (kanamycin resistant) Novagen

pETDnaA PET28A derivative carrying Mtb DnaA (Rv0001) This work

pETIciA pET28A derivative carrying Mtb IciA (Rv1985c) This work

pUC_OriMtb pUC18 derived carrying intergenic region between This work
dnaA and dnalN

pBSK II Ampicillin resistant multicopy plasmid with a Strategene
ColE1 type origin sequence

Oligonucleotide

Primers

[ciAF GGAATTCATATGGTGGATCCGCAGCTTGA

IciAR GCAAGCTTTCAACCCGGTCGGCGGCGGC

DnaAF GGAATTCATATGACCGATGACCCCGGTTC

DnaAR GCAAGCTTCTAGCGCTTGGAGCGCTGAC

MtbOriF GCAAGCTTCGCTAGCACGGCGTGTTCTT

MtbOriR GCGGATCCCCACGAAACGTCAAGTCGGTGA

DnaA box 8-9Fw
DnaA box 8-9Rv

ACCAGACTGTCCCCAAACTGCACACCCTCT
AGAGGGTGTGCAGTTTGGGGACAGTCTGGT

Ori F1 TTCTTCCGACAACGTTCTTAAAAAAACTTCTCTA
Ori R1 TAGAGAAGTTTTTTTAAGAACGTTGTCGGAAGAA
SeqOriR1 TCTTGGTGCAGGTCGACGTCGGTCGGAGT
SeqOriR2 ACCGCCGGGACTGTATGA

SeqOriR3 GTTTTCCCAGTCACGAC
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Figure 3.2 Cloning and protein purification of IciA, DnaA and pUC oriMtb. A)
Identification of the positive clone of iciA (Rv1985c) in pET28a vector by restriction
digestion with Nde | and Hind Ill. Lane 1, 100 bp marker; lane 2, iciA cloned in pET 28a
and lane 3, 1 Kb marker. B) Affinity purification of Mtb IciA. Histidine tagged
recombinant protein was purified by talon column chromatography under native
conditions and stained with coomassie blue following electrophoresis on at 10% tricine
gel. Lane 1, E. coli pLys cells expressing IciA; lane 2, Supernatant of the lyased cells;
lane 3, flow through, lane 4-5, wash with 20mM Imidazole; lanes 6-9, elution of ICiA with
250mM Imidazole; lane 10, Low range protein marker. C) Identification of the positive
clone of dnaA (Rv0001) in pET28a vector by restriction digestion with Nde | and Hind II.
Lane 1, 100 bp marker; lane 2, dnaA cloned in pET 28a and lane 3, 1 Kb marker. D)
Affinity purification of Mtb DnaA. Histidine tagged recombinant protein was purified by

80



Chapter 3 IciA inhibits Mtb DNA Replication

talon column chromatography under native conditions and stained with coomassie blue
following electrophoresis on 10% tricine gel. Lane 1-2, wash with 10mM imidazole, lane
3-4 wash with 20mM imidazole, lane 5-6 wash with 30mM imidazole, lane 7-8 wash with
40mM imidazole, lane 9 wash with 40mM imidazole and lane 10 elution with 250mM
imidazole. E) Identification of the positive clone of Mtb ori in pUC18 vector by restriction
digestion with Bam HI and Hind Ill. Lane 1 oriMtb cloned in pUC18 and lane 2 is 100bp
marker.

3.2.4 Preparation of fraction II

In-vitro replication competent fraction II was prepared by growing M.
bovis BCG Pasteur in 600 ml of 7H9 media supplemented with OADC and
casitone, in 1000 ml roller bottle at 37 °C to log phase as described previously
(Fuller et al., 1981). The cells were then harvested and resuspended in buffer B
[25mM, HEPES/KOH (pH 7.6), 0.ImM EDTA, 2mM DTT, and 100mM
potassium glutamate| supplemented with 1mM PMSF. The cells were disrupted
by sonication and the supernatant (fraction I) was precipitated by addition of
ammonium sulphate (0.34 gm per ml of supernatant) with continuous stirring.
After an additional 30min of stirring, the suspension was centrifuged at 4 °C
for 30 min at 18000g. The pellet was resuspended in minimal volume of buffer
B (fraction II) and was dialyzed for 50 min at 4 °C against 1000 fold excess of
buffer B. Protein concentration was estimated by BCA and the replication

competent fraction was stored at —70°C until further use.
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3.2.5 ATPase activity

Reaction samples were kept on ice in 10 ul of buffer C [S0 mM
HEPES/KOH (pH 7.6), 0.5 mM Magnesium acetate, 2 mM DTT and 50 mM
NaCl] containing 16 nM [y32P]ATP and increasing amounts of DnaA protein as
mentioned in figure legends. After incubating the samples for 30 min at O °C,
linear DNA carrying the DnaA box or pUC_OriMtb or pBSK Il was added and
the reactions were further continued at 37°C for 30min. After this ATPase
activity was determined by spotting 1.0 ul aliquot of each sample on Silica gel
60F254 thin layer chromatography plate (TLC). TLC plate was developed with
chloroform: methanol: glacial acetic acid (65:15:5, v/v/v), followed by
autoradiography and analyzing the image by Typhoon Variable Mode Imager

and Image Quant software.

3.2.6 Helix opening assay and KMnO4 probing

The standard helix opening assay (25 pl) was carried out in a buffer
containing 40mM HEPES-KOH (pH 7.5), 8 mM Magnesium acetate, 50 mM
potassium glutamate, 1ug poly dI/dC, 30% v/v glycerol, 320 pg/ml BSA and
550 ng supercoiled template (pUC_OriMtb), with indicated amounts of rDnaA
and or rlciA (Rv1985) protein and 5.0mM of either ATP or ADP or ATPyS
(Lithium salt). The reaction mix was incubated for 30min on ice followed by 20

min at 37 9C. KMnO4 was then added to a final concentration of 10mM, and the
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reaction was further continued for 2 min at 37 9C. The reaction was stopped by
the addition of stop buffer (1.75M [ mercaptoethanol and 50 mM EDTA) and
samples were transferred to ice. 40 pl of phenol was then added and the
samples were vortexed and centrifuged at 6000 rpm for 5 min. The supernatant
was then passed through Sephadex G50 spin column to purify the DNA

template for use in primer extension reaction.

3.2.7 Primer extension

10ul of the primer extension mix included 200uM each dNTPs, 0.04pM
32P end labeled primer [SeqOriR1, SeqOriR2 or SeqOriR3 (Table 1)] 0.5 mM
MgClz, 2% DMSO and 0.5 Units Taq DNA polymerase (SIGMA). The mixture
was subjected to primer extension (SeqOriR1) in a thermocycler for 30 cycles:
94 0C for 1 min, 92 9C for 30 sec., 54 9C for 30 sec. and 72 °C for 1 min except
for 5 min in the last amplification cycle. All the conditions for primers
SeqOriR2 and SeqOriR3 were identical, except that annealing was carried out
at 489C and amplification at 72 9C for 40 sec. The reactions were stopped by
adding 2 pl of formamide sequencing dye (95% Formamide, 10 mM NaOH,
0.05% Bromophenol blue and 0.05%Xylene Cyanol FF). The samples were heat
denatured for 5 min at 95 9C and subjected to 6% (or 15%) polyacrylamide gel
electrophoresis containing 7 M urea. The gels were dried and analyzed by

Typhoon Variable Mode Imager and Image Quant software.
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3.2.8 Assay for DNA replication

The standard reaction (20 ul), as described earlier (Fuller et al., 1981),
contained 40mM HEPES.KOH (pH 7.6), 6 mM ATP, 500uM of each GTP, CTP
and UTP, 21.6 mM Creatine phosphate (Fluka), SO pg/ml BSA, 100 uM each of
dGTP, dCTP and dTTP, 50 uM dATP; 200 cpm/ molar of total deoxynucleotide
[ 32P]dATP, 11 mM Magnesium acetate, 35ug Creatine Kinase (Sigma), 550ng
supercoiled plasmid DNA (pUC_OriMtb) and 7% PEG 10,000. All reactions were
assembled on ice and started by the addition of 10 — 80 ug of protein (Fraction
IT or rlciA or both as indicated in figure legends) and incubating at 30 °C for 30
min. Total nucleotide incorporation was measured by determining radioactivity
retained after 10% trichloroacetic acid precipitation on nylon membrane
through dot blot apparatus (BioRad). All the reactions were quantitated by

Typhoon Variable Mode Imager and Image Quant software.

3.2.9 Electrophoretic mobility shift assays

For electrophoretic mobility shift assays, synthetic complementary
oligodeoxyribonucleotides OriF1 and OriR1 (Table 3.1) were annealed and 5’
end labeled using T4 Polynucleotide Kinase as described earlier (Banerjee et al.,
2007; Prakash et al., 2005b). The 32P-labelled oligonucleotides were incubated
with increasing concentration of riciA protein, at 30°C in binding buffer D

[10mM Tris (pH 7.5), SOmM NaCl, 1mM EDTA, 1mM DTT, 50ug/ml BSA, 1lug
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poly dI/dC and 20% glycerol] for 30min and the DNA-protein complex was
fractionated on 5% native PAGE [0.25x TBE (22.25mM Tris/ borte/ 0.25mM
EDTA)] at 150V, 4°C for 2 — 3 hrs. The gels were dried and analyzed by

Typhoon Variable Mode Imager and Image Quant software.

3.2.10 Determination of Oligomerization Status by Gel Filtration

Chromatography

Size exclusion chromatography was performed at 4°C using an FPLC
system (BioRad) equipped with SuperdexTM75 HR 10/30 column equilibrated
with buffer C. To determine the oligomeric status of purified rIciA protein,
100pg of protein was loaded on the column at a flow rate of 0.5 ml/min and
the protein elution was monitored at 280nm. The molecular masses of the
respective peaks were determined on the basis of the elution volume of

standard protein molecular size markers supplied by Sigma (USA).

3.2.11 Determination of Exposed Hydrophobic Patches by Extrinsic

Fluorescence Spectroscopy

Equilibrium binding measurements with manual mixing were performed
on a Perkin Elmer spectrofluorimeter in a quartz cell of 1cm path length. All
measurements were carried out in a buffer containing 10 mM Tris (pH 8.0),

500 mM NaCl and 5% glycerol with protein 1uM to 12 uM in a final ANS
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concentration of 10 uM. Fluorescence of ANS was excited at 360 nm and
emission spectra were recorded between 400 nm to 600 nm at a scan speed of
250 nm sec'l. The excitation and the emission band passes were kept at 5.5nm
and 8.0nm respectively. The signal to noise ratio was improved by

accumulating three scans.

3.2.12 Determination of Secondary Structure by Far-UV Circular

Dichroism Spectroscopy

Far-UV CD spectra were recorded at 30 °C in a cuvette of 0.1 cm path
length and at 2nm bandwidth using a JASCO J-810 spectrophotometer. All
spectra were recorded from 200 to 250 nm wavelength range, having a
response time of 2 sec with a scan speed of 100 nM min-!. Spectra were signal
averaged by adding at least three accumulations (Choudhary et al., 2004;
Tundup et al., 20006). Baseline correction was made by subtracting spectra of
respective buffer blanks, obtained under identical conditions. Percentage of

secondary structure was calculated, using spectra max software of JASCO.

3.2.13 Urea Denaturation

Denaturation was induced by incubating 4y1g of IciA protein with various
concentrations of urea (0.25 M to 8.0 M) for 24 hrs at room temperature in 10

mM Tris (pH 7.5) and 300 mM NaCl. Protein denaturation mediated by urea
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was measured on Perkin Elmer spectrofluorimeter in a quartz cell of 1cm path
length. Intrinsic tryptophan fluorescence spectroscopy was measured using
excitation at 295 nm (slit Snm) and emission from 300 nm to 500 nm (slit 8
nm) at a scan speed of 600 nm sec!. The signal to noise ratio was improved by

accumulating four scans.

3.2.14 Determination of Free Sulfhydryl Groups

The accessibility of the cystein residues in IciA was determined by
treating rlciA protein (in 10 mM tris and 500 mM NaCl) with DTNB [5, 5'-
Dithio-bis (2-nitrobenzoic acid)] in a reaction volume of 100ul at 25 °C. The
final concentration of the protein and DTNB used was 10uM and 300pM
respectively. The number of free cystine residues was determined from the
changes in absorbance at 412nm. The number of accessible cystine residues is

given by following formula.

__ absorbance of protein at 412nm in presence of DTNB + Extinction Coeff of TNB at 412nm
b absorbance of protein at 280nm =+ Extinction Coeff of protein at 280

Ac

Where Acis the number of accessible cystine residues and the molar extinction
coefficient of TNB and rlciA protein used is 13,600 M-lcm-land 31970 M-lcm-!

respectively.
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3.3 Results

3.3.1 DnaA protein shows higher ATPase activity in the presence of

supercoiled template

In order to determine the preference, if any, of Mtb DnaA for a given form
of DNA template, DnaA protein activity was measured in terms of ATPase
activity. Recombinant DnaA protein expressed in E. coli was refolded after its
purification under denaturing conditions and assayed for ATPase activity.
ATPase activity was assayed either in the absence of DNA, or in the presence of
linear DNA, or supercoiled pUC_OriMtb, or non-specific supercoiled template
pBSK II. As could be seen from the densitometric scanning of the gel, ATPase
activity in the presence of DnaA box (Figure 3.3, lanes 5-8) is expectedly higher
than in the absence of DNA (Figure 3.3, lanes 1-4). However, ATPase activity
increases significantly in the presence of supercoiled pUC_OriMtb (lanes 9-12)
and pBSK II (lanes 13-16) (Table 3.1). The ATPase activity is a direct function of
the concentration of rDnaA protein with maximal activity at 0.8uM after which
it stabilizes. These results while confirming that the refolded rDnaA protein is
enzymatically active, also confirm that DnaA has very weak intrinsic ATPase
activity which however increases in the presence of supercoiled DNA

independent of whether Mtb ori is present or not.
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Figure 3.3 A) rDnaA protein was incubated with 16nM [y*’P]JATP for 30min at 0°C in
buffer C. Lanes 1 — 4: 0, 0.4, 0.8 and 1.2uM respectively, of DnaA protein without any
DNA; lanes 5 — 8: 0, 0.4, 0.8 and 1.2uM respectively of DnaA protein with DnaA box;
lanes 9 — 12: 0, 0.4, 0.8 and 1.2uM respectively of DnaA protein with 550ng of
pUC_OriMtb and lanes 13 — 16: 0, 0.4, 0.8 and 1.2uM respectively of DnaA protein with
550ng of pBSK Il. B) The phosphate released in ATPase assay was quantified using
Typhoon Variable Mode Imager and Image Quant Software (Amersham).

3.3.2 Open complex is formed near the A+T rich repeat

oriC region of Mtb is very complex and is different from its E. coli
counterpart (Figure 3.1). The Mtb oriC has 13 imperfect DnaA boxes, which
bear little sequence homology to E. coli DnaA boxes and also lack distinct A+T
rich nucleotide repeat which is however present both in E. coli and B. subtilis at

the 3' end of dnaA gene, and is thought to be the site for helix opening. Given

89



Chapter 3 IciA inhibits Mtb DNA Replication

this complexity of Mtb oriC, DNA sequences involved in open complex formation
were therefore mapped by primer extension analyses by KMnOs4 probing.
Permanganate is a very strong oxidant and thus reacts with the base moiety of
DNA. Unlike DNase I, KMnO4 generally does not modify naked double stranded
DNA. However KMnO4 selectively oxidizes unpaired pyrimidines, especially
thymine residues, in single stranded DNA and in helically distorted duplex
DNA. The most reactive site of the attack is 5, 6 double bond of the thymine
ring. This attack can occur either from above or below the plane of the ring.
But in native B form DNA this kind of attack is strongly hindered. The
susceptible bond lies within the stacked array of bases under the DNA
backbone within the major groove of DNA. Thus out of plane attack is just not
possible as it is hindered by both the backbone and the adjacent bases. This
accounts for the high selectivity of KMnO4 for single stranded DNA. The initial
stable product of the attack on thymine is glycol (diol form). Oxidized
pyrimidines prevent primer extension by the DNA polymerase beyond the
modified residues. This technique is routinely used for the study of replication

complexes.

For the helix-opening assay increasing amounts of rDnaA protein (0.025-
0.3ug) were incubated in presence of SmM ATP with supercoiled pUC_OriMtb,
as described. Primer SeqOriR1 annealed between position — 292 to — 320 of
template strand (Figure 3.4A), primer SeqOriR2 annealed between positions —

402 to — 420 of the template strand (Figure 3.4C) and primer SeqOriR3

annealed at position of -40 of pUC18 (Figure 3.4B). Primer extension reaction
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carried out using SeqOriR1 and SeqOriR2 would therefore enable read outs
from bottom (downstream) while SeqOriR3 will give readouts from top
(upstream). The extension products were then fractionated on a standard (6%
or 15% as shown in the legend) urea sequencing gel (Figure 3.4A, B and C).
Helix opening could clearly be detected in the presence of 0.075 ug (Figure
3.4A, lane 4) of rDnaA protein but barely when 0.025 pg or 0.050 g (Figure
3.4A, lanes 2-3) of rDnaA was used and this was evident from the presence of
extension products (lane 4) of 199 nucleotides(a) and 200 nucleotides(b)
corresponding to position -500 and -501 from the start of the dnalV gene. To
further pinpoint the extent of helix opening another primer SeqOriR2 was
utilized and the extension products were fractionated on 15 % urea gel. As can
be seen (Figure 3.4C, lanes 12-16) extension products corresponding to 98, 99,
113 and 116 nucleotides designated as f, e, d and c respectively, could be
observed which correspond to position -500, -501, -515, -518 from the start of
dnalN gene. Primer SeqOriR3 annealed at position of -40 of pUC18 and
generates extension products (Figure 3.4B, lanes 6-10) of 63(l), 65(k), 66(j),
76(i), 77(h) and 79(g) nucleotides which represent position -518, -515, -514, -
504, -503 and -501 respectively, from start of dnalV gene. Irrespective of the
primers used, the extension products appeared as a function of concentration
of DnaA protein with 0.2 ug (200nM) being the most efficient after which there
was no further concentration effect. These mapping data, generated with
different primers, are summarized in Figure 3.4F. To conclude, these results

reveal that a 19 bp stretch of Mtb oriC becomes sensitive to KMnO4 (Figure
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3.4G) thereby demonstrating, for the first time, that in Mtb the duplex opening

occurs near position — 500 to — 518 (from start of dnalV gene) which lies within

the A+T rich region.
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Figure 3.4 Mtb helix opening by rDnaA occurs near position -500 to -518 within
the A+T rich region and this is inhibited by riciA. pUC_OriMtb was used as a
template for helix opening in the presence of increasing amounts of rDnaA with y*?P
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labeled SeqOriR1 and the primer extension products were fractionated on 6%
sequencing gel. (A) SeqOriR1 primer reads pUC_OriMtb from bottom. Lanes 2, 3 and 4
show KMnQO, probing in the presence of 25ng, 50ng and 75ng DnaA. These and other
primer extension products of various sizes were designated as 200nt (a), 199nt (b) and
so on and are summarized in Figure 3.4F. (B) The upstream primer SeqOriR3 reads
pUC_OriMtb from the top and anneals at position — 40 of pUC18 vector backbone. The
different lanes are: lane 6, no rDnaA protein; lanes 7 — 10: 0.075, 0.1, 0.2 and 0.3ug of
rDnaA. Extension products of 79(g), 77(h), 76(i), 66(j), 65(k) and 63(l) nucleotides could
be seen. (C) Primer SeqOriR2 (downstream primer) also reads pUC_OriMtb from the 3’-
end. After KMnO,4 modification and PCR amplification with y*?P labeled SeqOriR2, the
primer extension products were fractionated on a 15% sequencing gel. Lane 12, control
DNA where no rDnaA protein is added; lanes 13 — 16: 0.075, 0.1, 0.2 and 0.3pg of
rDnaA. Extension products of 116(c), 113(d), 99(e) and 98(f) nucleotides could be seen.
Non-specific extension products (ns) were also seen in all lanes even in control rDnaA
free lane.10 bp ladder was used as DNA molecular size marker (lane 1, 5 and 11) and
shown on the left. (D) The reaction was carried out using 0.2ug of rDnaA protein. Helix
opening was monitored by primer extension using SeqOriR1 on a 6% sequencing gel.
The different lanes are: lane 2, without riciA; lane 3-4: increasing amounts (0.2 yg and
0.4 pg) of riIciA protein. Arrows correspond to the extension products of 200 and 199
nucleotides. (E) Primer SeqOriR3 (lanes 5-11) and SeqOriR2 (lanes 13-19) were used
to monitor helix inhibition mediated by riIciA. All the lanes from 5-9 and 13-17 have
0.2ug of DnaA protein; Lanes 6-9 and 14-17 have increasing amounts (0.2, 0.3, 0.4 and
0.5ug) of rIciA protein; lanes 10 and 18 have 0.5ug of riIciA protein; lanes 11 and 19
have no rDnaA or riciA protein; and lane 12 represents 10bp marker. Arrows on the left
correspond to extension products of 79, 77, 76, 66, 65 and 63 nucleotides with primer
SeqOriR3 and 113, 99 and 98 nucleotides with primer SeqOriR2. (F) The nucleotide
sequence of the entire oriC region of Mth. Letters underlined represents various
primers. Amplification products obtained by primer SeqOriR1 are marked by [ ]
brackets. “|” bracket represents start of primer extension product and “[” bracket
represents end of the primer extension product. It could be noted that primer extension
stops at T residue which is modified by KMnO,4. The small letters “a” and “b” represent
200nt and 199nt band. Similarly the amplification products obtained by primer SeqOriR2
(direction of primer extension product is shown by arrow) are marked by {} bracket and
the modified T residues “{” mapped by this primer are indicated by c, d, e and f which
represent 116, 113, 99 and 98 nucleotide bands. Likewise the amplification products
obtained by primer SeqOriR3 are marked by () bracket. Here “(” bracket marks the start
of extension and “)” bracket marks the end of extension product. The modified T residue
is shown by g, h, i, j, k and | which represent 79, 77, 76, 66, 65 and 63bp bands
respectively. Also the start of dnaN gene is indicated by an arrow. (G) KMnO4 reactive
pyrimidines within the A+T rich oriC of Mtb. About 19bp stretch of pUC_OriMtb becomes
sensitive to KMnO4 modification (the reactive pyrimidines are indicated by arrow).
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3.3.3 IciA inhibits helix opening

IciA, in addition to other functions, is a known inhibitor of E. coli
chromosome replication initiation in-vitro. Mtb ORF Rv1985c displays 35.8 %
sequence identity to iciA of E. coli. Analysis of secondary structure (Figure 3.5)
also demonstrated that both IciA of E. coli and the putative Mtb IciA (Rv1985c)
could be possibly functionally similar. Therefore the inhibitory effect of Mtb
iciA, if any, on open complex formation was analyzed. Helix opening reaction
was carried out in the presence of increasing concentrations of recombinant
purified IciA protein. 200nM of rDnaA protein was used as this amount was
earlier observed to be sufficient for helix opening. The appearance of primer
extension products of 199 and 200 nucleotides long when primer SeqOriR1
was used (Figure 3.4 D, lane 2) or four extension products of 98, 99, 113 and
116 nucleotides, when the reaction was carried out using downstream primer
SeqOriR2 (Figure 3.4E, lane 13), or six extension products of 63, 65, 66, 76, 77
and 79 nucleotides when the reaction was carried out using upstream primer
SeqOriR3 (Figure 3.4E, lane 5), is a reflection of helix opening. Once the same
reaction was carried out in the presence of purified rIciA protein these
extension products could not be seen (Figure 3.3D and E, compare lanes 3, 4
with lane 2 and lanes 6, 7, 8, 9 with lane 5 and lanes 14, 15, 16, 17 with lane
13). Furthermore, the inhibitory effect of rIlciA was a direct function of its
concentration. Interestingly, the inhibition by IciA was observed only when it
was added before the addition of DnaA protein, but when IciA was included 10

min after incubation at 37 °C, to allow open complex formation, it failed to
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inhibit helix opening (Figure 3.6). These results suggest that once the helix
opening has been initiated by the binding of DnaA protein to oriC and the 13-
mer region has opened, IciA protein cannot block formation of the open
complex thereby demonstrating that IciA protein can block open complex

formation by possibly binding directly to the oriC sequences.
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Figure 3.5 Secondary structure prediction of Mtb IciA and E. coli IciA. (A)
Predicted secondary structure for Mtb ICiA protein. (B) Predicted secondary structure for
E. coli ICiA protein.
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Figure 3.6 IciA cannot inhibit helix unwinding once DnaA has already opened the
DNA double helix. The reaction was carried out using 0.2ug of rDnaA protein. Helix
opening was monitored by primer extension using SeqOriR1 on a 6% sequencing gel.
The different lanes are: lane 3, with rDnaA but without riciA; lane 4: with rDnaA and
riciA (0.4pg), but riciA was added 10 min after the addition of rDnaA at 37 °C. Arrows
correspond to the extension products of 200 and 199 nucleotides. Lane 1 and 2 show
50bp and 10bp marker.

3.3.4 ATPase activity is essential for open complex formation

Having mapped the nucleotides (within the oriC region of Mtb) involved in
opening of the duplex DNA, the requirement of ATP hydrolysis was investigated
and also whether other hydrolysable and poorly hydrolysable analogues of ATP
could provide the necessary energy to drive this process. The E. coli DnaA
protein has a very weak ATPase activity but the intrinsic ATPase activity of Mtb

DnaA promotes rapid oligomerization of DnaA on oriC and both ATP binding
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and ATP hydrolysis are required for rapid oligomerization of DnaA on oriC
(Madiraju et al., 2006). Helix opening reaction was therefore carried out with 5
mM of ATP, ADP and ATPyS (Lithium salt). After oxidation with 8 mM KMnO4
the primer extension products were fractionated as usual using 6% urea gel.
Only when 5 mM ATP (Figure 3.7, lane 1), but not when ADP (lane 2) or ATPyS
(lane 3) was used as energy donor could rDnaA bring about helix opening as
could be seen from the appearance of the expected 200/199 nucleotides primer
extension product. These results while highlighting the difference between Mtb
and other bacteria, directly support the role of ATP in helix opening, which is a

prerequisite for replication initiation.
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Figure 3.7 ATP hydrolysis is essential for helix opening by rDnaA. Helix opening
assay was carried out as described earlier with SeqOriR1 as primer and the primer
extension products were resolved on 6 % sequencing gel. The reaction was carried out
using 0.75 pg of rDnaA and 5mM ATP (lane 1), 5mM ADP (lane 2) and 5mM ATP y S
(lane 3). 100 bp DNA ladder was used as a DNA molecular size marker (lane Mr). The
markers on the right represent the size of the extension products.
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3.3.5 IciA inhibits DNA replication

Having shown the ability of rIciA to inhibit helix opening in-vitro,
experiments were designed to assess the ability of rIciA to actually inhibit DNA
replication by using a reconstituted replication system. M. bovis BCG fraction II
which supports in-vitro replication of DNA from Mtb oriC was utilized.
Quantitation of the radioactivity incorporated as a function of DNA replication
reveals that maximal DNA synthesis occurs in the presence of 80ug of fraction
II (Figure 3.8A). Therefore this concentration of fraction II was selected to test
whether rlIciA could inhibit DNA replication in-vitro in the presence of
increasing amounts of rIciA. DNA replication assay was therefore repeated
except that rIciA protein was added to the assay mix before the addition of M.
bovis BCG replication competent fraction II. As could be seen in Figure 3.8B,
DNA replication is inhibited by rlIciA as a direct function of its concentration. In
the presence of 0.6ug of rIciA protein only 10% replication activity could be
seen. These results directly point to the ability of rlciA to act as an inhibitor of

DNA replication.
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Figure 3.8 DNA replication from pUC_OriMtb is supported by M. bovis BCG crude
extracts (Fraction II) and is inhibited by riciA. (A) DNA replication was carried out
with ammonium sulphate fractionated crude cell lysate (Fraction Il), as described in
Materials and Methods, in the presence of increasing concentrations (0 to 80 ug) of M.
bovis BCG fraction Il. Lane 1, 2, 3, 4, 5, 6 and 7 represent 0, 10, 20, 40, 60 and 80ug of
fraction Il. The replication products were TCA precipitated and blotted (Biorad) on a
nylon membrane and after densitometric scanning (inset) the values were plotted for
different fractions. (B) DNA replication mediated by M. bovis BCG extract (80 ug) was
assayed in the presence of increasing concentrations (0 to 0.6 ug) of purified riciA.

3.3.6 IciA binds to A+T rich region of Mtb oriC

The results presented so far clearly suggest that rIciA is able to block
helix opening (Figure 3.4D and E) and consequent DNA replication (Figure 3.8)
only when it encounters the oriC sequence before DnaA protein has initiated
helix opening thereby pointing to a possible ori specific DNA binding activity of

rlciA protein. Mtb oriC is located within a small patch of A+T rich sequence
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which was earlier mapped as the site for helix opening (Figure 3.4A, B and C).
Having identified the nucleotides (Figure 3.4F) involved in in-vitro helix opening,
oligonucleotides corresponding to this region were used to determine DNA-
protein interaction involving IciA. Electrophoretic mobility shift assays were
carried out using this A+T rich oriC element, rIciA and huge excess (1ug) of poly
(dI/dC). Results clearly show that IciA protein binds to A+T rich region (Figure
3.9, lanes 2-4). That this binding is specific is clearly evident from homologous
and heterologous cold competition assays. Even in 100-fold molar excess of
non-specific competitor DNA, the DNA-protein complex is not abrogated (Figure
3.9, lane 5); whereas the DNA-protein complex completely disappears in the
presence of 50 fold (lane 6) and 100 fold (lane 7) molar excess of specific
homologous cold competitor DNA. These results demonstrate that IciA
specifically binds to A+T rich region of the oriC and the inhibitory effect of IciA
on the DNA helix opening (Figure 3.4D and E) and DNA replication (Figure 3.8)

is a likely consequence of this oriC:IciA interaction.
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Figure 3.9 riciA binds specifically to the A+T oligonucleotide derived from the
oriC region of M. tuberculosis. Increasing amounts of IciA protein were used in
electrophoretic mobility shift assays. Lane 1-4 have 0, 250, 500 and 750ng of rlciA
protein lane 5, 100X cold non specific competitor; lane 6, 50X and lane 7 100X of cold
homologous competitors. Specific DNA protein complex is indicated by an arrow.

3.3.7 Mtb IciA exists as a dimer

IciA belongs to a LysR family of prokaryotic transcription regulators and
the members of this family are either dimer or tetramer. Gel filtration analysis
of Mtb IciA was therefore carried out to determine the oligomeric status of rlciA.
Gel filtration results (Figure 3.10) clearly demonstrate that Mtb IciA is a
complete dimer with no monomeric or tetrameric forms. This is reflected in the
form of single a peak, with a molecular mass of around 69.12 KDa. The
estimated molecular mass of dimer is 71.28 KDa, which is in close agreement
with the molecular mass determined experimentally. These results clearly

demonstrate that mlciA also exists as a dimer similar to the E. coli IciA.
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Figure 3.10 Gel filtration analysis reveals that riciA is a dimer. Gel filtration analysis
of rlciA was carried out along with the standard for superdex 75 HR 10/30 column. The
estimated mass was 69.12 KDa.

3.3.8 Secondary structure analysis of rIciA reveals almost equal a helix

and P sheet content

IciA protein is very prone to form insoluble aggregates. In buffers with
up to 300 mM NaCl it gets aggregated around 0.5mg/ml concentration
rendering purification a very difficult task. This perhaps explains the absence
of any structural information for this protein till now. CD spectrometry
provides reasonable data on the proportion of various structures in the protein.
CD spectrum of recombinant IciA was recorded in a range of 200 to 250nm
(Figure 3.11). The recombinant native pzrotein showed 27.4% a helical content,

30.8% P sheet, 13.0% turn and 28.8% random coil.
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Figure 3.11 CD Spectrometry of riciA reveals its secondary structure. Far UV CD
spectrum analysis of rIciA was carried out as described in Material and method.

3.3.9 IciA has Exposed Hydrophobic Patches

The dye 8-anilino-1-naphthalene-sulfonate (ANS) tends to bind to
clustered hydrophobic residues and as a consequence its fluorescence
quantum yield increases markedly. In an aqueous environment the
fluorescence of ANS is very effectively quenched, but a strong intensity
enhancement occurs upon interaction of the dye with hydrophobic surfaces,
including nonpolar binding sites in the native proteins. ANS was therefore used
to detect any exposed hydrophobic patches on IciA. DNA binding proteins
generally have exposed hydrophobic patches. ANS binding was therefore
carried out to determine whether the protein has any exposed hydrophobic
patches, which could be the reason for this aggregation property of this
protein. On incubating native protein with ANS a strong intensity enhancement

could be seen, which confirmed that the protein had exposed hydrophobic
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patches. In order to mask such hydrophobic patches, higher salt conditions
500mM NaCl and 8% glycerol were used to stabilize and concentrate the

recombinant IciA protein up to 1-1.6 mg/ml.
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Figure 3.12 Extrinsic Fluorescence reveals the presence of hydrophobic patches
within riciA. Protein blank and ANS blank shows that neither 12uM protein nor 2uM
ANS can fluoresce on their own. With a gradual increase of riciA 1, 5, 10, 12 uM
increase of fluorescence intensity is obtained. Increase in fluorescence intensity in the
presence of ANS was evident pointing to the presence of hydrophobic patches on riciA.

3.3.10 Denaturation of riIciA is Biphasic

The five tryptophan residues (Trpl109, Trpl195, Trp237, Trp268 and
Trp271) of IciA from Mtb were used to study conformational changes in the
protein upon urea denaturation. As the concentration of urea is increased from
O to 1M there is little change in the fluorescence intensity (Figure 3.13).
However, after 1M urea concentration there is a steep rise in fluorescence up to
4M urea, beyond which up to 5.5M urea there is no further increase of

fluorescence indicating some transient stable intermediate. But between 5.5M
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to 6.5M urea there is further increase of fluorescence indicating complete
unfolding of IciA as beyond 6.5M urea there is no further increase in
fluorescence intensity. The emission spectrum of native IciA protein at pH 7.5
showed a maximum at 350 nm. On increasing urea concentration from 0.0 -
8.0M the emission maximum shifted to longer wavelength, indicating that of
the five tryptophan residues some are located in hydrophobic core and are

buried inside the protein.
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Figure 3.13 Denaturation of riciA in the presence of urea. rlciA completely
denatures in the presence of 6.5M urea as evident from maximum fluorescence.

3.3.11 rIciA has two exposed free sulphydryl groups

DTNB reacts with a thiol group to release 2-nitro-5-thiobenzoate (TNB)
molecules. TNB molecules have yellow color and can be quantitated in a
spectrophotometer by measuring the absorbance of visible light at 412 nm
(Chattopadhyay and Parrack, 2006). The amino acid sequence of IciA revels

that it has four cysteine residues. In the absence of any structural information
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about the protein DTNB assay was carried out to determine the number of
cysteine residues on the surface of protein. DTNB assay gave a value of 1.76 +
0.01, which means out of four cysteine residues, two cysteine residues lie on
the surface of the protein while the remaining two cystine residues are buried

inside the hydrophobic core of the protein.

3.4 Discussion

Regulation of DNA replication is a very critical process mediating a
switch between active and latent phase of Mtb. The present study focused on
two critical proteins, the initiator (DnaA) and a putative inhibitor of replication
(IciA), involved in DNA replication. The initiator protein, DnaA, is central for
bacterial replication from chromosomal origin, oriC. In E. coli, initiation of
replication starts when DnaA specifically recognizes nine base pair consensus
sequence, termed DnaA box within the oriC region. E. coli has five such DnaA
boxes in the oriC region, but Mtb oriC region has 13 such DnaA boxes. Also the
oriC of Mtb lacks a distinct A+T rich repeats and the binding of DnaA to all 13
DnaA boxes is not simultaneous. It has been proposed that DnaA first binds to
a few high affinity DnaA boxes followed by binding to low affinity DnaA boxes to
form a productive DnaA oriC initiation complex (Madiraju et al., 2006). This
oligomerization results in a local unwinding of the DNA double helix at — 500

and — 518 relative to start of dnalV gene.
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Earlier studies used P1 nuclease for mapping helix opening of a
supercoiled plasmid (Bramhill and Kornberg, 1988a; Hwang and Kornberg,
1992) or KMnOg4 probing for distorted B form of DNA (Gille et al., 1991; Krause
et al., 1997). In the present work potassium permanganate (KMnO4) probing
assay was used to monitor in-vitro opening of the DNA helix. Using KMnO4
probing assay the locus/site of opening of the double helix in Mtb oriC was
determined. These helix unwinding assays reveal that DnaA mediated helix
melting occurs just adjacent to a stretch of A residues within the 19bp core of

the oriC.

E. coli oriC also carries I sites, which are specific for DnaA bound to ATP.
Mtb oriC however lacks such sites (Madiraju et al.,, 2006) and the
orthologues/analogues of E. coli Hda, which stimulate intrinsic ATPase activity
of the DnaA are also absent (Cole et al., 1998). IHF (integration host factor) and
Fis proteins which are involved in DNA bending are absent in Mtb (Cole et al.,
1998). E. coli has two histone like genes; hua and hufB, whereas Mtb and M.
leprae have only one hu gene denoted as hupB. The M. leprae HU protein has
been shown to be associated with adhesion to Schwann cells. These arguably
point to the differences in the regulation of replication in Mtb from E. coli. The
results presented in this chapter indeed show that only the ATP bound form of
DnaA is active for helix unwinding in Mtb which contrasts that observed in E.
coli where dATP and the non hydrolysable analog of ATP, ATPyS as well as CTP

can substitute for ATP in open complex formation, but not UTP, GTP, dTTP and

dCTP (Bramhill and Kornberg, 1988a). Unlike in E. coli, where ATP functions
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allosterically (Sekimizu et al., 1987), in Mtb ATPase activity is also required.
That ATP is critical for helix opening in Mtb is further supported by the
observation that mutants defective in ATP hydrolysis were not viable (Madiraju
et al., 2006). Mutants which can bind ATP, but are unable to hydrolyze, are

functionally similar to a situation of DnaA binding to ATPyS.

DnaA — ATP in E. coli is negatively regulated by Hda protein, by a process
called RIDA (Regulatory Inactivation of DnaA). Hda and the B sliding clamp
subunit (f clamp) of the DNA polymerase promotes hydrolysis of ATP bound to
DnaA and thus inactivate DnaA (Katayama, 2001). Another mechanism of
regulation of initiation involves the binding of many DnaA molecules to a
chromosomal locus, datA, thereby reducing the number of DnaA molecules
accessible to oriC (Kitagawa et al., 1996; Ogawa et al., 2002). Both of these
mechanisms perhaps do not operate in Mtb, as both hda gene and datA locus
are absent. Therefore, the intrinsic ATPase activity of DnaA of Mtb may be

critical in regulating replication in their absence.

The putatively identified Mtb IciA, coded by ORF Rv1985c, inhibits helix
opening as seen from KMnO4 probing experiments. By binding specifically to
A+T region, as evident from EMSA (Figure 3.9), rlciA inhibits interaction
between DnaA protein at the A+T rich region within the oriC — a process critical
for helix opening in a manner similar to that seen in E. coli (Hwang and
Kornberg, 1992; Katayama, 2001). Binding of rIciA consequently also inhibits

in-vitro plasmid replication (Figure 3.8). DNA replication in-vitro using M. bovis
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BCG fraction II represents an authentic in-vitro enzyme system for studying
replication involving Mtb origin. That rIciA is able to inhibit in-vitro DNA
replication in this reconstituted system (Figure 3.8) clearly points to novel and

an important role of IciA in inhibiting Mtb replication.

MtbIciA shows homology to LysR family of bacterial regulatory proteins.
They constitute the largest family of prokaryotic DNA binding proteins. Proteins
belonging to this family are either tetramers or dimers of identical polypeptides
of 300-350 amino acid residues in length. Like all LysR family members, IciA
has a helix-turn-helix motif in its N terminus which is involved in DNA binding.
Gel filtration of recombinant MtblIciA revealed it to be a dimer. Generally DNA-
interacting proteins are insoluble at low salt buffers, for example, y6 resolvase
and MarA repressor (Reed and Grindley, 1981; Rhee et al., 1998). This is due
to the fact that they contain highly charged surface regions, which promote
self-association to form irregular and possibly branched polymers. Extrinsic
fluorescence using ANS revealed that IciA possessed exposed hydrophobic
patches, which were the reason for its low solubility. Higher protein
concentration is required for biophysical and crystallographic studies.
Although the high-resolution structure of rlciA is not yet available, valuable
insights into the secondary structure have been afforded by circular dichroism
spectroscopy. CD spectroscopy revealed that recombinant native protein has

27.4% a helical content, 30.8% 3 sheet, 13.0% turn and 28.8% random coil.
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Further insights into the structure were obtained by urea mediated
extrinsic fluorescent studies and by DTNB assays. Urea alters water structure
and dynamics and thus diminishes the hydrophobic effect and encourages
solvation of hydrophobic groups. Also urea weakens the water structure by
decrease in water—water interactions and hydrogen bond strength and thus
water becomes free to compete with intra-protein interactions. Urea also
interacts directly with polar residues and the peptide backbone thus stabilizing
non-native conformations (Bennion and Daggett, 2003). Extrinsic fluorescent
studies showed that rIciA completely denatures at 6.5M urea concentration,
however its denaturation profile is biphasic with a stable structure at 4.0 -
5.5M urea concentration. DTNB assay confirmed that out of 4 SH cysteine

residues in the protein at least two lie on the surface of IciA protein.

E. coli iciA null mutants are known to be completely viable and have the
same growth rate as of wild type (Thony et al., 1991). IciA is therefore not
considered as a general replication inhibitor, but is thought to act under
certain specific growth conditions. In E. coli, only limited sets of growth
conditions have been evaluated and IciA and several other replication origin
binding proteins may act as a replication inhibitor during nutrient starvation
or during sudden changes in growth rate (Wei and Bernander, 1996). Mtb is
known to survive for extended periods during the latency phase without any
replication. During this phase bacteria sense the surrounding environmental
conditions and iciA may have a role in maintaining mycobacterial latency. That

IciA may have a role in Mtb latency is indirectly supported by results from E.
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coli where the concentration of IciA protein increases 4 fold (400 dimers per
cell) as cells approach stationary phase (Hwang and Kornberg, 1992) and cells
which have elevated levels of IciA protein exhibit a growth lag upon transfer to

fresh medium (Thony et al., 1991).

Based on these results a working model for helix inhibition by IciA is
proposed. The supercoiled template, having A+T rich region and 13 DnaA
boxes, in the presence of DnaA protein and ATP binds to these DnaA boxes and
causes rapid oligomerization of the supercoiled DNA. This interaction is favored
by DNA bending proteins like HU. This is followed by the generation of open
complex formation (Figure 3.14, upper half), so that other components of DNA
replication can easily be loaded. Nearly about 19 nucleotides of the oriC region
are unwound by DnaA alone, which can easily be detected by KMnO4
sensitivity of this region. The end product of this series of DNA protein
interactions during Mtb chromosomal DNA replication signals the advent of the
bacterial activation process. In contrast, during dormancy the IciA protein
binds to the A+T rich region of the oriC (Figure 3.14, lower half) and this
binding of IciA blocks DnaA dependent helix opening of the A+T rich region, a
step critical for chromosomal initiation to occur. Consequently, chromosomal
DNA replication remains arrested so that Mtb can stay in a dormant state. It is
therefore tempting to suggest that IciA could be one of the factor(s) involved in
maintaining the latent state of growth of Mtb. Direct evidence for such a role of
IciA will come from Mtb iciA knockouts in an infection model and also studies

monitoring the steady expression level of Mtb IciA during latency and activation
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phase, in a clinical setting. While these experiments are underway, the
quantitative expression of IciA as a molecular marker for Mtb activation will be

interesting to investigate.

» DnaA box

A+T Region

Region between
o « DnaA and DnaN gene

DNA

ey,
i 4‘{4}
. 0‘5? . .
U Replication

Initiation Complex

Figure 3.14 Schematic representation of the mechanism of helix opening by DnaA
at oriC and its inhibition by IciA (modified from the model proposed by Bramhill
and Kornberg (Bramhill and Kornberg, 1988b) and Madiraju et al (Madiraju et al.,
2006) ). The ATP bound form of replication initiator DnaA protein binds to 13 DnaA
boxes (darkly shaded arrow heads pointing the orientation of DnaA boxes) in Mtb oriC
located between the dnaA and dnaN gene. Binding of DnaA-ATP complex to the DnaA
boxes results in rapid oligomerization leading to the formation of the initiation complex
(clockwise direction). Subsequently, the initiation complex gradually opens at A+T rich
region which is then acted upon by a host of replication factors which finally lead to DNA
replication. When IciA is present before the formation of open complex then it follows
another pathway (anticlockwise direction). Here IciA protein binds to the A+T rich region
of the oriC. In the presence of the DnaA protein the initiation complex is still formed
however it eventually does not lead to the formation of open complex.
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3.5 Summary and Conclusion

Mycobacterium tuberculosis (Mtb), the pathogen that causes tuberculosis,
is capable of staying asymptomatically in a latent form, persisting for years in
very low replicating state, before getting reactivated to cause active infection. It
is therefore important to study Mtb chromosome replication, specifically its
initiation and regulation. While the region between dnaA and dnalN gene is
capable of autonomous replication, little is known about the interaction
between DnaA initiator protein, oriC origin of replication sequences and their
negative effectors of replication. By KMnOs4 mapping assays the sequences
involved in open complex formation within oriC, mediated by Mtb DnaA protein,
and were mapped to position 500 to 518 with respect to the dnalV gene.
Contrary to E. coli, the Mtb DnaA in the presence of non-hydrolysable analogue
of ATP (ATPyS) was unable to participate in helix opening thereby pointing to
the importance of ATP hydrolysis. Interestingly, ATPase activity in the presence
of supercoiled template was higher than that observed for DnaA box alone. An
in-vitro replication system was established using fraction II of M. bovis BCG
which supports DNA replication. Mtb rRv1985c, a homologue of E.coli IciA
(Inhibitor of chromosomal initiation) protein, could inhibit DnaA-mediated in-
vitro helix opening by specifically binding to A+T rich region of oriC, provided
the open complex formation had not initiated. rIciA could also inhibit in-vitro
replication of plasmid carrying the Mtb origin of replication. Gel filtration assay

shows that rIciA is a dimer. The exposed hydrophobic patches in IciA, as
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determined by extrinsic fluorescence, render the protein insoluble necessitating
the use of high salt buffers for solubilization. Urea denaturation demonstrated
that rIciA completely unfolds at 6.5M urea. DTNB assay showed that out of 4
cysteine residues at least two exist on the surface of protein. Secondary
structure of IciA revealed almost equal a helix and 3 sheet content. These
results have a bearing on the functional role of the important regulator of Mtb
chromosomal replication belonging to the LysR family of bacterial regulatory

proteins in the context of latency.
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4.1 Introduction

The Escherichia coli (E. coli) protein HU (heat stable nucleoid protein) is
an abundant DNA binding protein which is a major component of the bacterial
nucleoid (Rouviere-Yaniv and Gros, 1975). HU is a small, basic, histone like
protein, initially called factor U, first isolated from E. coli strain U93 (Rouviere-
Yaniv and Gros, 1975; Rouviere-Yaniv et al., 1979). In E. coli the HU activity is
comprised of a heterodimer of HupA (Hu a) and HupB (Hu ) coded by the
hupA and the hupB genes respectively. Besides this homodimeric forms
namely, Hu a2 and Hu 2 are also observed with different forms (mainly Hu a2
and Hu af}) predominating in distinct phases of growth (Claret and Rouviere-
Yaniv, 1997). HU is highly conserved (Aitken and Rouviere-Yaniv, 1979) and
unlike most DNA binding proteins, binds to both single stranded (ss) and
double stranded (ds) DNA in a sequence independent manner (Azam and
Ishihama, 1999; Wery et al., 2001). The other major nucleoid associated
proteins are FIS (factor for inversion stimulation), H-NS (histone like nucleoid
protein), IHF (integration host factor) and a stationary phase specific DNA
binding protein, DPS (DNA binding protein from starved cells (Azam et al.,
2000; Drlica and Rouviere-Yaniv, 1987; Rouviere-Yaniv et al., 1979). HU
resembles eukaryotic proteins of the high mobility group (HMG) class in its
DNA binding properties as it binds dsDNA with low affinity and negligible
sequence specificity. HU though displays high affinity for some altered DNA

structures such as junctions, nicks, gaps, forks, and overhangs even under

stringent salt conditions (Pinson et al., 1999; Pontiggia et al., 1993). In E. coli
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HU action is fairly pleiotropic in the sense that HU plays a role in many cellular
processes such as site specific recombination (Boubrik and Rouviere-Yaniv,
1995; Li and Waters, 1998), initiation of DNA replication (Bramhill and
Kornberg, 1988; Hwang and Kornberg, 1992), phage Mu transposition (Lavoie
et al., 1996) and introduces negative supercoiling into relaxed DNA molecule in
presence of Topoisomerase I (Rouviere-Yaniv et al., 1979). Furthermore, cells
bearing a deficiency in HU are known to be highly sensitive to gamma and UV
irradiation and in these instances it is thought that HU might assist in the
processes of recombinational repair (Boubrik and Rouviere-Yaniv, 1995; Li and

Waters, 1998).

HU also mediates ring closure of linear DNA enhancing DNA cyclization
rates (Yvonne et al 1989). Crystal structure of Anabaena HU bound to DNA
revealed that binding of dimers of HU to linear DNA bearing cohesive ends
produces an overall bend of ~ 105-140° thus stimulating rate of ring formation
(Swinger et al., 2003). Once cohesive DNA ends are brought together they can
be sealed by T4 DNA ligase (Hodges-Garcia et al., 1989; Mukherjee et al., 2008;
Stenzel et al., 1987). E. coli HU binds to linear DNA fragments in a weakly
cooperative fashion with one dimer occupancy per 9 bp and this binding is
observed only under low salt conditions (Bonnefoy and Rouviére-Yaniv, 1991).
The binding of HU to a DNA four way junction is several orders of magnitude
higher in comparison to binding to linear DNA even under high salt conditions

(Kamashev et al., 1999) and is not inhibited by a large (100 fold) excess of
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competitor linear DNA. This binding preference is thought to be commensurate

with the role of HU in DNA inversion (Johnson et al., 1986).

Although in E. coli the heterodimeric state of HU is quite preponderant,
in many bacterial species HU exists as a homodimer like in Bacillus subtilis
(Micka et al., 1991; Ross and Setlow, 2000), Mycobacterial family etc. The
annotated genome of Mycobacterium tuberculosis strain H37Rv, (Mtb) bears the
potential to encode only one subunit of HU the product of ORF Rv2986¢
(hupBuw). The product of this ORF is also referred to as mycobacterial DNA
binding protein (MDP-1) or histone like protein (HLPwmi) (Furugen et al., 2001;
Prabhakar et al., 1998). HupBuw is 214 amino acids long, has a high content of
alanine (23.78%) and lysine (18.93%) and has a theoretical pI of 12.4.
Moreover, HupBuw appears to be highly basic, with the ratio of basic to acidic
amino acid residues being 12, this ratio in HupA and HupB of E. coliis 1.4. For
histone H1 or HS the ratio is approximately 7 (Prabhakar et al., 1998) . The N-
terminal portion of HupBwms exhibits significant homology to histone like
proteins of E. coli while the C-terminal part displays homology to eukaryotic H1
histone (Prabhakar et al., 1998). Sequence alignment of HU homolog’s from
different members of the Mtb complex shows that N terminal end of HupB is
conserved, but the C-terminal end is variable (Figure 4.1) and this feature has
therefore been used as a diagnostic marker for differentiating members of Mtb
complex (Prabhakar et al., 2004). HupBuw, like other bacterial HU proteins,

lacks tryptophan, cysteine and tyrosine residues. These properties of HupBuw

and its overall homology to bacterial HU suggest that it could be involved in the
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packaging of mycobacterial DNA and functions as a nucleoid associated
protein. Another observation regarding HupBus is that it appears to interact
with the immune system, an interaction that may occur due to release of
protein during natural cell lysis or release resulting from interaction with the
host immune system (Mueller-Ortiz et al., 2002; Prabhakar et al., 1998).
Recently HupBus ortholog in M. smegmatis has been shown to possess DNA

end joining/ ring closure protein activity (Mukherjee et al., 2008).
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M. tb_HupB N

M. bovi s N

M. bv_BCG N

M. abscessus H

M. smegmatis N

M. gilvumr N A

M avium N A

M. vanbaal eni i N A

M.l eprae N A

M. ul cerans N A

M. marinum N A

consensus

M. tb_HupB IVGAS - AAKKV
M. bovi s GAS- AAKKV
M. bv_BCG AGVGAS - AAKKV
M. abscessus RGSTAAPAKRAA
M. smegmati s GVTAGPAKK- A
M. gilvumr AAASTARKA
M avium VVGGAAKKTA
M. vanbaal eni i VTATSTARKA
M.l eprae ATSAAKKAA
M. ul cerans VVAS AAAKKA
M. marinum S R MAS AAAKKA
consensus AARVARNPRTGETVKVKPTSVPaFRPGAQFKAVvs GAQr LPaeGPAVKRGv-as-aakka
M. tb_HupB A PAKKAT- - - - KAAKKAATK RKAATKAPAK AATKA- - ------- PAKKAV- KA
M. bovi s A PAKKAT- - - - KAAKKAATKAPA- - - - - - - - - AATKA--------- PAKKAV- KA
M. bv_BCG A PAKKAT- - - - KAAKKAATKAPA- - - - - - - - - ATKA--------- PAKKAV- KA
M. abscessus A APAKKAP- - - AKKAAPAKKAPV- - - - - - - - - AV- - = o s e e e oo VKKAAPVK
M. smegmati s A PAKKAAAKKT- ATKAAAKKAPA- - - - - - - - - AAT- K- ------- APAKKAA- - -
M. gilvum A PAKKAAP- - - AKKTAAKKAAPA- - ------- AATKA- - ------- PAKKAAPAK
M. avium A PAKKAAAKKAPAKKAAAKKAPA- - - - - ---- AAVKK- - ------ APARKAA- - -
M. vanbaalenii A PAKKAA- - - - VKKAAPAKKAPA- - - - - - - - - AA------------ PAKKAA- VK
M. Il eprae | PVKKAL- - - - - - AKKAATKAPA- - - - - - - - - - KAVKA- - - - - ---- PAKKI T-TA
M. ul cerans A PAKKAATK- - TAAKKAATK AKKAATKAPAK AATKARAKKAATKAPAK AATKV
M. mari num PAKKAATK- - TAAKKAAT KAPAKKAATKAPAKKAATKA--------- AVTKV
consensus aKKApakKaa----- aakkaatkAPa pakKaa—«—
M. tb_HupB --A- VEK- - - TAVK AT- A
M. bovi s - - A- VKK- - - TAVK AA- A
M. bv_BCG - - A- VKK- - - TAVK AT- A
M. abscessus KAAPVKKA- - - VTK AP- A
M. smegmatis - - APAKK- - - AATK AP- A
M gil vum KAAPAKKAPAAKKA AP- A
M. avium - - APAKKV- - AAKK T-A
M. vanbaal eni i KAAPAKKA- AVKKA AP- A
M.l eprae - - V- VKK- - - VAAK VTAA
M. ul cerans - - ATVKK- - - TAAK ATST
M marinum - - ATVKK- - - TAAK ATST
consensus tkaPakK-vtK--a-vKK----a-kApvrKa-atkApaKkAaaK---pa-KApAKKat-a
M. tb_HupB RRGRK

M. bovi s RRGRK

M. bv_BCG RRGRK

M. abscessus KKGRK

M. smegmatis KKGRR

M. gilvum KRGRK

M avium RRGRK

M. vanbaal enii KRGRK

M.l eprae KRGRK

M. ul cerans RRGRK

M. marinum RRGRK

consensus rr GRk

Figure 4.1 Sequence Alignment of HupB with different members of mycobacterial
family. Amino acid sequence alignment of HupBw, from M. tuberculosis (M.tb) with M.
bovis, M. bovis BCG, M. abscessus, M. smegmatis, M. gilvium, M. vanbaalenii, M.
leprae, M. ulcerans and M. marinum. Completely conserved residues are shaded green,
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identical residues are shaded yellow, similar residues are shaded cyan and different
residues are white.

In this Chapter biochemical studies were undertaken on HupBus
produced as a recombinant polypeptide. It could be shown that HupBwm
displays properties of a nucleoid associated protein in that it shows non-
specific DNA binding activity. By undertaking comparative studies on HupBu»
and a derivative that lacks 119 amino acids located at the C-terminal end of
HupBwmwm, evidence was obtained to show that this C terminal highly basic
region (CTR) of HupBuw is required for providing increased specificity of DNA
binding and for the specific recognition of altered nucleic acid structures under
stringent (high salt) conditions. DNA binding by HupBus» is stable enough and
in contrast to its derivative lacking the CTR, allowed protection of DNA from
attack by reactive oxygen species produced by the Fenton’s reagent and also
afforded substantial protection against cleavage by DNasel. However unlike
that seen for E. coli HU, HupBumw displayed almost negligible ability to
introduce negative supercoils in relaxed plasmid molecules. HupBu# displayed
substantial preference in binding to AT rich DNA and that the sites of CTR
interaction on DNA are AT base pairs located in the minor groove of DNA.
These observations suggest that HupBwmw action is different from
enterobacterial HU and the CTR of HupBus may act like a DNA clasp. Given its
increased preference to bind to AT rich DNA it is speculated that the site(s) of
HupBusw action on the Mtb genome could be AT rich regions that are found in

the replication origin and regulatory regions of genes.
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4.2 Materials and Methods

4.2.1 Cloning and purification of recombinant His tagged HupBmw» and

HupBwuwny protein

The M. tuberculosis ORF Rv2986c¢ coding for HupBuw and HupBuwy protein was
PCR amplified using genomic DNA from H37Rv as template and primers
HupBuw» _F, HupBus _R and HupBuwsn R, carrying specific restriction enzyme
sites (Table 1), by Accutaq DNA polymerase (Sigma). The amplicons thus
generated were digested with Ndel / HindIll restriction enzymes and cloned into
the corresponding sites of pET28a expression vector. The resultant plasmids
were labeled as pETHupBus and pETHupBumy. The authenticity of all
constructs was confirmed by restriction analysis and DNA sequencing.
Recombinant HupBmw» and HupBwmwy, coded by M.tb ORF Rv2986c¢, was
purified from the soluble fraction of BL21 (DE3) cells transformed with
PETHupBusw and pETHupBumy grown overnight at 189C and induced with 0.15
mM IPTG at an ODsgoo of 0.2 for the expression of recombinant protein as
described earlier (Ghosh et al., 2004; Prakash et al., 2005). The recombinant
protein was purified in buffer having 30mM Tris (pH 8.5), 5 mM MgCl,, 250mM
NaCl, 100 mM potassium glutamate and 7% glycerol. The purity of the protein
was confirmed by SDS PAGE. The concentration of the protein was estimated

by BCA (Bichinconic acid) and protein was stored at -20°C until further use.
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4.2.2 Size exclusion Chromatography

The oligomeric status of the purified HupBuw and HupBuwmny protein was
determined by size exclusion chromatography. 100 ug of purified proteins were
loaded on FPLC system (Amersham) equipped with Superdex™ 75 HR 10/30
column at a flow rate of 0.5 ml/min and the elution of the protein was
determined by monitoring the absorbance at 230 nm. The molecular masses of
both the full length and mutant peaks were determined with respect to the
elution volume of standard protein molecular size markers (Amersham

Biosciences).

4.2.3 Electrophoretic mobility shift assays

The interaction of increasing amounts of protein (0.2 — 2.5 uM) (HupBuwuw
and HupBwumwy) with 480 ng of supercoiled or linearized plasmid DNA (pBSK
linearized with EcoR1) was carried out in buffer A (20 mM HEPES-KOH pH 7.5,
5 mM magnesium acetate, 1 mM EDTA, 0.05 mM bovine serum albumin and 7
% glycerol). The reactions were incubated at 25°C for 30 min and the products
resolved by electrophoresis on a 1% agarose gel in 0.5X TBE at 35 V for 16-20

hrs. The gels were visualized by staining with ethidium bromide.

The interaction of HU (HupBwmw and HupBumn) protein with ds DNA
oligonucleotide probes were characterized by native PAGE. Increasing amounts

of protein was incubated with 5'32P-labelled DNA for 30 min at room
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temperature in 20ul of binding buffer A. The DNA protein complex were
resolved on a 5% polyacrylamide gel (29:1) buffered with 0.25X TBE as
mentioned in figure legends. The binding of HU protein (HupBus and
HupBuwn) to nicked, 1-nt gap, 2-nt gap or cruciform DNA was carried out in
buffer A, either in low salt (10 mM KCl) or in high salt (200 mM KCl)
conditions. Any variations apart from the above mentioned conditions are

specified in the figure legends.

4.2.4 Interraction of HupBuw» and HupBuwy with major and minor groove

of DNA

50 nM of S5'-end-labeled oligonucleotide (Al14) was pre-incubated with
increasing concentration of either methyl green (0.05, 0.25, 0.5 mM) or
distamycin A (0.05, 0.25, 0.5 mM) or actinomycinD (0.05, 0.25, 0.5 mM) for 10
min at room temperature in a 20 pl reaction mix, followed addition of 200 nM
of either HupBusw or HupBuay for 30 min on ice. The DNA protein complex was

then resolved on a 5% polyacrylamide gel as described above.

4.2.5 DNasel protection Assay

The DNasel protection assays were carried out in presence of 500 ng of
pBluescriptK plasmid either in presence of increasing protein concentrations

(HupB full length and mutant protein) (0.2 — 2.5 uM) or constant protein
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concentration (2.5 uM). The reactions were performed in buffer B (20 mM
HEPES-KOH pH 7.5, SmM magnesium chloride, 1 mM EDTA, 0.05mM bovine
serum albumin and 7% glycerol) and were incubated for 30 min at 25 °C. The
DNasel digestion was initiated by addition of 1 unit of DNasel (PROMEGA,USA)
for 30 sec or an increasing time interval ranging from 30 sec to 5 minutes as
mentioned in figure legends. The reactions were stopped by the addition of 3 ul
of 20% SDS and 2 ul of 0.5 M EDTA. The reaction products were subsequently

resolved on 1% agarose gel in 1X TAE.

4.2.6 DNA protection from metal catalyzed oxidation system

The ability of HupBus» and HupBusmny to protect 500 ng of plasmid
pBluescript II SK (+) from Metal catalysed oxidation system (MCO) was tested
in presence of either 1 uM of HupBuw» or HupBusmy in a reaction volume of 15 pl
for 30 minutes at room temperature. MCO (0.4 pM FeCls, 10 mM DTT, 100 mM
Ethanol and 2 mM H>0:) was added to the protein DNA complex and the
reaction was further continued for 30 min. The reaction was terminated by the
addition of 10 mM EDTA, phenol extracted and analyzed on a 1% agarose gel in

1 x TAE at 7V/cm for 30 minutes.
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4.2.7 DNA Supercoiling Assay

Supercoiled pBSK plasmid was relaxed by E. coli Topoisomerase I (NEB),
phenol extracted, ethanol precipitated and then used in DNA supercoiling
assays. 500 ng of relaxed pBSK was incubated with either HupBuw or HupBuwn
(0.2 or 2.0uM) protein in Buffer A with and without Topoisomerase I. The
supercoiling reaction was carried out for 90 min at 37 °C and if Topoisomerase
1 was added then subsequently it was added after 30 min and the reaction was
further continued for 60 min. After this proteinase K (60ug) was added and the
reaction was further continued for another 30 min. The reaction products were
resolved on 1% Agarose gel buffered with 0.5X TBE (with or without
chloroquine) at a constant voltage of 40V for 16-20 hrs. The gels were

visualized by staining with ethidium bromide.

4.2.8 Thermal denaturation through Circular Dichroism and differential

scanning calorimetry (DSC)

Far-UV CD spectra were recorded from 10 °C to 90 °C in a cuvette of 0.1
cm path length and at 2nm bandwidth using a JASCO J-810
spectrophotometer attached to a Peltier system. The protein concentrations
used in these experiments are 30 uM or 10 uM of both HupBusw and HupBuawn
protein respectively. Thermal denaturation was performed in 30 mM Tris (pH

8.5), 5 mM MgCly, S00 mM NaCl and 7% glycerol. After every S °C increase of
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temperature the samples were equilibrated for 5 minutes and the spectra were
recorded in the wavelength range of 195 to 250 nm. The response time was 2
sec with a scan speed of 100 nM min-!. The spectra were signal averaged by
adding at least three accumulations. For all thermal denaturation experiments,
reverse temperature scan were also performed at the same rate in order to

verify the reversibility of thermal unfolding.

Calorimetric measurements were carried out with a VP-DSC
microcalorimeter. The scan rate was kept at 1 K/ min. The protein
concentrations used in these experiments were 10 uM for both HupBuw and
HupBuwy. The protein samples were in same buffer as in CD measurements (30
mM Tris (pH 8.5), 5 mM MgClz, 500 mM NaCl and 7% glycerol). Data analysis

was carried out using the Origin software of MicroCal.

4.3 Results

4.3.1 Presence of a basic CTR in HupB orthologs from the mycobacterial

clade

As noted previously a very visible feature of the polypeptide sequence of
HupB paralogs belonging to the mycobacterial clade is the presence of a basic
CTR (Prabhakar et al., 1998; Prabhakar et al., 2004). Member proteins of this
clade are 214 amino acids long whereas E. coli HupA and HupB are 90 amino

acids long. The N terminal region of HupBus shows significant homology to
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enterobacterial nucleoid associated proteins such as HupA, HupB and IHF
(Figure 4.2A), whereas the CTR displays variation in amino acid composition (in
contextual terms) even within the members of the mycobacterial clade (Figure
4.1). Amino acid sequence of the HupBuw CTR shows that it is rich in lysine
and alanine. It has six PAKK repeats and one KAAK repeat (Figure 4.2B,
repeats are marked by rectangular box) which are also present in histone H1,
and are known to facilitate DNA binding (Paci et al., 1984). The CTR of HupBu»
shows significant homology to sea urchin histone H1 (Figure 4.2B) primarily in
terms of the presence of these tetrapeptide repeats. In order to determine the
specific function related to this CTR, two hupBus» ORFs were generated by PCR;
one bearing full length hupBuw» DNA sequence (encoding HupBuw) and another
bearing DNA sequence of hupBuw (hupBuwmwy) that was capable of encoding an
hupBuw variant bearing only the N-terminal 95 amino acids (HupBwwy). A hexa-
histidine tag followed by a thrombin cleavage site was appended to the N-

termini of both the polypeptides.
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E. col HupB QLI DKI AAGADI SKAAAGRAL DAI | ASVTESLK AVKERAARTG
E. col HupA Q DVI AEKAELSKTQAKAALESTLAAI TESLK STEKVNHRAERT G
B. sub HU | NAVAEASELSKKDATKAVDSVFDTI LDALKNGD FGNFEVRERSARKG

61 91 95
M. tb HU RINPIR IGE TVKVKP TS VP SGAQRLPAEGPAVKRGVGASAAKKVAKKA-
E. col HupB VP DAMIN- - - - - - - - - -
E. col HupA
B. sub HU
M. tb HU
E. col HupB
E. col HupA
B. sub HU
M. tb HU
E. col HupB
E. col HupA
B. sub HU
B
M. tb HU NKAEL| DVLTQKLGS DRRQATAAME NVMDTI'VR- - - - AVHKGDS VT I T GEGMF E QRRR-
Sea urch SAAKPKVAKKARVAPAHPPSSQVMYVAAVTALKERGGSSTQAI KKYI AANYTMDNTKQGP
96

M.tb HU - - AARVARNPRT KVKPTSVP- A RP AQF KAVVSGAQRLPME GPAVKRGVGAS AAK
Seaurch FI RRALVKGVAS QT KGKGAS GS KKKEGKSDAQKARI AAKKAKL AAKKKE QRE

M. tb HU
Sea urch

M. tb HU
Sea urch

Figure 4.2 Amino acid sequence alignment of HU protein from different bacteria.
A) Sequence alignment of HU protein from M. tuberculosis (M. tb), E. coli (E. col) and B.
subtilis (B. sub) using Clustal W programme shows conservation of N terminal region.
Completely conserved residues are shaded green, identical residues are shaded yellow,
similar residues are shaded cyan and different residues are white. B) Sequence
alignment between M. tuberculosis HupB (M. tb HU) and sea urchin (Sea urch) Histone
H1 revealed conservation of amino acids at C terminal region. The rectangular boxes
represent conserved PAKK and KAAK amino acid residues.
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4.3.2 HupBuw and HupBuwy exist in solution in a dimeric state

In order to assess the role of CTR (if any) in mediating oligomerization of
HupBuw» and to determine the oligomeric status of both HupBusw and HupBuwn,
gel filtration was carried out. Gel filtration analyses showed that both proteins
(HupBums and HupBumwn) exist as dimers in solution (Figure 4.3). In E. coli, HU
generally exits in solution as dimer and the monomer has three generally
conserved structural regions; an N terminal a-helical region, responsible for
dimerization, followed by a - sheet region extending into a - ribbon arm with
the latter two regions constituting the DNA binding motif (Swinger et al., 2003;
Swinger and Rice, 2004, 2007). The deletion of CTR of HupBus did not impede
HupBumy from existing in a dimeric state. These studies thus suggest that, the
determinant(s) of dimerization in HupBwuw lies within its N terminal and that

the CTR has no apparent role in protein dimerization.
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Fiqure 4.3 HupByi, and HupBuinn exist as dimers as evident from Gel filtration
chromatrogaphy. HupBy, protein shows peak at 13.7 ml and HupBwmwn protein shows
peak at 15.6 ml. These peak correspond to a molecular weight of 47.184 KDa (HupBww)
and 26.91 KDa (HupBwmwn), corresponding to their dimeric state in solution.
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Table 1. Sequence of oligonucleotides used for Electrophoretic mobility shift assays.

Oligonucleotide

Oligonucleotide sequence

Oligonucleotide

name length
HupBwmw _F GGAATTCATATGAACAAAGCAGAGCTCATTGACG 34
HupBmw _R GCAAGCTTCTATTTGCGACCCCGCCGA 27
HupBumwn_R GCAAGCTTCTAGAGACGCTGCGCGCCAGAC 31
SH_1 CTCTGTGACTGGTGTGACCTGGGAGAGAGAAGTTTTTTTAAGAACGTT 48
SH_2 AACGTTCTTAAAAAAACTTCTCTCTCCCAGGTCACACCAGTCACAGAG 48
SH_3 GAGAGAAGTTTTTTTAAGAACGTT 24
SH_4 CTCTGTGACTGGTGTGACCTGGGA 24
SH_5 CTCTGTGACTGGTGTGACCTGGG 23
SH_6 CTCTGTGACTGGTGTGACCTGG 22
SH_ 7 GAACTGACCGGACTGGACGAGCGCGAGAGAAGTTTTTTTAAGAACGTT 48
SH_8 AGGACGGCAATTACTCGCCGCAGCGCGCTCGTCCAGTCCGGTCAGTTC 48
SH_9 CTCTGTGACTGGTGTGACCTGGGAGCTGCGGCGAGTAATTGCCGTCCT 48
SH_10 TGTGACTGGTGTGACCTGGGAGAGAGAAGTTTTTTTAAGAACGTT 45
SH_11 GACTGGTGTGACCTGGGAGAGAGAAGTTTTTTTAAGAACGTT 42
SH_12 TGGTGTGACCTGGGAGAGAGAAGTTTTTTTAAGAACGTT 39
SH_13 TGTGACCTGGGAGAGAGAAGTTTTTTTAAGAACGTT 36
SH_14 GACCTGGGAGAGAGAAGTTTTTTTAAGAACGTT 33
SH_15 CTGGGAGAGAGAAGTTTTTTTAAGAACGTT 30
SH_16 GGAGAGAGAAGTTTTTTTAAGAACGTT 27
SH_17 GCCCGGCTGCACCGCGCCACCGCGG 25
SH_18 CCGCGGTGGCGCGGTGCAGCCGGGC 25
SH_19 TCAAATCTAATCGGAGTCGTTTTGA 25
SH_20 TCAAAACGACTCCGATTAGATTTGA 25

ds DNA formed
after annealing

Oligonucleotide used for annealing

A1 (ds DNA)

A2 (nick DNA)

A3 (1 nt. gap DNA)
A4 (2 nt. gap DNA)
A5 (Cruciform DNA)
A6 (21 nt. 3’
overhang)

A7 (18 nt. 3’
overhang)

A8 (15 nt. 3’
overhang)

A9 (12 nt. 3’
overhang)

A10 (9 nt 3’
overhang)

A11 (6 nt3’
overhang)

A12 (3 nt3’
overhang)

A13 (84% GC DNA)
A14 (64% AT DNA)

SH_1+SH_2
SH_1+SH_3+SH_4
SH_1+SH_3+8H_5
SH_1+SH 3+SH_6
SH_1+SH_7+SH_8+SH_9

SH 1+SH_16
SH_1+SH_15
SH_1+SH_14
SH_1+SH_13
SH_1+SH_12
SH_1+SH_11

SH_1+SH_10

SH_17 + SH_18
SH_19 + SH_20
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4.3.3 The CTR of HupBuw imparts increased specificity in DNA binding

Under low salt conditions (10 mM NaCl or KCI) HupBuw bound to linear ds
DNA (ds oligonucleotide Al) in a weakly cooperative manner with a Kd of 42 nM
whereas even at 1200 nM HupBuwny barely displayed 50% binding to Al.
(Figure 4.4A and 4.4C). For HupBu# linear ds DNA interaction three retarded
complexes (Figure 4.4A shown by arrowheads) were apparent with complex 2
being the major species. Based upon the length of ds DNA used herein that is
48 bp and assuming that retardation is provoked by dimeric HupBuw, one can
roughly estimate that HupBus binds to linear DNA with one dimer occupying
DNA ranging from 16 to 24 bp. Binding of HupBwuw» (at 50 nM) to Al was
studied under increasing salt concentrations, which revealed that HupBuw
binding was greatly impaired at salt concentrations above 150 mM (NaCl or
KCI; Figure 4.5A). E. coli HU is known to bind with duplex DNA containing a
nick or a gap of one or two nucleotides with high affinity (Kamashev and
Rouviere-Yaniv, 2000). A specific DNA protein complex (Kd 65 nM), under high
salt conditions was detected when the interaction of HupBus» with linear DNA
bearing a nick (ds oligonucleotide A2), was studied (Figure 4.5B). On the other
hand binding of HupBumy to A2 was highly impaired under high salt conditions
(Figure 4.4C). In low salt HupBuwsy bound to nicked DNA with a Kd of 1000 nM
(Table 4.2). HU is known to bind specifically to DNA containing either nick or a
gap or DNA junction (cruciform DNA) without sequence preference (Kamashev
and Rouviere-Yaniv, 2000; Pinson et al., 1999; Pontiggia et al., 1993). These

structures are associated with the DNA damage and repair.
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The interaction of HupBww and HupBumy with linear ds DNA bearing a
one, two nucleotide gap and cruciform DNA, specified by oligonucleotides A3,
A4 and AS respectively, wasstudied in the presence of low salt (10 mM KCI) and
high salt (200 mM KClI), to find that HupBuw bound with higher affinity to the
said structures than HupBwwn (Figure 4.6; Table 4.2). These results suggest
that the CTR of HupBus is required for specific recognition of a duplex DNA
containing a nick or a gap of one or two nucleotides and cruciform bearing

DNA, with high affinity.
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Fiqure 4.4 Electrophoretic mobility shift assay of Hupgmi, and Hupguin binding to
double stranded DNA. Comparative gel retardation analysis showing the binding of
increasing amounts of (A) HupBwmw (0-120 nM) and (C) HupBwin (0-1200 nM) under low
salt conditions (10 mM KCI) to radioactively labeled ds DNA. Dissociation constants
(Kd) was also calculated (B) for HupBmy, and (D) for HupBmwn binding to ds DNA. The
Kd values are indicated as inset in respective panels.
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Figure 4.5 Electrophoretic mobility shift assay for Hupgwi, and Hupguwn to
understand the effect of increasing salt on DNA protein interaction. Comparative
gel retardation analysis showing the binding of (A) 50 nM of HupBw under increasing
salt concentration (0, 10, 50, 100, 150, 200 and 250mM) of either NaCl or KCI as
indicated in figure to ds DNA or (B) nick DNA. (C) 450 nM of HupBwmmn binding to nick
DNA under increasing salt concentration (0, 10, 50, 100, 150, 200 and 250mM) of either
NaCl or KCl as indicated in figure.

Table 4.2 Binding constants (Kd) of HupBuw and HupBuwn to different structures of

nucleic acid.

DNA Structure P PURFg

Kd (200mM KCI) | Kd (10mM KCI) | Kd (10mM KCI)

ds DNA - 42 nM >1200 nM
Nick DNA 65 nM - 1000 nM
1 nucleotide gap DNA - 55 nM 725 nM
2 nucleotide gap DNA 88 nM 60 nM 536 nM
Cruciform DNA 66 nM 60 nM 160 nM
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Figure 4.6 Binding assay for HupBu, and HupBu,n With nick, 1-nucleotide gap, 2-
nucleotide gap and cruciform DNA under low salt (10mM KCI) and high salt (200
mM KCI) conditions. Gel retardation analysis showing the binding of increasing
amounts of (A) HupBwuw (0 — 210 nM) to 1-nucleotide gap DNA, (B) HupBmw (0 — 210
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nM) to 2-nucleotide gap DNA (C) HupBwmw (0 — 210 nM) to cruciform DNA, (D) HupBumin
(0 — 1200 nM) to 1-nucleotide gap DNA (E) HupBwmwn (0 — 1200 nM) to 2-nucleotide gap
DNA (F) HupBmwn (0 — 1200 nM) to cruciform DNA and (G) HupBuin (0 — 1200 nM) to
nick DNA , under low salt (10 mM KCI) conditions. Gel retardation analysis of HupBwip
carried out under high salt (200 mM KCI) conditions (H) with 2-nucleotide gap DNA (l)
cruciform DNA and (J) nick DNA. The gel retardation conditions are described in
materials and methods and respective Kd values are shown for each panel.

4.3.4 HupBuw binding to DNA with a 3' overhang

HU is known to display weak binding to DNA having 5’ overhang but binds
with high affinity to 3' overhangs. DNA bearing a 3' overhang is a
physiologically present as an intermediate during recombinational processing
of DNA and this activity of HU has been thought to be commensurate with its
role in DNA transactions during recombination (Kamashev and Rouviere-
Yaniv, 2000). This attribute of HupBuw» was studied for which an array of 3’
overhangs was constructed in which the net length of the oligonucleotide was
kept 48 nucleotides and the extent of duplex DNA was increased from 27 to 48
nucleotides. This created partially ds DNA molecules with 3’ overhang of 21
(A6), 18 (A7), 15 (A8), 12 (A9), 9 (A10), 6 (A11), 3 (A12) and O (Al) nucleotides
long. The sequences of the oligonucleotides used in these experiments are given
in table 4.1. These studies were done in the presence of 200 mM KCI, a
maneuver that enables one to distinguish between ds DNA binding ability of
HupBus and its ability to bind with DNA bearing a 3' overhang. When the
length of the 3' overhang was at 21 nucleotides two retarded complexes C1 and

C2 were visible (Figure 4.7). Decreasing the length of the 3' overhang up to 12
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nucleotides led to a reduction in C1 complex formation. A further reduction in
the overhang length led to loss of C1 but the C2 complex persisted. These
observations can be rationalized on the basis that C1 likely represents
HupBuw» bound to ss (single strand) as well as the ss-ds DNA junction of the
DNA whereas C2 represents HupBuw bound to the ss-ds DNA junction. The
contribution of the ds portion of the DNA would be minimal (negligible) because
HupBumw shows almost no binding with ds DNA in the presence of 200 mM KCl1
(Figure 4.5A) A 3' overhang length of < 12 nucleotides led to marked absence of
C1 complex yet the C2 complex persisted. The C1 complex was visible albeit
with greatly reduced intensity as the double-strandedness of DNA (an overhang
of <12bp) increased, beyond which no C1 complex formation was apparent.
These studies therefore estimate the minimal length of a 3’ overhang for

HupBus binding to be 12 nucleotides.
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Figqure 4.7 EMSA of HupB\, with variable 3" overhang under high salt conditions.
Gel retardation assay showing binding of 80 nM of HupBww, to 21 (A6), 18 (A7), 15 (A8),
12 (A9), 9 (A10), 6 (A11) and 3 nucleotides overhang (A12) and ds DNA (A1)
respectively. The two discrete complexes C1 and C2 are shown by arrow heads.

4.3.5 Interaction of HupBuw with supercoiled plasmid DNA

Despite a lack of sequence specificity in DNA binding HU is known to bind
preferentially to negatively supercoiled DNA (Shindo et al., 1992; Swinger et al.,
2003). The interaction of HupBms»n and HupBwuwmny with supercoiled
pBluescriptSK (pBSK) plasmid DNA was studied in buffer conditions employed
in figure 2. In the said studies, the molar ratio of protein to DNA ranged from
15:1 to 180:1. Viewed at a purely qualitative level HupBuwy displayed a
markedly reduced interaction with supercoiled plasmid DNA (Figure 4.8A,
lanes 1-7). Even at the highest protein to DNA molar ratio sufficient amount of

unbound pBSK plasmid was visible (Figure 4.8A, lane 7). HupBusw on the other
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hand bound very proficiently with supercoiled DNA, in the sense that at
intermediate protein to DNA molar ratio the intensity of the DNA protein
complex was large and the DNA remained lodged in the wells (Figure 4.8A lanes
11 to 14). This property is reminiscent of proteins that can induce DNA
compaction (Kar et al., 2006). Furthermore, the interaction of HupBus with
supercoiled DNA was more avid than with linear DNA of the same size. (Figure

4.8B lanes 8-14).
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Figure 4.8. Agarose gel electrophoresis of pBluescript SK (linear and supercoiled)
plasmid with HupBu, and HupByi,n. A) 500ng of supercoiled pBluescript SK plasmid
was incubated with increasing amounts (0, 1.2, 0.5, 1.0, 1.5, 2.0 and 2.5 yM) of either
HupBwmwn (lanes 1-7) or HupBmw, (lanes 8-14) in low salt conditions (10 mM KCI). The
DNA-protein interaction products were resolved on a 1% agarose gel buffered with 0.5X
TBE at 35V, 16-20 hrs. B) 500ng of either supercoiled (lanes 1-8) or linear (lanes 9-16)
pBluescript SK was incubated with increasing amount of HupBmw. The DNA-protein
interaction products were resolved as described above.
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4.3.6 HupBu:, displays greater affinity towards AT rich DNA

Since the average GC content of the Mtb strain H37Rv genome works out to
around 65%, it was interesting to speculate whether the CTR of HupBus would
endow it with the ability to interact more proficiently with GC rather than AT
rich DNA. To assess if HupBua bore this attribute, interaction of the said
protein was studied with ds DNA oligonucleotides A6, whose GC content was
84% and A7, whose AT content was 64%. Surprisingly, HupBuw» interacted
proficiently with AT rich DNA forming two gel retarded complexes (Figure 4.9A
marked by arrowheads) where as its interaction with GC rich DNA was
negligible. On the other hand HupBuawy while retaining its ability to interact
more proficiently with AT rich DNA, forming a single gel retarded complex,
displayed weak interaction with GC rich DNA (Figure 4.9B). Using circular
dichroism studies the secondary structure parameters of the two proteins were
determined which showed that the two proteins exhibited some differences in
the content of alpha helix and beta sheet structures (Figure 4.10). Perhaps
these differences may account for the ability of HupBuany to display binding to

GC rich DNA.
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Figure 4.9. HupBu, displays higher affinity for AT rich DNA. Electrophoretic mobility
shift assay was carried out with GC rich ds DNA (A6) or AT rich ds DNA (A7) with
increasing amount of either (A) HupBwmw, (0-300 nM) or (B) HupBwmwn (0-300 nM). Lanes
1-7 of both the panels have GC rich oligo with protein concentration ranging from 0, 50,
100, 150, 200, 250 and 300 nM. Similarly Lanes 8-14 of both the panels have AT rich
oligo with protein concentration ranging from 0, 50, 100, 150, 200, 250 and 300 nM
respectively.
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Figure 4.10 CD Spectrometry of HupBy:, and HupByi,n reveals its secondary
structure. Far UV CD spectrum analysis of HupBwp and HupBwwn Was carried out as
described in methods and shown by arrow heads. HupBy has 8.3% as a helix, 50.8%
as B sheet, 7.6% as turn and 33.3% as random, however HupBuwn has 16.9% as a
helix, 35.2% as 3 sheet, 16.9% as turn and 31.1% as random.

4.3.7 HupBu:w is deficient in promoting supercoiling in plasmid DNA

E. coli HU bears the property to introduce negative supercoiling in relaxed
plasmid DNA in the presence of topoisomerase, a property thought to be
commensurate with its role in DNA packaging and compaction within the cell
(Broyles and Pettijohn, 1986; Dame and Goosen, 2002; Klungsoyr and
Skarstad, 2004; Rouviere-Yaniv et al., 1979). The ability of HupBwmm to
introduce negative supercoiling in plasmid DNA was gauged. In these studies
supercoiled plasmid pBSK was relaxed with prokaryotic topoisomerase [ (topo
I). Purified relaxed pBSK was incubated with the indicated amounts of HupBum

and HupBumny followed by a further incubation with topo I and the DNA was
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deproteinzed prior to agarose gel electrophoresis. No discernable changes in
pBSK topoisomer distribution (that is linking number changes) were detected
in these studies (Figure 4.11A). Furthermore, pBSK DNA following exposure to
HupBuw» was also fractionated on a 1% Agarose gel in presence of low levels of
chloroquine. Under these conditions relaxed plasmids attain positive supercoils
and migrate faster (Figure 4.11B lane 2), than a highly negatively supercoiled
plasmid that will lose some negative supercoils and will migrate slowly with the
resolution of discrete topoisomers (Figure 4.11B lane 1). Under these
conditions negatively supercoiled plasmid will acquire some positive supercoils
and will migrate more slowly than the relaxed plasmid. A slower migrating form
of pBSK was visible in lanes corresponding to exposure of pBSK to high
concentrations of HupBwmwsn and HupBwmwmwy, more prominent in the lane
corresponding to treatment with HupBuan (lanes 4 and 6, marked with an
arrowhead in figure 4.11B). Because the said form is visible under conditions
where the concentration of the two proteins is quite high (and also detectable
in the absence of topo I treatment, Figure 4.11C and 4.11D), it was suspected
that this is not a reflection of the intrinsic supercoiling inducing abilities of the
two proteins, rather substoichiometric levels of a contaminating protein(s) in
the two protein preparations might account for the presence of this form of
pBSK. Furthermore pBSK topoisomer distribution remained unaltered in the

absence of topo I treatment (Figure 4.11C and 4.11D)
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Fiqure 4.11 HupB\, does not supercoil relaxed plasmid DNA. DNA supercoiling
assay was carried out with 480 ng of relaxed pBluescriptSK plasmid in the presence of
topo | (A) and in absence of topo | (B). The reaction was performed as described in
material and methods and the reaction products were resolved on a 1% agarose gel.
The reaction in panel A and B was resolved on a chloroquine containing gel (C, D,
respectively). The concentration of chloroquine used in the assay was 1 pug/ml.
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4.3.8 HupBu: interacts with the minor groove of DNA

Agents that impede the accessibility or interaction of DNA binding proteins to
major and minor grooves of DNA were employed to discern the groove binding
capacities of HupBuw and HupBumwy. For these studies oligo A14 with a net AT
content of 64% was used. The Al14 DNA duplex was pretreated with methyl
green; a major groove intercalator, distamycin; an AT base pair directed minor
groove binder and actinomycin D a minor groove intercalator, prior to exposure
to HupBuw and HupBuan. Treatment of DNA with high concentrations of
methyl green (1.0 mM) led to reduced binding of HupBus and HupBuwny
whereas distamycin treatment at low concentrations abolished DNA binding
(Figure 4.12). On the other hand, actinomycin D treatment of the DNA duplex
led to substantial loss of DNA binding by HupBuawy but not by HupBusm. It is
possible to come to terms with the latter observation on the basis that
actinomycin D is known to intercalate in the minor groove at the site of G:C
base pair (Geierstanger and Wemmer, 1995). Though the binding of both
HupBuw» and HupBusy is severely impeded by distamycin, suggesting that for
both proteins the main sites of interaction with the DNA are A:T base pairs in
the minor groove, HupBuan in addition can bind (weakly) to G:C rich DNA
(Figure 4.9B). Thus actinomycin D treatment of the DNA duplex, would impede
the binding of HupBumny to G:C base pairs in the minor groove. Since HupBus»
binds to A:T rich DNA but not G:C rich DNA, the effect of actinomycin D is
negligible. Overall these studies show that the site of interaction of HupBum on

the DNA are A:T base pairs located in the minor groove.
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Figure 4.12 HupB, interacts with DNA via minor groove. Electrophoretic mobility
shift assay was carried out with 200 nM of either (A) HupBmw or (B) HupBuwn with
labeled ds DNA A7 incubated with either major groove intercalator methyl green (lanes
3-6; 1.0, 0.2, 0.5 and 1.0 mM) or minor groove binder distamycin (lanes 7-10; 1.0, 0.2,
0.5 and 1.0 mM) or minor groove intercalator actinomycinD (lanes 11-14, 1.0, 0.2, 0.5
and 1.0 mM). Lane 2 of both panels represents only protein and DNA without any
intercalator.

4.3.9 Enhanced DNA protection mediated by the CTR of HupBu:«

Given that the CTR of HupBMtb imparts upon it increased avidity in DNA
binding it was tested whether the said region could protect DNA from
enzymatic or non enzymatic DNA strand breakage. In the first instance the
abilities of HupBuw and HupBumy to mediate protection of DNA from cleavage
by DNasel was assessed. Supercoiled pBSK plasmid was exposed to 1 unit of

DNase I for 30 seconds at 25 9C in the presence of varying concentrations of
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HupBusw and HupBuwmy (0.2 -2.5 uM) to observe that both proteins at 2.5 uM
gave substantial protection of DNA from DNase I cleavage (Figure 4.13A).
Furthermore, timed digestions with DNase I were carried out with 2.5 uM of
HupBuw» and HupBuan (Figure 4.13B). In these reactions it was observed that
that the binding of HupBuw was stable enough to provide protection from
DNase I even up to 5 min (Figure 4.13B, lane 8), however HupBuawy was
significantly impaired in mediating protection from DNase I, failing to provide
protection beyond 30 sec (Figure 4.13B, lanes 4-8). Similar results were
obtained when the abilities of both proteins to mediate protection against DNA
strand cleavage by hydroxyl radicals generated by the Fenton’s reaction, were
compared. HupBums was significantly more proficient than HupBwmwny in
preventing DNA strand cleavage upon exposure to the Fenton system (Figure
4.13C). These studies thus suggest that the CTR of HupBus promotes
associations with DNA that are stable enough to promote substantial DNA

protection.
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Figure 4.13 DNA protection assay. (A) Increasing concentration (0.2, 0.4, 0.6, 1.0,
1.5, 2.0 and 2.5 pM) of either HupBwmw (lanes 3-9) or HupBmwn (lanes 11-17) was
incubated with 500ng of pBluescript SK plasmid. The reaction was initiated by addition
of one unit of DNase | to all the lanes except lane 1 and reaction was continued for 30
sec. Lanes 2 and 10 are control lanes with no protein. The reaction was carried out as
described in materials and methods and the reaction products were resolved on 1%
agarose gel. (B) Timed digestion with DNase | was carried out with 2.5uM of either
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HupBww (lanes3-8) or HupBwwn (lanes11-16).The reaction was initiated by addition of
one unit of DNase | to all the lanes except lanes1 and 9. Lanes 2 and 9 are control
lanes with no protein. Lanes 2-3 and 9-10 was incubated with DNase | 30 sec, lanes 4
and 11 for 1 min, lanes 5 and 12 for 2 min, lanes 6 and 13 for 3 min, lanes 7 and 14 for
4 min and lanes 8 and 15 for 5 min respectively. (C) Protection of DNA fromH,0,
mediated damage. Lane 1, pBSK DNA alone: lower band represents supercoiled DNA
and upper band represents relaxed DNA. Lane 2, pBSK treated with FeCl; and H,Oy;
lane 3, first incubated with HupBmgp and then treated with FeCl; and H,O, and lane 4,
first incubated with HupBwwn and then treated with FeCls and H,O, as indicated in
material and methods.

4.3.10 HupBuwny protein is thermodynamically more stable but on

refolding fails to attain normal secondary structure

Proteins perform a lot of important tasks in all biological systems by
maintaining a specific globular conformation, called the native state. The major
stabilizing forces include the hydrophobic effect and hydrogen bonding. HU
proteins are in general very heat stable proteins. In order to determine the
thermodynamic stability of HupBus and HupBumwy DSC and CD were employed.
For CD 10 uM of both HupBuw and HupBumy in 30 mM Tris (pH 8.5), 500 mM
NaCl and 7% glycerol was utilized. When thermal denaturation was carried out
under higher molar concentration (215 uM), both HupBwmws» and HupBumy get
precipitated during refolding step. Therefore, a thermal denaturation study for
both the proteins was also carried out at a 10 uM protein concentration. As the
HupBuws» and HupBusny protein was slowly heated from 10 °C to 90 °C, a
gradual loss of secondary structure was observed (Figure 4.14A, C and E).
However, when the temperature was gradually lowered to 10 °C from 90 °C

then only HupBmw» was able to regain back its native secondary structure
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(Figure 4.14B, D and F). This regain of secondary structure was further
confirmed by the DNA binding activity. When refolded protein was used to
carry out EMSA HupBusw formed the DNA-protein complex (Figure 4.14H, lanes
2-3), but when HupBwmmny protein was used, it failed to form DNA-Protein
complex (Figure 4.14G, lanes 7-11). The DNA-Protein complex with native
HupBumwy is shown in lanes 2-6. The thermostability of the HupBwms and
HupBuwmwy was analyzed by monitoring the change in the molecular ellipticity (0)
at 211 nM wavelength (Figure 4.15C and D). The Tm value of HupBuwy was ~
68 °C whereas Tm of HupBuw» was ~ 58 9C. Thus unusually, HupBuwny protein

was found to be thermodynamically more stable that HupBus protein.

To further confirm our above observation DSC measurement was carried
out at concentration of 10 uM both for HupBuw and HupBumny. A typical heat
capacity (at constant pressure) curve of the HupBus and HupBuwy is shown in
Figure 4.15A and B. As expected the Tm for HupBwmw» was observed as 58 0C
and HupBwuwmy was observed as 68 °C. Thus it could be concluded from these
data that with the acquiring of C terminal part in HupBusw, there was a gradual

loss of thermodynamic stability.
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Fiqure 4.14 Thermal denaturation studies of HupB\, and HupB\,n determined by
Circular Dichroism Spectrometry. Thermal denaturation of (A) HupBmw and (C)
HupBwmiwn Was carried out at 10 uM of protein concentration. The CD of two proteins at
different temperatures is shown by arrow heads. Thermal denaturation of protein was
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monitored till 90 °C and then the temperature was gradually lowered to 10°C and CD
was again recorded for (B) HupBwie and (D) HupBmwn. Their respective CD curves are
marked by arrow heads in each panel. (G) EMSA of HupBwmwn With native protein (lanes
1-6) and refolded protein (lanes 7-11) with 2 nucleotide gap DNA. (H) EMSA of refolded
HupBwmw, (lanes 1-3) with 2 nucleotide gap DNA under low salt conditions.
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Figure 4.15 Thermogram profiles of HupByvwn (A) and HupBww, (B) to determine
thermostability of both proteins. Curves of apparent excess heat capacity were
plotted as a function of temperature for protein samples at 10 yM concentration. Both
the proteins were heated at the rate of 1 °C per minute as mentioned in materials and
methods. Thermal unfolding curves for (C) HupBmwn and (D) HupBwmw protein were
determined by CD at 211 nm wavelength.
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4.4 Discussion

In bacteria the chromosomal DNA is present in a highly compacted form, called
the bacterial nucleoid, in which DNA exists in association with basic low
molecular weight proteins. Unlike that seen for eukaryotic chromatin, bacterial
chromosome though lacks perceptible DNA protein organization. In the well
studied case of E. coli, low molecular weight proteins such as H-NS, HU, IHF
and Fis are thought to be the chief protein constituents of the bacterial
nucleoid (Azam et al., 2000; Dame, 2005; Drlica and Rouviere-Yaniv, 1987;
Pettijohn, 1976). Of these HU and H-NS are very abundant and HU has been
considered to be a prokaryotic histone primarily based upon its resemblance to
eukaryotic histones in terms of its non-specific DNA binding capacity and
amino acid sequence composition (Drlica and Rouviere-Yaniv, 1987; Rouviere-
Yaniv et al., 1979). HU is highly conserved and in enterobacteriacae HU exists
as a heterodimer comprised of two homologous protein subunits, Hu a and Hu
B. The heterodimeric state of HU though appears to be restricted to

enterobacteriacae, for in many bacteria HU exists as a homodimer.

In this study the biochemical properties of the HU ortholog from M.
tuberculosis (Mtb) strain H37Rv, the product of ORF Rv2986¢, designated as
HupBuw» was examined. One noticeable feature regarding HupBus based upon
sequence alignment of HU orthologs from different bacteria was that this
protein bears at its C-terminal end, a highly basic extension that was

designated as the C-terminal region (CTR) and prompted an examination of its
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role in HupBus function (Figure 4.2). Using recombinant HupBus and
HupBuwy a variant of the former that lacks the CTR, comparative biochemical
studies were undertaken. Both proteins existed in solution as dimers
suggesting that the CTR played no role in HupBus dimerization (Figure 4.3).
HupBwuw» and HupBuan elaborated HU-like properties regarding DNA binding, in
that both displayed non-specific DNA binding with the difference that HupBuws
was more proficient in binding to DNA than HupBwusy in several DNA binding
assays employed, suggesting that the CTR of HupBu imparts upon it greater
specificity in DNA binding (Figure 4.4 and Figure 4.5). Recently HU ortholog
from M.smegmatis has been shown to possess similar properties (Mukherjee et
al., 2008). It is worth noting that HupBuay is almost E. coli HU- like in terms of
its DNA binding, its DNA binding constant (Kq) with linear dsDNA is greater
than 1000 nM, a value comparable to that obtained for the HUaa and HUaf
forms (Pinson et al., 1999) . Furthermore, HupBuan like E. coli HU displayed
comparatively greater affinity towards DNA bearing a nick or gap and cruciform
DNA (Figure 4.6, table 4.2). In all these instances DNA binding affinities of
HupBuw» were comparatively greater. These observations suggest that the basic
or skeletal DNA binding property of HupBu resides in its first 90 amino acid

residues and that the basic CTR acts to enhance DNA binding.

HU binds most of the DNA repair intermediates like 3' overhangs that are
formed in the presynaptic pathways as well as by disintegration of replication
fork. HU stabilizes the DNA containing these intermediates and protect them

from further degradation by endogenous nucleases in-vivo. This binding leads
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to changes in local DNA conformation and recruitment of proteins like DNA
polymerase I (Castaing et al., 1994). HU can also modulate the specific DNA
binding of regulatory proteins like IHF (Bonnefoy and Rouviere-Yaniv, 1992),

and LexA repressor (Preobrajenskaya et al., 1994) etc.

Recent crystal structure studies of Anabaena HU, a homodimeric protein
of size similar to and homologous to E. coli HU, have shown that in the HU
dimer, two monomers associate to form an a-helical base, contributed by the
N-terminal half of each monomer and extending outwards from each monomer
and contributed from its C-terminal region is a largely B-sheeted structure that
extends as two B-ribbon arms that contact the DNA within its minor groove
(Swinger et al., 2003; Swinger and Rice, 2007). The presence of a highly
conserved proline residue at position 63 (present in HupBus and HupBumny,
Figure 4.2) at the tip of each arm is thought to be critical for DNA binding.
Given these observations, it is possible to place the presence of the basic DNA
binding property of HupBwmwmw in its N-terminal 90 amino acids. HupBuw
elaborated more stable DNA associations than HupNwywy, HupBus bound more
proficiently to supercoiled plasmid DNA and commensurate with this mediated
enhanced protection of DNA from enzymatic or non enzymatic DNA strand
breakage (Figure 4.8 and Figure 4.12). From these studies it appears that the
CTR of HupBwmw may act like a DNA clasp promoting more stable DNA
interactions. It is apparent that though presence of CTR lowers the Kgq of
dsDNA binding by at least one order of magnitude in comparison to HupBumn,

(and E. coli HU), the Ka (42 nM for HupBuw) is not lowered to the extent
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expected for a site specific DNA binding protein. Thus HupBwus bears the

propensity to function as a nucleoid associated protein in its natural setting.

In E. coli the ability of HU to introduce negative supercoils in plasmid
DNA in-vitro and the observation of genetic interactions between genes
encoding subunits of HU and those encoding for DNA gyrase, are thought to
support the notion that in-vivo HU may mediate chromosomal DNA compaction
through its effects on DNA supercoiling (Broyles and Pettijohn, 1986; Malik et
al., 1996). Unlike E. coli HU, HupBus lacked ability to introduce negative
supercoils in relaxed plasmid DNA in the presence of toposimerase I (Figure
4.11). Clearly this is independent of the presence of CTR as HupBuwy was also
defective in this attribute. Thus it is possible that if HupBuw does participate in
chromosome organization in-vivo, it may play a passive, possibly an

architectural role.

HU is able to bind both single stranded and double stranded DNA and in
turn stabilizes DNA against thermal denaturation (Rouviere-Yaniv, 1977). Our
CD and DSC experiments point to the same conclusion that HupBusny protein
is more thermostable than HupBus (Figure 4.15). Generally the equilibrium of
a protein between the native and denatured state is governed by denaturation
enthalpy and denaturation entropy. Denaturation enthalpy of a protein is
governed by interaction between the groups shielded from water (buried deep
inside the hydrophobic core of the protein) and groups which are at the surface

of the protein and exposed to surrounding solvent molecules. Denaturation
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entropy (configurational entropy) on the other hand is a measure of
conformational freedom increase, both of the polypeptide backbone and the
side chain residues upon denaturation. In addition to these (denaturation
enthalpy and configurational entropy), hydration entropy also contributes to
stabilizing the native state of the protein. Therefore, to fold a protein, the
configurational entropy barrier must be overcome by favorable internal van der
Waals packaging and hydrogen bonding enthalpy. So the higher
thermostability of the HupBumny could be attributed to the above mentioned
factors. Nonetheless, HupBwmwm» is also very thermostable, as its melting
temperature (Tm) is ~ 58 °C. B. stearothermophilus HU has a glycine at position
15 that lies in the bend between two a helices and stabilizes the conformation
of the helix turn helix motif responsible for the thermostability of protein
(Kawamura et al., 1996). This glycine residue is also conserved almost
throughout the mycobacterial family. M.tb HupB also has glycine at position
15 and shows increased thermostability. When renaturation of HupBwmw» and
HupBumwy was carried out both the proteins precipitated during denaturation-
renaturation process under higher protein concentration (= 15 uM). This could
be due to the highly basic nature of the protein (pl of the protein is 12).
However when denaturation-renaturation process was carried under low
protein concentrations (10 uM) the proteins did not precipitate. But only
HupBms» was able to regain back its original secondary structure in our

conditions tested (Figure 4.14) and also showed DNA binding activity. This
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could again be favored by increased internal van der Waals packaging and

hydrogen bonding enthalpy.

One observation in studies reported herein, that merits a mention was
that HupBusn interacted much more proficiently with substantially A:T rich
than with G:C rich DNA, an observation commensurate with another finding
that A:T base pair directed agents like distamycin completely eliminated DNA
binding by HupBuw (Figure 4.9 and Figure 4.12). The G:C content of the Mtb
genome is around 65% and is fairly uniform. Admittedly the G:C content of the
dsDNA oligonucleotide A13 used in these studies is high (84%), nevertheless it
is present in the Mtb genome located upstream of the ORF Rv494. On the other
hand HupBusw bound proficiently with the dsDNA oligonucleotide Al that
constitutes a DNA sequence located within the origin of chromosomal
replication on the Mtb genome, present between the dnaA and the dnalN genes.
Recently it has been shown that Mtb DnaA in-vitro can mediate DNA duplex
unwinding in the vicinity of this sequence (Kumar et al., 2009). At the E. coli
origin of replication oriC, strand opening by DnaA, is known to require the
presence of either HU or IHF (Hwang and Kornberg, 1992). It is thus possible
that the site(s) of biological HupBuw activity in Mtb may be restricted to A:T rich
regions at least one that is present in the origin of replication where HupBuwuu
could promote efficient DnaA mediated helix unwinding and/or to other regions
of limited A:T richness that may occur at the regulatory regions of ORFs. It is
interesting to note that HupBwuu is considered to be essential for mycobacterial

growth, an observation that is apparently compatible with its suspected role in
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DNA replication (Sassetti et al., 2003). Future studies in this regard, could be
directed towards exploring the possible requirement of HupBu# in the initiation

of chromosomal DNA replication.

4.5 Summary and Conclusion

HU a small, basic, histone like protein is a major component of the
bacterial nucleoid. It is highly conserved and unlike most DNA binding
proteins, binds to both single stranded and double stranded DNA in a sequence
independent manner. In E. coli, low molecular weight proteins such as H-NS,
HU, IHF and Fis are thought to be the chief protein constituents of the
bacterial nucleoid. E. coli has two subunits of HU coded by hupA and hupB
genes whereas Mycobacterium tuberculosis (M.tb) has only one subunit of HU
coded by ORF Rv2986c¢c (hupB gene). One noticeable feature regarding Mtb
HupB, based on sequence alignment of HU orthologs from different bacteria,
was that HupBwmw bears at its C-terminal end, a highly basic extension and
prompted an examination of its role in Mtb HupB function. With this objective
two clones of Mtb HupB were generated; one expressing full length HupB
protein (HupBuw) and another which expresses only the N terminal region (first
95 amino acid) of hupB (HupBwmmn). Results from size exclusion
chromatography analysis revealed that both proteins existed in solution as
dimers suggesting that the CTR played no role in HupBus dimerization. Gel

retardation assays revealed that HupBuwy is almost like E. coli HU in terms of
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its DNA binding, with a binding constant (Kq) for linear dsDNA greater than
1000 nM, a value comparable to that obtained for the HUaa and HUap forms.
However CTR of HupBuw imparts greater specificity in DNA binding. HupBuuw
protein binds more strongly to supercoiled plasmid DNA than to linear DNA,
also this binding is very stable as it provides DNase I protection even up to 5
minutes. Similar results were obtained when the abilities of both proteins to
mediate protection against DNA strand cleavage by hydroxyl radicals generated
by the Fenton’s reaction, were compared. However unlike E. coli HU, HupBuu
lacked the ability to introduce negative supercoils in relaxed plasmid DNA in
the presence of toposimerase I. However, HupBusmy protein is
thermodynamically more stable as compared to HupBuw. There is at least a
difference 10 9C in the Twm of the two proteins. It was also observed that both
the proteins have DNA binding preference for A:T rich DNA which may occur at
the regulatory regions of ORFs and the oriC region of Mtbh. These data thus
point that HupBus may participate in chromosome organization in-vivo, it may

also play a passive, possibly an architectural role.
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Mycobacterium tuberculosis (Mtb) is an acid-fast bacillus that is
transmitted primarily via the respiratory route. Nearly one third of the
population is infected with tuberculosis, which serves as an important
reservoir for disease reactivation, and of these about 5-10 % of individuals have
a life time risk of developing active tuberculosis. The latency attribute
represents a significant obstacle to the worldwide control and eradication of
tuberculosis because the non-replicating bacilli may be in a state of ‘drug
indifference’ wherein they are not killed by the drugs (Dermott, 1959). In
contrast to individuals with active tuberculosis, individuals with latent
tuberculosis do not transmit the disease. The factors which lead to
development of latency include depletion of nutrients, shift in pH, production of
growth limiting products and/or depletion of oxygen.

Mtb can maintain itself in two physiologically distinct growth states — an
active multiplicative state and a non-replicative persistent state. In the latter
state, the bacterium remains metabolically active but is in a state of static
growth with little or no bacterial replication for extended periods, only to revive
to multiply and cause infection. The genetic and biochemical aspects of
replication initiation and the factors that assist in maintaining two
physiologically distinct growth states are largely unknown. A number of genes
required for DNA replication are missing and these include: a) genes required
for nucleoid organization viz. IHF, H-NS, DPS, b) gene required for loading of

DnaB helicase onto replication fork and c) genes like hda which regulate
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ATPase activity of DnaA-ATP and also the datA locus which titrates out DnaA
molecules to control replication.

In the present study three genes of Mtb with an aim to decipher the
nucleoid organization in Mtb and the mechanism by which maintains itself in
latency have been studied. HupB is a major component of bacterial nucleoid.
Mtb has only one homolog of HupB which is more than twice the size HupB
found in other bacterial species and in Mtb this gene is essential. The N
terminal region of this gene shows homology to HupB found in other bacteria
however the C terminal region (CTR) shows homology to eukaryotic histone H1.
An attempt has been made to decipher the function associated with the
additional CTR. Since little information is available regarding latency, the role
of IciA in inhibiting helix unwinding mediated by DnaA protein and inhibiting
DNA replication has been studied.

Mtb undergoes latency state wherein it can survive for years before
getting reactivated to cause disease. However, the mechanism by which
mycobacterium maintains latency and how it senses the external stimuli to
enter replicative phase is not well understood. To provide answers to these
questions it is essential to study DNA replication mechanism of Mtb. This
however, is seriously hindered due to the absence of an in-vitro system for
mycobacterial DNA replication. Towards this goal an in-vitro DNA replication
system using M. bovis BCG cell extract was developed. This system is capable
of replicating plasmids containing Mtb oriC. Ultimately the exploitation of this

system would provide a biochemical tool to study the regulation of replication

166



Chapter 5 Summary and Conclusion

and in the process help in identifying and characterizing various factors and
processes that control the rate of chromosomal duplication. Also this method
enable the screening of various inhibitors of replication (Kumar et al., 2009)
under in-vitro conditions which in turn could be responsible for maintaining

latency.

An in-vitro enzymatic replication protocol has been reported for E. coli
which uses 28% ammonium sulphate cutoff fraction II for maximal DNA
synthesis (Fuller et al., 1981). In Mtb it was observed that the general time
required for maximal DNA replication was around 90 min which is expected
since doubling time of Mtb is 22-24 hrs while that of E. coli is only 20 min. It
was further observed that when DNA replication was carried out completely at
16 °C, there was very poor incorporation of a32PdATP perhaps because
prepriming could not occur as it required higher temperature. However, once
the prepriming was carried out by incubating at 30 9C for 30 min and then
continuing at 16 °C, there was not much difference from the reaction which
was completely carried out at 30 °C. In-vitro replication assays carried out
using different origin of replication sequences, such as those present in pUC18
(pMB1), pBSK 1II (pBR322) and pOK 12 (P15A). It was observed that the total
incorporation of a32PdATP was insignificant or at best inefficient in comparison

to plasmid having Mtb oriC.

Regulation of DNA replication is a very critical process mediating a

switch between active and latent phase of Mtb. The initiator protein, DnaA, is
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central for bacterial replication from chromosomal origin, oriC. In E. coli,
initiation of replication starts when DnaA specifically recognizes nine base pair
consensus sequence, termed DnaA box within the oriC region. E. coli has five
such DnaA boxes in the oriC region, but Mtb oriC region has 13 such DnaA
boxes. It has been proposed that DnaA first binds to a few high affinity DnaA
boxes followed by binding to low affinity DnaA boxes to form a productive DnaA
oriC initiation complex (Madiraju et al., 2006). This oligomerization results in a
local unwinding of the DNA double helix at — 500 and — 518 relative to start of

dnalN gene.

E. coli oriC also carries [ sites, which are specific for DnaA bound to ATP.
Mtb oriC however lacks such sites (Madiraju et al.,, 2006) and the
orthologues/analogues of E. coli Hda, which stimulate intrinsic ATPase activity
of the DnaA are also absent (Cole et al., 1998). IHF (integration host factor) and
Fis proteins which are involved in DNA bending are absent in Mtb (Cole et al.,
1998). E. coli has two histone like genes; hua and hufB, whereas Mthb and M.
leprae have only one hu gene denoted as hupB. These arguably point to the
differences in the regulation of replication in Mtb from E. coli The results
presented in this thesis show that only the ATP bound form of DnaA is active
for helix unwinding in Mtb which contrasts that observed in E. coli where dATP
and the non-hydrolysable analog of ATP, ATPyS as well as CTP can substitute

for ATP in open complex formation, but not UTP, GTP, dTTP and dCTP
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(Bramhill and Kornberg, 1988). Therefore, the intrinsic ATPase activity of DnaA

of Mtb may be critical in regulating replication.

The putatively identified Mtb IciA, coded by ORF Rv1985c, inhibits helix
opening as seen from KMnO4 probing experiments. By binding specifically to
A+T region rlciA inhibits interaction between DnaA protein at the A+T rich
region within the oriC — a process critical for helix opening in a manner similar
to that seen in E. coli (Hwang and Kornberg, 1992b; Katayama, 2001). Binding
of rIciA consequently also inhibits in-vitro plasmid replication. riIciA is able to
inhibit in-vitro DNA replication in reconstituted in-vitro DNA replication system
clearly points to novel and important role of IciA in inhibiting Mtb replication.
Gel filtration of recombinant MtbIciA revealed it to be a dimer and the CD
spectroscopy revealed that it has 27.4% a helical content, 30.8% [ sheet,
13.0% turn and 28.8% random coil. Extrinsic fluorescent studies showed that
rIlciA completely denatures at 6.5M wurea concentration, however its
denaturation profile is biphasic with a stable structure at 4.0 - 5.5M urea
concentration. DTNB assay confirmed that out of 4 SH cysteine residues in the

protein at least two lie on the surface of IciA protein.

Mtb is known to survive for extended periods during the latency phase
without any replication. During this phase bacteria sense the surrounding
environmental conditions and iciA may have a role in maintaining
mycobacterial latency. That IciA may have a role in Mtb latency is indirectly

supported by results from E. coli where the concentration of IciA protein
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increases 4 fold (400 dimers per cell) as cells approach stationary phase
(Hwang and Kornberg, 1992b) and cells which have elevated levels of IciA

protein exhibit a growth lag upon transfer to fresh medium (Thony et al., 1991).

Apart from IciA the role of Mtb HupB, which is a nucleoid structuring
protein was also studied. In bacteria the chromosomal DNA is present in a
highly compacted form, called the bacterial nucleoid, in which DNA exists in
association with basic low molecular weight proteins. Unlike that seen for
eukaryotic chromatin, bacterial chromosome though lacks perceptible DNA
protein organization. One noticeable feature regarding HupBus based upon
sequence alignment of HU orthologs from different bacteria was that the
HupBus bears at its C-terminal end, a highly basic extension that was
designated as the C-terminal region (CTR). Using recombinant HupBum and
HupBuwy a variant of the former that lacks the CTR, comparative biochemical
studies showed that both proteins existed in solution as dimers suggesting that

the CTR played no role in HupBu#w dimerization.

It has previously been reported that the a-helix 1 in the N terminal
domain is responsible for protein dimerization (Oberto et al., 1994). HupBuw
and HupBwuwmwny both exist as a dimer, as the critical residues responsible for
dimerization are conserved and the residues the C terminal domain has no role
in dimerization. The rest three (§ sheet-2, flexible arm and a helix-3) constitute
the DNA binding motif. The B sheet-2 interacts with the minor groove of DNA

and this binding is assisted by the flexible arm and a helix-3. Although the 3
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sheet-2 is conserved, considerable variation exists in a helix-3 which may
result in the reduced binding affinity and specificity of the HupBuan. It is worth
noting that HupBuwy is almost E. coli HU- like in terms of its DNA binding, its
DNA binding constant (Kq) with linear dsDNA is greater than 1000 nM, a value
comparable to that obtained for the HUaa and HUafp forms (Pinson et al.,
1999). Furthermore, HupBuwn like E. coli HU displayed comparatively greater
affinity towards DNA bearing a nick or gap and cruciform DNA. In all these
instances DNA binding affinities of HupBwusw, were comparatively greater. It was
also shown that HupBuwusw recognizes nicked, gapped and cruciform DNA with
high affinity under both high and low salt conditions as there is no significant
differences in the Kq value for a particular structure both under low and high
salt conditions. These structures are formed during DNA recombination and
repair and HU plays a direct role in these processes (Boubrik and Rouviere-
Yaniv, 1995). HU stabilizes the DNA containing nicks or gaps and protect it
from further degradation by endogenous nucleases in-vivo. This binding leads
to changes in local DNA conformation and recruitment of proteins like DNA
polymerase I (Castaing et al., 1994). HU can also modulate the specific DNA
binding of regulatory proteins like IHF (Bonnefoy and Rouviere-Yaniv, 1992),
and LexA repressor (Preobrajenskaya et al., 1994) etc. These observations
suggest that the basic or skeletal DNA binding property of HupBus resides in
its first 90 amino acid residues and that the basic CTR acts to enhance DNA

binding.
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Crystal structure studies of Anabaena HU, a homodimeric protein of size
similar to and homologous to E. coli HU, have shown that in the HU dimer, two
monomers associate to form an a-helical base, contributed by the N-terminal
half of each monomer and extending outwards from each monomer and
contributed from its C-terminal region is a largely B-sheeted structure that
extends as two [(-ribbon arms that contact the DNA within its minor groove
(Swinger et al., 2003; Swinger and Rice, 2007). The presence of a highly
conserved proline residue at position 63 at the tip of each arm is thought to be
critical for DNA binding. Given these observations, it is possible to place the
presence of the basic DNA binding property of HupBus in its N-terminal 90
amino acids. HupBuw elaborated more stable DNA associations than HupNunw,
HupBumws» bound more proficiently to supercoiled plasmid DNA and
commensurate with this mediated enhanced protection of DNA from enzymatic
or non enzymatic DNA strand breakage. From these studies it appears that the
CTR of HupBwmwm may act like a DNA clasp promoting more stable DNA
interactions. It is apparent that though presence of CTR lowers the Kgq of
dsDNA binding by at least one order of magnitude in comparison to HupBuwn,
(and E. coli HU), the Kg (42 nM for HupBumw) is not lowered to the extent
expected for a site specific DNA binding protein. Thus HupBwmw» bears the

propensity to function as a nucleoid associated protein in its natural setting.

HupBus binding to supercoiled DNA exhibits higher affinity compared to

linear DNA. Moreover, comparison of the binding affinity of HupBwms and
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HupBumwy towards supercoiled DNA, revealed that HupBumy shows drastically
reduced binding. Thus, the additional CTR (which is highly positively charged)
recognizes topological changes in the supercoiled DNA, which in turn leads to
increased binding affinity of HupBwmwmy towards supercoiled DNA. It was
previously known that HU in-vivo interacts preferentially with the regions DNA
which are deformed as a result of torsional stress or the metabolically active

regions along DNA (Shindo et al., 1992).

In E. coli the ability of HU to introduce negative supercoils in plasmid
DNA in-vitro and the observation of genetic interactions between genes
encoding subunits of HU and those encoding for DNA gyrase, are thought to
support the notion that in-vivo HU may mediate chromosomal DNA compaction
through its effects on DNA supercoiling (Broyles and Pettijohn, 1986; Malik et
al., 1996). Unlike E. coli HU, HupBus lacked ability to introduce negative
supercoils in relaxed plasmid DNA in the presence of toposimerase I (Figure
4.11). Clearly this lack is independent of the presence of CTR as HupBuwy was
also defective in this attribute. Thus it is possible that if HupBwmm» does
participate in chromosome organization in-vivo, it may play a passive, possibly

an architectural role.

One observation in studies reported herein, that merits a mention was
that HupBuw interacted much more proficiently with substantially A:T rich
than with G:C rich DNA, an observation commensurate with another finding

that A:T base pair directed agents like distamycin completely eliminated DNA
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binding by HupBuw. The G:C content of the Mtb genome is around 65% and is
fairly uniform. Admittedly the G:C content of the dsDNA oligonucleotide A13
used in these studies is high (84%), nevertheless it is present in the Mtb
genome located upstream of the ORF Rv494. On the other hand HupBwuw» bound
proficiently with the dsDNA oligonucleotide Al that constitutes a DNA
sequence located within the origin of chromosomal replication on the Mtb
genome, present between the dnaA and the dnalN genes. Recently we showed
that Mtb DnaA in-vitro can mediate DNA duplex unwinding in the vicinity of
this sequence (Kumar et al., 2009). At the E. coli origin of replication oriC,
strand opening by DnaA, is known to require the presence of either HU or IHF
(Hwang and Kornberg, 1992a). It is thus possible that the site(s) of biological
HupBus activity in Mtb may be restricted to A:T rich regions at least one that is
present in the origin of replication where HupBus could promote efficient DnaA
mediated helix unwinding and/or to other regions of limited A:T richness that
may occur at the regulatory regions of ORFs. It is interesting to note that
HupBuw is considered to be essential for mycobacterial growth an observation
that appears compatible with its suspected role in DNA replication (Sassetti et

al., 2003).

HU, HNS and IHF are the three major nucleoid binding protein. These
three histone-like proteins have overlapping functions and at a time any two
can be eliminated but simultaneous loss of all three is lethal (Yasuzawa et al.,

1992). The annonated ihf gene in Mtb is not related to HU protein family.
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Similarly the HNS also does not show any homology to the prokaryotic HNS
and shows very low homology to Triticum aestivum (Wheat). Furthermore, no
biochemical data are known about the physiological function of the above two
mentioned genes. It was therefore assumed that in Mtb IHF, HNS and Dps are
absent although Dps has been reported in M. smegmatis. HupB in Mtb is the
only protein which is associated with the nucleoid organization and is reported
to be an essential gene in Mtb. It has been reported that amount of HupB in M.
bovis BCG is around 8-10% of total protein (Matsumoto et al., 1999). But in M.
smegmatis the cellular abundance of HupB is low and was found to colocalize
with nucleoid (Mukherjee et al., 2008). Though the exponentially growing
cultures of E. coli also does not have enough HU dimers (~ 1 dimer per 300-
400bp) to coat the entire chromosome (Ali Azam et al., 1999) but HU is able to
form numerous flexible kinks in the DNA, thus reducing persistent length of
chromosomal DNA without forming rigid static structure (Swinger et al., 2003).
Bacterial chromatin has greater fluidity and is much more loosely organized in
comparison to eukaryotes (Li et al., 1999). The results of in-vitro assays
described in this thesis also show that HupBu is a nucleoid associated protein

and that the CTR is very essential for the proper functioning of this protein.

In conclusion, the results presented in this thesis represent a major
improvement of our understanding of mechanistic of DNA replication and also
the likely role of IciA protein in maintaining latency. The novel in-vitro

replication system described in this thesis will facilitate the dissection of the
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intricate mechanisms of Mtb replication and also serve as a tool for assessing

the utility of new drug molecules for possible interventions against TB.
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Abstract

Background: Mpycobacterium tuberculosis (M.tb), the pathogen that causes tuberculosis, is capable of staying
asymptomatically in a latent form, persisting for years in very low replicating state, before getting reactivated to cause
active infection. It is therefore important to study M.tb chromosome replication, specifically its initiation and regulation.
While the region between dnaA and dnaN gene is capable of autonomous replication, little is known about the interaction
between DnaA initiator protein, oriC origin of replication sequences and their negative effectors of replication.

Methodology/Principal Findings: By KMnO, mapping assays the sequences involved in open complex formation within
oriC, mediated by M.tb DnaA protein, were mapped to position —500 to —518 with respect to the dnaN gene. Contrary to E.
coli, the M.tb DnaA in the presence of non-hydrolysable analogue of ATP (ATPYS) was unable to participate in helix opening
thereby pointing to the importance of ATP hydrolysis. Interestingly, ATPase activity in the presence of supercoiled template
was higher than that observed for DnaA box alone. M.tb rRv1985¢, a homologue of E.coli IciA (Inhibitor of chromosomal
initiation) protein, could inhibit DnaA-mediated in-vitro helix opening by specifically binding to A+T rich region of oriC,
provided the open complex formation had not initiated. riciA could also inhibit in-vitro replication of plasmid carrying the
M.tb origin of replication.

Conclusions/Significance: These results have a bearing on the functional role of the important regulator of M.tb
chromosomal replication belonging to the LysR family of bacterial regulatory proteins in the context of latency.
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hydrolysable analogue ATPYS can replace ATP in helix
unwinding [12]. For opening of the DNA duplex multiple DnaA
proteins, complexed with ATP, bind to 0r(’ and melt the DNA
unwinding element (DUE). ADP bound form of DnaA is inactive
for replication initiation, forming an important level of regulation
at the origin.

The E. coli IciA protein (Inhibitor of Chromosome Initiation)
blocks initiation at very early stage n-vitro by binding specifically to
A+T rich region of oriC’ [12,13]. Binding of IciA blocks the
opening of A+T rich region mediated by DnaA and HU (Histone
like protein) or integration host factor (IHF) protein and this

Introduction

Replication in eubacteria is initiated when DnaA, an initiator
protein, binds to DnaA boxes located within the origin of replication
(oriC) sequence [1]. Initiation of replication in E. coli proceeds with
the binding of DnaA protein to or2C [2] and leads to opening of 13-
mer region, which is followed by entry of DnaB helicase to form the
prepriming complex [3]. In many bacteria either or both the 3’ and
5" flanking regions of the dnad gene exhibit oriC activity, thereby
conferring the ability to replicate autonomously. In Bacillus subtilis,
both the 5" and 3’ flanking regions of dnad act as 0riC [4], whereas in

Mycobactertum tuberculosis (M.th), M. bovis [5] and M. smegmatis [6,7,8],
only the 3’ flanking region provides oriC' function. There are five
DnaA-binding sites in the or2C region of E. coli, referred to as R
boxes, to which both active ATP-DnaA and inactive ADP-DnaA
proteins bind with equal affinity [9,10]. There are additional
nitiator binding sites in the or2C, region referred to as I sites, to
which only DnaA-ATP can bind [11].

DnaA protein binds with nearly equal affinity to ATP and ADP.
In E. coli the function of ATP appears to be allosteric and the non-

@ PLoS ONE | www.plosone.org

inhibition of strand opening by IciA does not affect binding of
DnaA and IHF (or HU) protein to their respective binding sites
[14]. IciA contains helix turn helix motif at the N terminal region
and shows homology to LysR family of prokaryotic transcription
regulators [12]. IciA has also been implicated in binding to A+T
rich regions within the plasmid o7z sequence and the copy number
of the F plasmid is increased in icid deletion mutant [15]. IciA also
shows higher binding preference for curved DNA [16]. Further,
IciA is involved in regulation of nrd gene encoding ribonucleoside

January 2009 | Volume 4 | Issue 1 | e4139
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Abstract

Background: Elucidation of the basic mechanistic and biochemical principles underlying siderophore mediated iron uptake
in mycobacteria is crucial for targeting this principal survival strategy vis-a-vis virulence determinants of the pathogen.
Although, an understanding of siderophore biosynthesis is known, the mechanism of their secretion and uptake still
remains elusive.

Methodology/Principal Findings: Here, we demonstrate an interplay among three iron regulated Mycobacterium
tuberculosis (M.tb) proteins, namely, Rv1348 (IrtA), Rv1349 (IrtB) and Rv2895c in export and import of M.tb siderophores
across the membrane and the consequent iron uptake. IrtA, interestingly, has a fused N-terminal substrate binding domain
(SBD), representing an atypical subset of ABC transporters, unlike IrtB that harbors only the permease and ATPase domain.
SBD selectively binds to non-ferrated siderophores whereas Rv2895c exhibits relatively higher affinity towards ferrated
siderophores. An interaction between the permease domain of IrtB and Rv2895c is evident from GST pull-down assay. In
vitro liposome reconstitution experiments further demonstrate that IrtA is indeed a siderophore exporter and the two-
component IrtB-Rv2895c¢ system is an importer of ferrated siderophores. Knockout of msmeg_6554, the irtA homologue in
Mycobacterium smegmatis, resulted in an impaired M.tb siderophore export that is restored upon complementation with
M.tb irtA.

Conclusion: Our data suggest the interplay of three proteins, namely IrtA, IrtB and Rv2895c in synergizing the balance of
siderophores and thus iron inside the mycobacterial cell.
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infection [6], [7]. Iron can be acquired by direct contact of the
bacteria with host carrier molecules followed by its removal by
reduction and subsequent uptake. Alternatively, mycobacteria
release small molecular weight iron scavengers called side-
rophores, namely the hydrophilic carboxymycobactin and

Introduction

The survival of Mycobacterium tuberculosis (M.th) within the hostile
environment of the host macrophages depends upon a variety of
mechanisms, including its ability to obtain essential nutrients from

the host. Mycobacteria can acquire almost all the nutrients except
iron that is sequestered within the host as an immune response
against the invading pathogen [1]. In intracellular pathogens,
assimilation of iron is an essential attribute to circumvent its
scarcity i vivo and therefore is a key virulence determinant [2], [3].
The withholding of intracellular iron has been a host defense
strategy against intracellular pathogens such as mycobacteria [4],
[5]. Nonetheless, over a period of its subsistence within the host
cells, mycobacteria have evolved diverse mechanisms to sequester
iron from the host for their survival. Lowering of iron
concentration triggers the expression of an array of virulence
determinants that help the pathogen to establish a successful
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lipophylic mycobactin, into the extracellular milieu that help in
transporting iron from the host to the pathogen [8], [9].
Considerable understanding of mycobacterial siderophore biosyn-
thesis has emerged from previous studies showing increased
cellular levels of siderophores and their putative transport proteins
in iron limiting conditions [9], [10], illustrating their role in iron
uptake. Nevertheless, the mechanistic know-how of the release of
siderophores and subsequent uptake of their metal bound forms by
the cells remain obscure. Siderophore secretion systems, although
speculated to be an important prerequisite for preventing the
deleterious effects of siderophore accumulation within the cells,
have so far been identified only in few microorganisms.
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