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Abstract

\fvcobacterium tuberculosis (Ntb), the bacterium which causes tuberculosis, s
able to survive and replicate inside the hostile environment ot the macrophage.
Amongst other survival strategies, Mtb possesses mechanisms for repairing DNGA
damaged by exposure to reactive oxygen and nitrogen species produced by
actvated macrophages. Multiple DNA repair pathways exist and a number ot
genes of unknown tunction are induced under conditions of DNA damage.

In this study. the roles of previously uncharacterised genes predicted to be
involved in the repair of damaged DNAL or induced by DNA damage. have been
imvestigated by targeted mutation in Mtb. The genes under study are Rv0937¢ and
Ryv0938. homologous to Ku and A'TP-dependent DNA Ligase components of the
non-homologous end joining syvstem i cukaryotes, Rv2191, which shows a high
level of homology to Cho. a recently discovered component of nucleotide
exciston repair in Foocolic and Rv3393¢. which has been shown to be DNA

damage inducible.

Mutant strains ot Mitb were constructed with deletions in cach of these genes. as
well as a stram lacking both Rv0937¢ and Rv0938. These mutant strains were
characterised in comparison with the wild type strain i virro, tollowing exposure
to a variety of DNA damaging agents. The results revealed difterent patterns of
heightened  sensiuvities when individual  repair pathways  were  aftfected.
Preliminary screens suggested a role in survival following exposure to oxidative

damage tor Ry2191 in virro and turther investigation confirmed this. This result



supports previous work implicating nucleotide excision repair tor this type of

damage in Mtb.

[he ability of the strains to grow and survive in a mouse model ot infection was
assessed. The mutants deticient in components ot the non-homologous end
joming system were tound to display attenuated growth in activated macrophages
and possibly at late stages of infection in mice. This may suggest a potential role

tfor non-homologous end joining during intection.
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1 Introduction

1.1 Tuberculosis

Tuberculosis (TB) 1s a leading cause ot death trom intectious diseases worldwide.
Although the disease can be cured by a course of antibiotics and some form of
protection is oftered by the BCG vaccine. there were an estimated 8-9 million new
cases and 2 million deaths in 2002 (Frieden er afl.. 2003). It is thought that one

third of the world’s population is intected with the TB bacillus (WHO 20053).

Most reported cases of TB occur in less developed countries. with the highest
incidence rate being in sub-Saharan Africa. This is currently reported at 290 per
100,000 population. with most cases occurring in individuals between 15 and 49
vears old (Frieden er af.. 2003). As well as the need tor improved vaccines. there
is also the problem ot the emergence and subsequent rise. ot multi-drug resistant
strains. especially in the tormer Soviet Union (WHO 2000). Multi-drug resistance.
characterised by resistance to the drugs commonly used to treat TB. is hard to

treat and is associated with high mortality (Kumar and Clarke 2005).

I'he most common symptoms of TB include coughing up blood. unexplained
weight loss, night sweats and a general feeling ot malaise. Although it is
traditionally thought of as a lung disease. TB can attect multiple organs and body
syvstems and can present with an alarming range of symptoms. TB can infect and
grow in the heart. bones and reproductive system, to name but a few examples.

Like other bacterial intections, TB can also spread to the brain in TB meningitis. a
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particularly deadly tform of the discase that primarily aftects children. Theretore,
common symptoms ot T'B may not be apparent. or sy mptoms may not be contined

to a single organ. which can complicate and delay diagnosis.

1.2 Mycobacterium tuberculosis

The causative agent of tuberculosis is Mycobacterium tuberculosis (Mtb), which
was originally described by Robert Koch in 1882 (Koch 1882). Mtb belongs to the
my cobacteria family which also contains M. leprae. the cause of leprosy in
humans. M. hovis. which aftects a number of species including cows and badgers
and M avium. which attects birds. are also mycobacteria. The non-pathogenic and

taster growing M. smegmatis (Msm) also belongs to the my cobacteria family.

Mtb is a Gram-positive, rod-shaped aerobic bacillus with a high GC content and a
lipid-rich cell wall. thought to aid resistance to most antibiotics (Jarlier and
Nikaido 1994). The cell wall accounts tor around 10%0 of the total cell weight.
Mtb is slow growing and undergoes periods of dormancy which are important in

the pathogenesis ot the disease.

The Mtb genome was sequenced in 1998 (Cole er al.. 1998) and re-annotated in
2002 (Camus er al.. 2002), enabling molecular insight into the disease and aiding
investigation into potential causes ot its pathogenicity via gene mutation studies
and microarrays. The Mtb H37Rv genome is 4.4 million bp and has around 4000
genes, a large number of which are predicted to be involved in the generation and
metabolism ot lipids (Cole er al.. 1998). As was previously known. Mtb has

natural resistance to selected antibiotics (Cole and Telenti 1995) and there are a

h
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number of genes present in the genome that encode drug moditving enzymes
including  PB-lactamases and aminoglycoside acetyl transterases (Cole er al.

1998).

1.2.1 BCG Vaccination

At present, vaccination with BCG (Bacille Calmette-Guerin) is the only widely
available preventative measure against TB. except tor the use ot TB prophylaxis
in high-risk patients. The vaccine was developed in the 1920s by Messrs Calmette
and Guerin by passaging a strain of M. hovis repeatedly over a period ot 13 vears
until it was attenuated. The attenuation of BCG has been attributed to a series of’
deletions (Hsu er af.. 2003): a primary role has been attributed to the RD1 deletion
which includes ESAT-6 and related proteins essential tor virulence (Wards et al..
2000). The BCG vaccine has not had a large impact on prevention of TB
worldwide. Trials in the UK showed the vaccine to be around 75% ettective (Fine
1995). but in some countries, the rate of protection is less than 10%0 (Fine 1995).
BCG is most eftective in protecting against serious childhood tforms ot TB. such
as TB meningitis. However, up until recently. the vaccine was given as a matter ot’
routine to older school children aged 13-15 in the UK. This practice has recently
been stopped and instead BCG is given only to babies considered at risk (Hagan
2005). Previous intection with TB does not prevent re-intection (Mollenkopt er

al . 2004). so developing an effective vaccine is problematic.
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1.2.2 Co-infection with HIV

A major factor in increased incidence of TB is co-intection with HIV and around
[1% of new infections worldwide are reported to be co-intections (Corbett ¢r al..
2003). The risk of contracting TB is directly linked to CD4 T cell count, with a
low count associated with contracting the disease. The majority of patients with
AIDS actwually die of TB and worldwide there are approximately 14 million
people co-intected with HIV and TB (WHO 2005). As well as being more
susceptible to TB. patients with HIV have a much higher chance of reactivating
latent infection and disease progression can be much more severe in these cases.
Despite the fact that TB intection is linked to low CD4 T cell counts, it has
recently been found that in a cohort of gold miners in South Africa. the risk of
contracting TB was doubled within the first year of infection with HIV, betore the
CD4 T cell count drops (Sonnenberg er «/.. 2005). This may indicate a link
between seroconversion and susceptibility to TB and suggests there may be a
change in the immune system after intection with HIV which makes one more

susceptible to TB (Sonnenberg er al.. 20035).

1.2.3 Treatment

[B is treated by a combination of drugs over an extended period (Fox er al.,
1999). Currently. treatment of TB is by DOTS, Directly Observed Therapy. Short
course. Since its introduction by the WHO in 1995, it has proved very successtul
where implemented. and involves close supervision and monitoring ot patients
during their chemotherapy to make sure the entire course of drugs is completed.

thus decreasing the likelihood of resistance developing. The treatment lasts 6-8
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months and has a success rate of up to 95%. even in the poorest countries. with an
average success rate of 82% (WHO 2004). However. success of treatment by
DOTS depends on the availability of resources to implement the programme. In
extreme cases of I'B, infected sections of lung can be surgically removed in an
cttort to rid the patient of the disease. a technique commonly used to cure TB in

the late 19" and early 20 centuries (Salvers and Whitt 2002).

I'B is a ditficult disease to treat owing to the long periods of dormancy associated
with infection. and the difticulty of accessing bacteria deep within granulomas. In
order to successfully cure the disease. long term treatment with a cocktail of
antibiotics is necessary. Using two or more antibiotics decreases the chance of
resistance developing and the current regimen includes 2 phases, the first
intensive phase is intended to kill actively growing bacteria and to limit the
infectiousness ot the patient. The second phase is designed to target any remaining
bacteria and to reduce the relapse rate to an acceptable level. Isoniazid and
ritampicin are used in the initial phase. usually with pyrazinamide and ethambutol
tor 2 months (Frieden er al.. 2003), tollowed by 4 months of just isoniazid and
ritampicin. The duration of treatment varies depending on the drugs given and
severity ot the infection. The treatment also depends on the HIV status of the
individual as some antiretroviral drugs used to treat HIV can adversely attect the

bactericidal action of ritampicin.

1.2.4 Multidrug Resistance

Multidrug resistant TB (MDR-TB) is a worrving phenomenon. exacerbated by

non-compliance with drug regimes and other socio-economic tactors. MDR-TB is
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detined as a strain of TB resistant to isoniazid and rifampicin, two ot the most
powertul and commonly used anti-TB drugs. (WHO 2004) and is thought to be
exacerbated by error prone repair of DNA damage induced by the host immune
system (Boshott er al.. 2003) or by the drugs themselves. Drug resistance in Mtb
is chromosomally encoded (Ramaswamy and Musser 1998). In other pathogenic
intracellular bacteria. induction of the SOS response tollowing DNA damage
incurred during intection has been shown to increase the mutation rate (Schlosser-
Silverman er al.. 2000). In Mtb. it has been demonstrated that DNA damage
increases mutation rates by a mechanism independent of the induction ot known
error-prone polymerases but dependent on the ¢naFE?2 polymerase (Boshott er al..
2003). The expression of this gene was upregulated in wild-type Mtb during
intection /n vivo and the Mtb dnaE2 knockout mutant showed attenuation as well
as a reduced trequency of drug resistance in a mouse model (Boshoft er «l.
2003), which suggests a role in mutation tollowing exposure to DNA damaging

tree radicals within the host.

Strains ot Mtb have been isolated that are resistant to all major anti-TB drugs.
MDR-TB is very ditticult to treat and carries a high risk of tatality. It has recently
been tound that around 10% of all new cases in some countries in the tormer
Soviet Union are multi drug resistant (WHO 2000). Despite the relatively low
tfrequency of resistance to single drugs seen in vitro, MDR-TB in vivo is becoming
increasingly common with between 1-3%0 of clinical isolates resistant to more than
one anti-TB drug (Espinal er ¢f.. 2000). Multidrug resistant TB is treated by using
at least 3 or 4 difterent drugs taken orally. as well as | injected drug. to which the

bacteria are thought to be fully susceptible. for the initial 3 month period (WHO
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2004). The treatment can be very lengthy and often requires an increased number
of drugs to be taken by the patient. which can have an adverse effect on
compliance. The drugs must be taken by the patient for 12-18 months atter culture

conversion to negative tor TB (WHO 2004).

1.3 Pathology and disease progression

TB is spread by acrosol and disease can occur either by primary inhalation or by
reactivation ot'an old lesion. The spread by aerosol is highly eftfective as it ensures
that the intectious droplets bypass the immune cells of the upper respiratory tract
and are delivered straight into the lungs. The droplets can also remain in the air
tor some time atter they are coughed up by an infectious individual due to their
small size (Salvers and Whitt 2002). Transmission generally occurs atter
prolonged contact between a susceptible individual and an individual suftering

from active TB.

Once the bacilli have been inhaled by a susceptible individual. the bacteria reach
the lungs where they enter the macrophages and multiply. At this point, if the
bacteria can overcome the initial host defences. successtul infection can result in
an assmptomatic primary tuberculosis within the lungs. Primary tuberculosis is

detined as developing within I or 2 vears of exposure (van Crevel er af.. 2002).

Mtb can survive tor long periods in unactivated macrophages so whether the
susceptible individual develops the discase may depend on their ability to form a

rapid immune response. Initially, neutrophil granulocytes reach the bacteria in the
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lungs and engult them. Alveolar macrophages, which phagocytose the bacteria.
are recruited to the site. and present the peptide tragments trom engulted bacteria
to T helper cells via MHC class 11, thus activating the adaptive immune response.
As well as stimulating the production of antibody. macrophages trigger the
production ot ¢ytokines including IFN-v, which in turn activates phagocytic cells.
Activated phagocytes release a respiratory burst, which impacts on intracellular

Killing.

The initiation of this cell mediated response is indicated by a positive tuberculin
skin test. A delayed type hypersensitivity reaction at the site of the lesion then
follows and the infection is walled off inside a granulomatous lesion.
encompassing a central area of caseous necrosis. However, a positive skin test is
not an indication of intectious TB and only around 1° of skin test positive
individuals actually develop clinical TB. More than 90 of infected individuals
remain tree of clinical disease for the duration cf their litetime. This indicates that
although the human immune system cannot actually eradicate the bacterial
intection. in the majority of cases it can control it relatively eftectively. as long as

the immune sy stem remains unchallenged by immunodeticiency.

As mentioned previously. bacteria multiplying in the macrophage can cause the
tormation ot lesions and macrophage difterentiation leads to the formation ot
granulomas. Granulomas are made up of macrophages. T cells. B cells, tibroblasts
and cpitheloid cells which merge to torm giant multinucleate cells (Flynn and
Chan 2001). A zone of necrosis forms at the centre of the granuloma and collagen

tibres may also be deposited causing fibrosis at the periphery. The function of the
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granuloma is to isolate the bacteria. and restrict growth of the phagocytosed
bacteria by confining the infection to suboptimal conditions. thought to include
low aeration and nutrient depletion. In some cases the bacteria stop growing
altogether and the lesion calcities. This soliditied area is visible on chest X-rayvs
and 1s a good diagnostic indication of TB intection. The calcitied lesion remains
so. unless the host undergoes a period of immune suppression which can cause
reactivation. This is known as *post primary tuberculosis’, the symptoms of which
include those commonly associated with the ettects of ¢cyvtokine activation such as
night sweats. fever and weight loss. The persistent cough. often accompanied by
blood stained sputum is due to lung cavitation and associated damage. When the
lesion liqueties. bacteria are coughed up. spreading TB to other susceptible
individuals and at the same time bacteria can spread to other organs via the

bloodstream. ultimately leading to death.

The outcome of exposure and subsequent infection with Mtb is known to be
highly variable and dependent upon a number of tactors (van Crevel e¢r al.. 2002).
Severity of the disease appears to depend on the balance between the host immune
system and the microbe’s ability to evade, or withstand the host immune response.
The spectrum of I'B infection can range trom a relatively benign TB pleuritis
contined to the lungs, to a raging disseminated and usually tatal miliary TB (van

Crevel eral 2002).

1.3.1 Latency and persistence

B is an unusual disease in that tollowing intection, the bacteria can lie dormant

in macrophages tor decades until an event to trigger their reactivation. This is

M
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most commonly due to immune suppression, which can be caused by a variety of

tactors including HIV. old age or chemotherapy.

The location of the latent bacteria is unknown. Occasionally in a case of
reactivated TB. the patient can have the intection in an organ other than the place
of the original infection. For example. an intection that was initially confined to
the lung can reactivate in the Kidney. This raises the possibility that latent bacteria
are not only in the lung and also that they are able to move around the body prior
to latency via the Iyvmphatic system (Frieden er /. 2003). Dormant bacteria are
thought to be subjected to low level attack from the human immune system in the

torm ot the damaging detence mechanism produced by macrophages.

The exact mechanism by which the bacteria can survive for so long is not fully
understood and it has been postulated that they take on a spore like state. where
metabolism virtually shuts down. One of the sigma factors identitied in the Mtb
genome (Cole er ol 1998). sigF. is homologous to a gene in B. subtilis which
controls responses to environmental stress (DeMaio er al., 1996). In Mtb. sigF is
expressed during growth in stationary phase and has been shown to play a role in
persistence in vivo (Chen er al.. 2000). Other genes have also been implicated in
the survival of Mtb during persistence. These include acr. which encodes a-
cnvstallin and is implicated in survival under anaerobic conditions (Wayne 1994),
and the gene coding for isocitrate Ivase (McKinney er af.. 2000). which catalyses
the reaction from isocitrate to glyoxylate in the glyoxylate cycle. allowing the

bacteria to by pass the tricarboxylic acid (TCA) cycle.
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Unfortunately. there are no entirely accurate animal models for latent TB. which
raises problems for our understanding of the exact mechanisms involved.
Although mice are generally used. thev develop persistent infection 2-4 weeks
after the initial inoculation with Mtb and despite high levels of bacteria in the
lungs. the mice remain reasonably healthy and can survive tor around a vear
(Flynn and Chan 2001). Mice do not develop granulomas, where the bacteria are
contained and maintained at a low level. although they can be treated with
chemotherapy to reduce the numbers ot bacteria and artificially create an animal
model more similar to humans in terms ot pathology. Upon withdrawal of the
antibiotics. the infection reactivates spontaneously or as a consequence of
immunosuppression (McCune er a/.. 1966). This is known as the Cornell model
and is used as a model for latent infection but is regarded as being somewhat
unreliable. Aside from mice. guinea pigs. rabbits and non-human primates are
occasionally used as animal models tor TB. The rapid disease progression in
guinea pigs makes developing a model for latent TB in this species ditticult.
whilst the larger sizes of the other animals limits the practicability of their

widespread use.

1.3.2 Survival under oxygen and nutrient limiting conditions

Although Mtb is an aerobic organism, many of the conditions encountered by the
bacterium during the later stages of intection are anaerobic with low pH and low
nutrient concentrations. It has been shown that the bacteria are able to survive
under these conditions in vitro by adapting to a state of non-replicating persistence
(Wayne 2001). When bacteria enter these conditions gradually, their viability is

unatfected and metabolism shifts into a dormant state (Wavne 1976). Upon a
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change to more favourable conditions. the bacteria can regain their viability.
However, it the change trom plentitul oxygen to low oxyvgen occurs suddenly,

actively replicating bacteria are killed instantly (Wayne and Diaz 1967).

The pattern of dormancy and the ability to survive in oxygen limiting conditions
makes it hard to treat the bacterial intection. Most currently available antibiotics
target rapidly dividing and growing cells. and so their eftectiveness on dormant
bacteria is limited. Dormant bacteria are also thought to be difticult to treat due to

their location. often in granulomas. i/n vivo. It is not known how ettectively

antibiotics penetrate these structures to access the bacteria.

As well as being able to survive in conditions of oxygen depletion, mycobacteria
are able to survive under conditions of nutrient limitation. In a similar manner to
the response to reduced levels of oxygen. mycobacteria can reduce their rate of
respiration to a minimum level during nutrient depletion. and upon an increase in
nutrient availability recover their metabolic state (Loebel 1933). This reactivation
has been shown to be possible after surviving starvation conditions tor up to 2
vears. It has been hy pothesised that i vivo, Mtb changes its metabolism to avoid
nutrient starvation and utilises lipids as a carbon source, a process for which it
possesses a number of suitable enzymes (Cole er «l.. 1998). The environment
inside granulomas is lipid rich and. theretore, can support bacterial survival under

these conditions.

It has also been demonstrated that the stringent response plays a role in long term

survival ot Mtb. The stringent response involves hyperphosphorylated guanine as

to
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a signalling molecule which can control gene expression during nutrient depletion.
A mutant unable to produce this protein showed a severe growth defect and was
unable to persist in anaerobic conditions (Primm er a/., 2000). Furthermore, this

mutant strain was defective in persistence in mice (Dahl er af.. 2003).

1.4 The Human Immune Response

The immune syvstem in humans is made up ot 2 components, the innate and

adaptive immune sy stems (Schluger and Rom 1998).

1.4.1 Innate immunity

The innate response consists of physical and chemical barriers. as well as
phagocytic and natural Killer cells. blood proteins including members of the
complement system. and cytokines. The innate immune response provides the
carly lines of defence against microbial intfection and recruits macrophages and
inflammatory cells to the site of infection (Rosenberger and Finlay 2003). as well
as presenting antigen bound to the major histocompatibility complex for
recognition by T cells. T cells in turn stimulate antibody production via B cells.
and together torm the adaptive immune response. The main purpose of innate
immunity is to control the infection whilst the adaptive immune response is
initiated. The importance of the innate immune response is highlighted by the fact
that its absence or compromise, as seen in AIDS, is associated with increased
reactivation of latent TB infection, and an increased likelihood of contracting TB

or other less common mycobacterial intections.
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The macrophage has a crucial role in Mtb intection and has a central position in
pathogenesis and disease progression. It is a vital component of the immune
system in the battle against the Mtb bacillus and the outcome of infection. i.e.
whether the individual develops TB intection. is largely attributed to the
macrophage. During infection, the macrophage carries out a number of functions
including engultment of the bacilli, presentation of peptide fragments to T cells
with subsequent activation of adaptive immunity. and cytotoxic Killing of the
engulfed bacteria. which is stimulated in part by the release ot cyvtokines from T
helper cells. Detects in any of the macrophage tunctions have serious

consequences tor the host.

1.4.2 Adaptive immunity

Adaptive immunity is induced by the presence of antigen and is a specitic and
adaptive response to the infection. occurring approximately 2-4 weeks post
infection in the mouse model. Adaptive immunity involves lymphocytes and
induces humoral and cellular immunity. which is thought to be the most important
defence against Mtb. Cell mediated immunity is controlled by T cells. which
recognise the microbial antigens presented on the surface of intected cells. This in
turn leads to the production of cytokines to activate phagocytes. CD4" and CD8’
I' cells both play an important role in fighting infection with Mtb (Boom 1996).
CD47 T cells are stimulated to ditterentiate into helper T cells (Tyl) cells by
cyvtokines including 1L-12 and 1L.-18 (Flynn and Chan 2001). which are
themselves induced via Toll-like receptors (Means er al.. 1999). The Tyl cells are
potent producers of IFN-y, which activates macrophages to kill Mtb. Interestingly.

Ty2 cvtokines are less common in Mtb infection (Lin er al.. 1996). Mtb can also
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stimulate MHC-class-1-restricted CD8" T cells (Kautmann 2001) which also play
a role in the immune response against intection with Mtb (Kautmann 2000) and

can produce IFN-v_ as well as Killing target cells (Flynn and Chan 2001).

Dendritic cells have also been tound to play an important role in the control of
Mtb intection (Tascon er al.. 2000) and express high levels of MHC Class 11
molecules which aid recognition of the pathogen via T cells. Dendritic cells.
which are highlyv motile. are thought to be the principle antigen presenting cells

(Rosenberger and Finlay 2003) and are able to activate naive T cells.

It has been suggested that Mtb antigen presentation is potentially down-regulated
during infection. to prevent the activation ot intracellular Killing mechanisms
(Noss e al.. 2000). However. the opposite has been suggested for in vitro antigen
presentation by dendritic cells (Henderson er al.. 1997) but details of this process

in vivo are as yet unconfirmed.

1.4.3 Recognition and phagocytosis of Mtb

Microbial recognition by the innate immune system is achieved by macrophages
via a number ot ditterent receptor types. Consequently, Mtb, an intracellular
pathogen, has evolved numerous mechanisms to recognise and exploit these
receptors to gain entry into macrophages. The receptors can either bind to the
bacteria directly via components located on the bacterial cell surface. or indirectly
where the bacteria are coated in opsonins such as complement as a result of

adaptive immunity .
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Toll-like receptors (TL.Rs). which are a tamily of transmembrane proteins, play an
important role in recognition of Mtb (Means ¢r al.. 1999). TLRs are able to
recognise Mtb Lipoarabinomannan (1.AM) and bind to various domains which
trigger activation of transcription factors to produce cyvtokines involved in the
inflammatory response (Oddo er al.. 1998). TLRs bind with a cotactor. MyD88,

which is thought to play a part in macrophage activation following Mtb infection.

Pattern Recognition Receptors (PRR). are a set ot germline encoded proteins
which can recognise pathogen associated microbial patterns (PAMPs) (Medzhitov
and Janeway 1997). At the first signs of infection. the PRRs recognise PAMPs
such as bacterial lipopolysaccharide or lipoteichoic acid (Medzhitov and Janeway
1997). Receptors on the host phagocytes bind to the bacterial PAMPs. which can

be used by the pathogen as a means of gaining entry into the host cells.

Following recognition of Mtb, uptake tor phagocytosis occurs via a range of
receptors including complement receptors. mannose receptors and surfactant
protein receptors on the host macrophage. It is thought that this initial binding
stage may in some way atfect the ensuing infection and subsequent survival of the
bacteria (Brown and Gordon 2002). For example. Mtb exploit the complement
receptors to gain entry into macrophages in a range of difterent ways and use
them to manipulate the host immune response. Additionally. mannose receptors
expressed on mature macrophages can attect the production of the respiratory
burst and interestingly, phagocytosis through the mannose receptor inhibits the

respiratory  burst (Astarie-Dequeker er al.. 1999). However. entry through the
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easily exploitable mannose receptor is arrested by the presence of IFN-v

(Schreiber er al.. 1993), which inhibits mannose receptor expression.

1.4.4 Outcome of infection

In order to be able to generate a successtul infection. it is imperative that the
bacteria survive the host immune response. They can do this in one of two ways,

or use a combination ot both.

Firstlv. the bacilli can evade the detence mechanisms. For example. entering the
macrophage through specific receptors will down-regulate the respiratory burst
and consequent intracellular killing. Furthermore, it has been demonstrated that
pathogenic strains of Mtb can inhibit phago-lysosome tusion. thus reducing their
exposure to acidic pH and proteolytic enzymes (Armstrong and Hart 1975).
Secondly. the bacteria can attempt to repair any damage sustained as a result of’

exposure to the host immune response.

The exact order of events tollowing infection with Mtb and whether repair or
evasion plays a more important role in bacterial survival /n vivo is controversial.
However, during Mtb infection. antigen presentation by infected cells can be
altered so that the CD4 T cells do not detect the intection. and therefore
macrophages are not activated by cyvtokines such as IFN-v and TNF-a to release
RNI and ROI (Flyvnn and Chan 2001). For macrophages to become activated.
CD47 T cells must recognise infected macrophages via MHC class 11 presentation

ot mycobacterial antigens and it has been demonstrated in murine macrophages.
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that infection with Mtb can inhibit this antigen presentation. potentially through

the role of a recently discovered 19kDa lipoprotein (Noss ¢r al.. 2000).

1.4.5 Growth factors and cytokines

Successtul internalisation and intracellular killing ot the bacteria are tollowed by
antigen presentation of the Mtb peptide fragments and the release of growth
tactors and cytokines. These factors released by macrophages after phagocytosis
recruit and activate other cells involved in the immune response and intlammatory
process. with the outcome of further increasing macrophage activation. This in
turn leads to turther intracellular Killing and thus modulation of the immune
response. Growth factors are important in increasing macrophage numbers during
Mib intection and GM-CSF 1s important in monocytosis. Chemokines. produced
predominantly by macrophages. are crucial in the recruitment of intflammatory

cells to the site of intection.

A plethora of ¢ytokines are released by macrophages during Mtb intection and
these include both pro- and anti-intlammatory cyvtokines. Additionally. 1L.-6 has
both pro- and anti-inflammatory properties, and its deficiency is associated with

tatal Mitb intection (Ladel er al.. 1997).

I'he pro-intlammatory ¢ytokines include the interleukins IL-133. 1L.-6. 11.-12, 1L.-
IS, 1L.-18. IFN-7 and TNF-a. IFN-v, produced by T helper | cells. activates
macrophages and its importance in Mtb infection is demonstrated by the fact that

humans and mice unable to produce it are more susceptible to Mtb infection

(Jouanguy er al.. 1999). Furthermore. mice deficient in IFN-y production are
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unable to activate macrophages and consequently. are susceptible to tatal TB
infections (Flynn er a/.. 1993). Prior to the initiation of adaptive immunity. it is
thought that Natural Killer cells produce 1FN-v (van Crevel er al., 2002). TNF-a
is essential for granuloma tormation (Senaldi er «fl.. 1996) and additionally
induces macrophage activation. However, this comes at a price and it is TNF-«
which is a main contributor to the pathology associated with the disease. A
neutralising TNF-a antibody administered to mice decreases pathology but

increases bacterial load (Mohan er al.. 2001).

Mtb induces a range of anti-inflammatory cytokines. which include IL-4. IL-10
and TGF-f3. These cyvtokines antagonise the pro-intlammatory cytokines and can
be looked upon as a tine tuning mechanism for regulation of the immune
response. 11.-12 induces IFN-v production and thus is important in increasing
intracellular Killing. Conversely. [L-10 down regulates the production of IFN-v
and overproduction ot IL-10 is associated with a deficient immune response to

Mtb and theretore increased susceptibility to disease (Boussiotis et al., 2000).

1.5 Killing mechanisms

Intracellular Killing is initiated by the activation of macrophages triggered by
cyvtokines. The macrophages are activated by IFN-y and TNF-u produced by T-
helper cells. which were themselves stimulated to produce c¢ytokines by

macrophages presenting MHC bound Mtb peptide fragments.

(V%)
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Intected macrophages activated by IFN-v and TNF-q, release reactive oxyvgen and
nitrogen intermediates, which can cause a range of damage to bacterial lipids,
proteins and DNA. Damage to DNA is thought to be of particular importance, and
this can take the tform of oxidation, deamination or alkylation. Such damage can
result in single or double strand breaks in the DNA it left un-repaired. It has been
demonstrated that the products of reactive oxygen intermediates (ROIs), and
reactive nitrogen intermediates (RNIs). superoxide and nitric oxide respectively,
can react together to tform peroxynitrite, a strong oxidant with DNA damaging
properties (Shiloh and Nathan 2000). As well as exposure to ROls and RNIs in
activated macrophages. bacteria are subjected to nutrient deprivation. hyvdrolytic
enzyvmes and an acidic environment. with the added challenge of oxygen

limitation in the granuloma.

Glutathione, an antioxidant present in most cells. protects host cells tfrom the
ettects of ROIs and RNIs (Seres er /.. 2000) and is syvnthesised and released
alongside them. Glutathione has a number ot additional roles. including regulation
of antigen processing and regulation of Thl and Th2 cell mediated immunity
(Peterson ¢ al.. 1998). Recently. it has been proposed that glutathione plays a
direct role in Killing mycobacteria due to its reaction with NO to produce S-
nitrosoglutathione (GSNO) (Venketaraman er /.. 2003). GSNO acts as a NO
donor and contributes to increasing the activity of NO. Release of NO from
GSNO has a bactericidal effect on mycobacteria, as would be expected. Its eftects
are similar to those demonstrated following exposure to RNI (Chan er al.. 1992).

Further work has contirmed these findings in Mtb and demonstrated that control

(o9
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of intracellular growth of Mtb in virro is dependent upon glutathione

(Venketaraman er al., 2003).

1.6 Reactive Nitrogen and Oxygen Intermediates

Reactive nitrogen and oxy gen intermediates oxidatively damage DNA. resulting

in a range of DN A alterations including abasic sites and strand breaks.

1.6.1 RNIs

The production of nitric oxide (NO) is one of the macrophages™ most important
detence mechanisms. NO can cause single and double strand breaks in the
bacterial DNA. In addition. nitrosative stress leads to deamination ot DNA bases
invitro (Wink er al.. 1991). for example C—U". which is mutagenic and damaging
to the bacterial DNA. Peroxynitrite. damages bacterial proteins via a number of
ditterent mechanisms and 1s additionally associated with membrane damage (Fang

1997).

NO is produced in mammalian cells by enzy matic oxidation of L-arginine and is
imvolved in a diverse range of physiological processes. amongst them,
antimicrobial activity. The production of NO in macrophages is catalysed by the
inducibie nitric oxide svnthase, or iINOS, which can bind calmodulin without
depending on elevated levels of Ca” ions. iNOS is expressed in granulomas in the
lungs ot intected mice and is essential tor the production of RNI in these tissues
(Flynn er a/.. 1998). A link has been shown between the level of virulence of a

strain and its resistance to the toxic etfects ot RNI (O'Brien er al.. 1994). It has
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also been shown that cytokine induced inhibition of Mtb growth in macrophages
is linked to the production of RNI (Chan er al.. 1992). Although the roles of RNI
in mycobacterial Killing in a mouse model during the initial stages of intection
have been clearly demonstrated in a number of studies (Dalton ez a/.. 1993 Chan
el al.. 1995), the role during persistent intection is less well detined. RNI
production is necessany to prevent reactivation of persistent infection in mice
(Flynn er «/.. 1998) and it is proposed that this is due to RNI having a
bacteriostatic eftect on Mtb and preventing it trom proliferating during infection

in mice (Firmani and Riley 2002).

Interestingly. it has been proposed recently that low concentrations of nitric oxide
actually enhance mycobacterial growth in virro (Brugmann and Firmani 2005) and
may actually encourage persistence. This may be an adaptive response by the

bacteria to enable survival in otherwise harsh conditions.

1.6.1.1 Mechanisms of nitrosative damage to DNA

Nitrosative damage occurs either directly. or via the reaction of RNI with ROI to
torm peroxy nitrite. The damaging ettects of nitric oxide are varied. and the extent
ot damage sustained depends on its rate of production and diftusion. the
concentration of reactants such as superoxide, and the levels of neutralising

enzymes and antioxidants (Marletta 1988).

As well as the NO radical itself (NO), other inducers of nitrosative damage
include nitrogen dioxide (N-O). dinitrogen trioxide (N:0O3). and dinitrogen

tetroxide (N-Oy). Additionally. NO-'. a powertul oxidant. is formed by the auto-

(%)
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oxidation of NO° (Eiserich er «l. 1996). S-nitrosothiols such as S-
nitrosoglutathione are also damaging to bacterial DNA and are formed from NO'
and reduced thiols in the presence of an electron acceptor (Gow er al., 1997). The
two main reactions of NO in biological sy stems are auto-oxidation to torm nitrous
anhydride. N:O: and the reaction with superoxide to torm peroxynitrite (Tamir et
al.. 1996). Peroxynitrite. (OONO"). oxidises and nitrates DNA. and through its
attack on the sugar phosphate backbone. can cause single strand breaks (Burney er
al.. 1999). Peroxynitrite reacts most commonly with guanine and causes G:C to
A:T transitions. Nitrous anhyvdride can cause deamination and subsequent
crosslinks in DN A via nitrosation of primary amines in DNA bases (Burney er al..

1999),

1.6.2 ROIs

Superoxide production is stimulated by cytokines released by the intlammatory
response via phox. the phagocyte NADPH oxidase complex. Superoxide can then
be converted into hydrogen peroxide by the enzyme superoxide dismutase (SOD).
There has been some debate over the importance of the role ot ROI during Mtb
macrophage infection and it has been shown that ROI deficient cell lines show
similar mycobactericidal Killing activity to those with the ability to generate ROI
(Chan ¢r al.. 1992). However. more recently it has been found that mutant mice
which cannot generate an oxidative burst. show decreased survival compared to
wild type mice following intection with another intracellular pathogen. Listeria
monocviogenes (Shiloh et al.. 1999). In support of this, it has been demonstrated
that the reactive oxygen burst is a cause of severe damage to intracellular bacteria

(Schlosser-Silverman er «al. 2000) as S. enterica serovar typhimurium (S.
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nphimurium) rec4 and recBC mutants are attenuated in mice. These mutated
genes are components ot homologous recombination, a DNA repair pathway. The
mutant strains display decreased survival in macrophages. implyving that the
macrophage environment is damaging to the DNA (Buchmeier ¢r /.. 1993). The
bacterial DNA damage induced by the macrophage resembles the pattern of
damage caused by ROI. consisting of lesions such as single point mutations and

single strand breaks (Schlosser-Silverman ez a/.. 2000).

A comparison between the susceptibility of E. coli. which is sensitive to the
intracellular macrophage environment. and S. nphimurium. tound that E. coli
inhibits its gene expression within macrophages and incurs signiticant levels of
DNA damage. In contrast. S. nphimurium, which is an intracellular pathogen and
like Mtb can survive and replicate within macrophages. was much less susceptible
to DNA damage within macrophages (Schlosser-Silverman er /.. 2000). S.
nphimurium can reduce its exposure to DNA damaging agents through a type Il1
protein secretion system. encoded by Sa/monella pathogenicity island 2 (SPI2)
(Vazquez-Torres er al.. 2000). SPI2 changes the target of phox away from the
vacuole containing the bacteria and SPI2 mutants show decreased survival in
macrophages and reduced virulence in mice (Vazquez-Torres er al.. 2000). It has
also been demonstrated that S. nphimurium can change the targeting of iNOS
trom the vacuole to elsewhere (Chakravortty er af.. 2002). As well as being able to
divert the actions of phox and iINOS. S nvphimurium has evolved enzymes that

can detoxity RNIT and ROl (Webb er al.. 2001)
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Microarray data tollowing Mtb exposure to oxidative stress conditions showed a
marked induction of a number of genes associated with DNA repair and survival
under stress. such as recG and sigB (Schnappinger er al.. 2003). This supports the
tact that ROI (and RNI) may have a role in controlling the infection. in association
with other immune detence mechanisms. and that it is likely that like other
intracellular pathogens such as S. nvphimurium. Mtb is able to both evade and

sunvive the immune response as necessary.

1.6.2.1 Mechanisms of oxidative damage to DNA

As described previously. DNA is a target of reactive oxygen species and the
damage incurred can be lethal for the bacteria. Reactive oxygen species can cause
a wide range ot damage to bacterial DNA. most notably the modification of

guanine residues.

Free oxygen is relatively unreactive with DNA but when the oxidation state and.
theretore. electron contiguration is changed. the resulting oxy gen ions can attack
and damage the DNA. Partial reduction of oxygen results as the unstable oxygen
reacts with other compounds by accepting electrons to form the superoxide radical
O:". Superoxide radicals are formed in phagocytic cells and neutrophils which use
NADPH oxidase to reduce oxygen to superoxide radicals. thereby generating a
Killing response inside the macrophage. The superoxide radical can also dismute
to torm hydrogen peroxide:

2()3. +2H — H:O: + ():
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The hydrogen peroxide can turther react via the Fenton reaction (Fenton 1894)
using Fe*™ jons. to form the hydroxyl radical:

Feo" = H + H:Os — Fe'” +'OH + H-0

Alternatively. hydroxyl radicals can be tormed via the Haber-Weiss reaction
where the superoxide radical reacts with hvdrogen peroxide directly.

H-O, - Oy — O-+~"OH ~ OH’

Hydroxy| radicals (OH) are very damaging to DNA and can cause a range of
moditications. including the release of free bases (ie base loss). generating simple
abasic (AP) sites and strand breaks with a terminal sugar residue fragment. 8-
oxoG is an example of oxidative damage to dG. which occurs through the addition
of a hydroxy | radical to the C-8 position of guanine (Jovanovic and Simic 1989).
It unrepaired. this causes mispairing, leading to an increase in G to T transition
mutations. Hydroxy | radicals can also attack thymine at the C5-C6 double bond.
torming a 6-hydroxythymine radical intermediate which reacts with oxygen to
torm thymine glycol (Demple and Linn 1982). which in turn. acts to block DNA
replication (Clark and Beardsley 1987). One very damaging etfect ot hydroxyl
radicals is their ability to initiate chain reactions causing damage some distance
away from the initial event (Saran and Bors 1990). Chain reactions start trom the
initial event of the hydroxyl radical reacting with residues of  organic
macromolecules:

RH; ~"OH - RH - H-0O
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As mentioned previously. superoxide radicals can also react with nitric oxide in a
number of different ways to form the peroxynitrite radical. (OONQO), a very

strong oxidant which is severely damaging to bacterial DNA.

1.7 Intracellular survival pathways

It the bacteria are to survive inside macrophages. it is of the utmost importance
that they either manipulate the conditions to make them more favourable or can
adapt in some way to withstand the conditions. such as by repairing any damage

sustained.

1.7.1 Inhibition of phagosome maturation

The ability of Mtb to survive in macrophages is thought to be due in part to its
ability to arrest the maturation of phagosomes (Armstrong and Hart 1975) and so
to reside in compartments which are secluded trom the late stages ot the endocytic
pathway (Clemens and Horwitz 1995). It is thus able to evade the damaging
conditions encountered in lysomes. It has been reported that Mtb can arrest
phagosome maturation through a variety of pathways including interaction with
mouse coronin-1, or “"TACO" (tryptophane aspartate-containing coat protein)
(Ferrari er al.. 1999). TACO is a host protein present on Ivmphoid and myeloid
cells, which presents on the surface of phagosomes containing Mtb. and blocks
their maturation into phagolysosomes. [t was suggested that live bacteria were
able to interact with and retain TACO on the phagosomal membrane. Release of

TACO was thought to be the trigger for phagosome fusion. More recently. it has

been demonstrated using human macrophages. that human coronin-1 is only
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associated with early stages ot mycobacterial phagocytosis and the protein is
released trom the phagosomal membrane soon after the bacteria are engulfed by
the macrophage (Schuller er al.. 2001). However, evidence does seem to support a

role for an as yet unidentitied protein in the inhibition of phagosome maturation.

Mtb can also control phagosome acidification. to prevent the activation of
hydrolases. which promote destruction of phagocytosed bacteria (Dubnau and
Smith 2003). The suggested mechanism is thought to be due to exclusion ot the
vesicular proton ATPase (Sturgill-Koszycki er a/.. 1994). A further survival
mechanism is the abilits of Mtb infected macrophages to evade apoptosis and it
has been shown that more virulent mycobacterial strains are less likely to undergo

apoptosis in macrophages (Keane er al.. 2000).

Theretore, Mtb have evolved a range of mechanisms to manipulate their
surroundings and decrease the eftects of the immune response in order to promote

their intracellular survival.

1.7.2 Detoxification of RNIs and ROls
Mtb possesses a variets of mechanisms to counter the harmful eftects of
antimicrobial agents produced by macrophages and detoxity reactive oxygen and

nitrogen intermediates.

These include the karG gene, which encodes the only catalase/ hydroperoxidase in
Mtb. The correlation between loss of katG activity and virulence is controversial,

but it is postulated that it plays a role in resistance to hydrogen peroxide in vitro
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and oxidative stress /n vivo (Manca er al.. 1999). Mutations in karG are associated

with isoniazid resistance (Zhang er al.. 1992).

The gene ahpC encodes a subunit of the enzyme alkyl hyvdroperoxide reductase
which has been implicated in decreasing the toxicity of organic peroxides
(Niimura er al.. 1995), and peroxynitrite (Bryk er «l. 2000). In other
my cobacterial species. expression of ahp(C is regulated by the oxyR gene which in
Mtb. is an inactivated pseudogene containing a number of lesions (Deretic er al..
1995: Sherman er al.. 1995). and theretore dysfunctional. oxyR is a hydrogen
peroxide response activator which can both sense oxidative stress and activate the
response to it. In E. coli detoxitving genes including karG and gord. a glutathione
oxidoreductase are regulated by oxvR in addition to ahpC. Loss of the oxyR gene
and. theretore. its regulatory ettects on «hp(C have been implicated in isoniazid
resistance (Deretic er al.. 1995). Despite this. it has been found that ahpC is not
required for virulence using a mouse model of infection (Springer er /.. 2001).
Nonetheless. gene expression is elevated in certain phases of in vitro growth and
an «hpC mutant was shown to be more susceptible to killing by organic peroxides
(Springer ¢t al.. 2001). This is therefore a potentially important gene in surviving

the immune response although its exact role in virulence remains unclear.

In £ coli, the SOXRS gene products regulate the transcription of superoxide
dismutases. SodA and SodC. These enzymes play an important role in dismuting
toxic superoxide radicals into hydrogen peroxide and oxygen (Dussurget er .,

2001) and homologues of these genes and this system are tound in Mtb.
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SodA is a MnFe superoxide dismutase and is a major extracellular protein in Mtb.
However. its role is largely unknown although it is thought that it is involved in
protection against superoxide during early intection in mice (Piddington er al.,
2001). SodC is a CuZn superoxide dismutase and is produced at a much lower
level than SodA. However, SodC is thought to protect Mtb against extracellular
superoxide generated by host cells. and is implicated in survival tollowing
exposure to superoxide and the oxidative burst generated by macrophages
activated with [FN-v (Piddington er /.. 2001). Additionally. a sod(’ mutant in Mtb
was found to be more susceptible to the toxic eftects of hydrogen peroxide
(Dussurget et al.. 2001) which supports the role of the gene in the detoxifyving
response to ROI. However. the role of SodC during early infection in mice

appears to be limited (Piddington er a/.. 2001).

Lipoarabinomannan (LAM) has been shown to scavenge oxygen free radicals as
well as block transcriptional activation ot IFN-y in human macrophage-like cells
(Chan er al.. 1991). Mycothiol. a low molecular weight thiol in mycobacteria. has
been implicated in the protection of Mtb trom oxidants. The production of
my cothiol has been shown to be essential tor growth of Mtb in virro (Sareen et al.,
2003). and is thought to be necessary for growth of Mtb under intracellular
conditions. The noxR1 gene has been shown to confer resistance to ROI and RNI
in £ coli and Msm (Stewart er af., 2000). However, despite a homologue of this
sene being present in Mtb, mutation of the gene has no etfect on survival

tollowing exposure to RNI generated in vitro (Stewart ef al., 2000).
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1.7.3 DNA Repair and Mtb survival during infection

It the damaging conditions induced by the host immune response cannot be
averted or evaded. the bacteria are exposed to them and. in order to survive, must
repair the damage sustained. Additionally, bacteria surviving deep within
granulomas are subject to suboptimal conditions and low level assault from the
host immune system. The importance of DNA repair tor Mtb survival is supported
by the vast range of pathways available to repair the damage and the conservation

ot these pathway s throughout ditferent species.

During exposure to RNI and ROI. the bacterial DNA is damaged and. therefore.
must be repaired. Damage to the bacterial DNA can cause a variety of lesions and
there are mechanisms available to repair almost all tvpes of damage. The simplest
torm of DNA repair in Mtb involves an alkylguanine-DNA transferase. ogr. The
enzyme encoded by this gene catalyses a simple reaction to repair a specific type

ot damage by directly reversing it.

it has been demonstrated in other bacteria that damage induced by ROIs and RNIs
in vivo is repaired by the base excision repair pathway (Sancar 1994) and also by
homologous recombination (Buchmeier er al.. 1993). However. as bacterial
survival i vivo may depend on the ability to repair damaged DNAL it seems
increasingly unlikely that only one specitic pathway can repair a specific Kind of
damage. The major pathways tor repairing damaged DNA in Mtb include
Homologous Recombination, Nucleotide Excision Repair, Base Excision Repair

and the recently identitied Non-homologous End Joining.
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1.8 Mechanisms of DNA repair

In humans. the crucial role of DNA repair is highlighted by the fact that
individuals deticient in either single components or entire pathways are
susceptible to the effects of otherwise benign or repairable damage. This can be
demonstrated in individuals with Xeroderma pigmentosum, who are deficient in
components of the nucleotide excision repair pathway (Cleaver 1968) and are
exquisitely sensitive to the eftects of UV radiation from sunlight. Likewise.
individuals with Familial Adenomatous Polyposis Coli lack the DNA repair
enzyvme MYH glycosyvlase (Sampson er a/.. 2003). which corrects mis-pairing via
base excision repair. Without this repair system. mutations accumulate and

eventually lead to tumour formation.

In intracellular bacteria. DNA repair is used tor a difterent yvet crucial role in the

repair ot damage sustained as a result ot exposure to the human immune response.

1.8.1 Homologous Recombination

Homologous Recombination (HR) is one of the main pathways involved in the
repair of double strand breaks. The pathway is of very high fidelity and involves
genetic exchange between two DNA molecules with regions of homology. using
one DNA molecule as a template in order to retain the integrity of the DNA
sequence (Hiom 2000). HR is involved in the repair ot DNA primarily during

replication, where there is a homologous template.
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Homologous Recombination is initiated by a region of single-stranded DNA that
provides the nucleation point for RecA to form a nucleoprotein filament. It is this
nucleoprotein filament that is the key to the processes of homology searching and
strand exchange (Wyman er /.. 2004). The necessary single-stranded DNA can
be tormed in a variety of ways and involves different additional recombination

proteins depending on the nature of the initial DN A substrate.

The process can be divided into 3 stages. strand exchange. branch migration. and
resolution (Hiom 2001). which occur sequentially. Initially. double strand break
tormation is followed by subsequent nucleolytic processing. This results in single
stranded 3" ends. onto which RecA can load. The primary function of this initial
stage is to create a suitable DNA substrate for the nucleoprotein filament (Wyman
et al.. 2004). Unwinding of the DNA. nucleolytic processing and RecA loading

are coordinated by the RecBCD protein complex (Kowalczykowski 2000).

A joint molecule is formed between the processed broken DNA and the intact
template DNA. The RecA nucleoprotein tilament then mediates the strand
invasion to form a heteroduplex (Lusetti and Cox 2002). The complex tormed
between the two DNA duplexes is initially stabilised by hydrogen bonding and is
later reinforced by covalent bonds due to enzyme mediated repair ot the DNA
breaks. The joint molecule is connected at the recombination joint and is referred
to as the Holliday structure. The DNA at the point of contact comes from two
difterent sources and is not identical. One strand comes from each ot the parental
DNA molecules. This region of heteroduplex DNA is extended by branch

migration (West 2003) and involves the unpaired region of one of the single
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strands of DNA displacing the paired region of the other single strand. In this
way, the crossover point is able to move by branch migration. RecA induces
directional migration, which can result in a heteroduplex DNA region of
thousands of base pairs in one direction. Alternatively. spontaneous branch
migration may occur. This involves equal migration in both directions but is more

restricted in terms of the length.

Finally. in the resolution stage. the joint molecule separates into two distinct DNA
molecules by structure-specitic endonucleases. Resolution requires two cuts in the
joined DNA molecules and the site of these nicks are important tor determining
whether the cutting ot the strands produces a crossover or non-crossover product

(Figure 1.1).
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3 A double strand breaks occurs in the recipient DNA (blue)

3 Homologous template (donor) DNA shown as red.

DSB processing via 5' to 3’ resection. This results in 3’ single stranded
tails.

— 3" end migrates and displaces the homologous strand in the donor
é duplex (strand invasion). The dispiaced donor strand forms a D loop.

D loop enlarges and the recipient strand extends by repair synthesis.

'—! S Z The other 3' end pairs with the D loop from the donor and the

other recipient strand is extended by repair synthesis.

——ﬂ: Further branch migration leads to 2 recombinant joints: Holliday structures.

1 Location of resolution of cleavage of the Holliday junction determines whether the end

result is a crossover or non-crossover product.

Crossover product

Non-crossover product

(Adapted from Atherly ef al., 1999)

Figure 1.1: Homologous Recombination

The figure depicts the stages involved in homologous recombination. The DNA double strand
break occurs and is enlarged by exonuclease action. 5° to 3" resection occurs and single strands are
left with 3* ends. A D-loop is formed via strand invasion and the recipient strand is extended by
DNA synthesis. Further branch migration results in the formation of Holliday structures. The

location of cleavage during resolution determines whether the product will be a crossover or non-

Crossover.
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In bacteria there are usually two pathways for HR., the RecBCD and RecF
pathways. Both of these require RecA to perform the reactions central to the
process of recombination: their primary difference is in the proteins involved in
the formation of the RecA nucleoprotein filament. In E. coli the RecBCD pathway
is referred to as the major pathway and processes double strand breaks. Here, the
RecBCD enzyme initiates recombination via its nuclease and helicase activities
(Amundsen er al.. 2000) that provide the appropriate substrates for RecA to bind
to. allowing homologous recombination (Chedin and Kowalczykowski 2002).
Initially. unwinding from a double strand break is coupled to degradation of the 3"
terminated DNA strand. but once the complex reaches and recognises a specific
DNA motif termed a Chi site. its activity is modified resulting in degradation of
the 57 strand and the formation of a 3" single-stranded DNA substrate onto which

RecA is loaded (Anderson and Kowalczykowski 1997).

Interestingly. homologues to the RecBCD genes are found in only a limited
number of bacteria which implies a relatively recent evolution in bacteria (Eisen
and Hanawalt 1999). In particular. these genes are not found in most Gram-
positive bacteria although equivalent functions are provided by unrelated proteins
termed AddAB in a number of cases (Chedin and Kowalczykowski 2002). The
AddAB enzyme in B. subtilis possesses ATP-dependent helicase and nuclease
activities, which allows double stranded DNA to unwind and degrade during
translocation. AddAB recognises and responds to the Chi DNA sequence by
forming a stable complex with it (Chédin er al., 2006). However, RecBCD

homologues are present in Mtb.
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The minor recombination repair pathway in E. coli involves the recFOR genes
and is thought to play a role in the reactivation of stalled replication forks and the
repair of single strand breaks (Friedberg er al., 1995). Although the precise
tfunctions of these proteins are not yet clear. they have been shown to be important
for loading RecA onto gapped DNA coated with single-stranded binding protein
(Morimatsu and Kowalczykowski 2003). The RecFOR proteins also appear to
contribute to protection of the nascent lagging strand of arrested replication forks
(Chow and Courcelle 2004). Although the RecFOR pathway was thought of as the
minor pathway in E. coli. the recF. recO and recR genes are more widespread
amongst bacteria than the recBCD genes. suggesting that they perform an
important function. All three genes are thought to be present in Mtb (Mizrahi and
Andersen 1998: Muniyappa er al.. 2000). In contrast., mycobacteria lack
homologues of the exonuclease RecJ or the helicase RecQ. which can allow the

RecFOR pathway to act on double strand breaks in E. coli.

rec4 mutant strains in E£. coli show a marked decrease in recombination efficiency
compared with the wild type strain (Kowalczykowski ef al., 1994). confirming the
key role of RecA in this process. It has also been demonstrated that both a recd
mutant strain and a recBCD mutant strain in S. nphimurium showed decreased
survival in macrophages (Buchmeier er a/.. 1993) and were highly attenuated in
mice (Cano er al., 2002). confirming the importance of the pathway. and also of
DNA repair in general, for survival in vivo. As well as being able to repair double
strand breaks. HR can also repair other DNA lesions such as inter-strand

crosslinks, thus broadening the range of DNA damage it can repair.
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As mentioned previously, Holliday junctions are formed when HR is initiated at
DNA ends and single strands are exchanged between homologous partners,
causing the formation of 4 way branched intermediates. RuvC is a Holliday
Jjunction endonuclease and acts with RuvAB to resolve Holliday junctions (West
2003). All three of these genes are present in Mtb. It has been found that
Helicobacter pylori ruvC mutant strains show increased susceptibility to oxidative
stress and are attenuated in macrophages (Loughlin er al. 2003). This
demonstrates that other components of the HR system, as well as RecA are

important in repairing damaged DNA.

1.8.2 Base Excision Repair

Base Excision Repair (BER) is an important pathway in DNA damage repair as it
repairs damage caused by exposure to metabolites which oxidise and alkylate
DNA (Mizrahi and Andersen 1998). resulting in incorrect base pairing. BER is a
two-stage process. In the first step a damaged or abnormal base is excised by a
DNA glycosylase. such as MutY or Nth. creating an apurinic or apyrimidinic site.
In the second stage of the pathway. an apurinic/apyrimidinic (AP) endonuclease,
such as XthA. cuts the phosphodiester bond immediately on the 5° side of the AP
site and the remaining sugar is removed. Following these specific processes, the
gap is filled with the correct nucleotide by DNA polymerase and DNA ligase seals

the phosphodiester bond (Figure 1.2).
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HEEREEREERER
\ Damaged or abnormal base

T Damaged/ abnormal base excised by DNA
I I | | I I u l l I l glycosylase (green) creating an apurinic or
apyrimidinic site.

I ‘ [ l [ l ] T ] I | I I AP endonuclease (yellow) cuts phosphodiester
bond on the 5 side of the lesion and the
remaining sugar is removed.

Gap filled with the correct nucleotide by DNA
i| | | [ | I | | | ] | | polymerase. DNA ligase seals the
phosphodiester bond.

(Adapted from Augusto-Pinto et al., 2003)

Figure 1.2: Base Excision Repair

The schematic demonstrates the basic stages of base excision repair. Once the damaged base is
identified, it is excised by a DNA glycosylase such as MutY, or Nth, causing the formation of an
apurinic or apyrimidinic (AP) site. Subsequently, an AP endonuclease, such as XthA cuts the
phosphodiester bond and the remaining sugar is removed. This then allows the gap to be filled
with the correct nucleotide via DNA polymerase. The gap is sealed by DNA ligase (Augusto-Pinto
et al., 2003). Base excision repair is implicated in the repair of damage sustained as a result of
DNA oxidation and alkylation (Mizrahi and Andersen 1998).
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There are a number of DNA glycosylases which specifically recognise ditferent
Kinds of damaged bases. The Fpg-Nei family of proteins function to repair
damage arising from exposure to ROI (Cabrera er al.. 1988). The Fpg protein
recognises oxidised residues such as 8-ox0-G (8-ox0-7.8-dihvdroguanine). an
oxidation product ot guanine (Demple and Harrison 1994). 8-0x0-G is highly
mutagenic due to its mispairing with adenine during replication. resulting in G to
T transversions. Nei is a homologue of Fpg (Duwat er /.. 1995) with similar
tunction but with different substrate specificity. such as thymine glvcol. thus
widening the diversity of the type of lesion which can be repaired. MutY is an
adenine glycosylase that primarily removes A if it has been incorporated opposite
8-0x0-G. allowing the incorporation of the correct nucleotide in a second round of
synthesis and another opportunity tor the removal of the 8-ox0-G by Fpg. Ung
(uracil DNA glycosylase) is specific for the removal of uracil from DNA: this can
arise as a consequence of deamination of cytosine. for example by RNI.

Homologues of all these glvcosylases can be identitied in Mtb.

There are two classes of AP endonucleases. represented in E. coli by xthd
(exonuclease I11) and nfo (endonuclease 1V). although these both cleave the DNA
at sites of base loss in the same way to leave 3° hvdroxyl groups suitable for
extension by polymerases. Mtb possesses homologues of both x4 and nfo.
although the homologue of nfo has been annotated as end (Cole et al., 1998). In E.
coli. mutants lacking exonuclease 1. the gene product of xth 4. are killed by DNA
damage induced by hvdrogen peroxide (Galhardo er «/.. 2005). and BER mutants
in S. nyphimurium have been found to be severely attenuated in a macrophage

model of infection. a phenotype that reverted to wild type levels in macrophages
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unable to form an oxidative and nitrosative stress response (Suvarnapunya e al..
2003). These findings highlight the importance of the role of BER in repair of

DNA damage arising from exposure to activated macrophages.

Mismatch repair, using the mutSLH repair pathway. is a specialised form of base
excision repair which is found in a wide variety of bacterial species and is well
characterised in E. coli. The repair is specific to the newly svnthesised strand of
DNA. recognised in E. coli via its methylation status. However. homologues of
the proteins involved have not been identified in Mtb (Mizrahi and Andersen
1998) and the pathway has been demonstrated to be lacking in mycobacteria

(Springer et al.. 2004).

1.8.3 Nucleotide Excision Repair

Nucleotide excision repair (NER) involves the incision of the damaged strand on
the 3" and 37 sides of the lesion. followed by the removal of an oligonucleotide
containing the damaged base. The stages are commonly split into 4 distinct parts:
(1) initial recognition of the damage and verification of the lesion type. (ii)
incision. (iii) displacement ot the damaged oligonucleotide. and (iv) repair
svnthesis and ligation. The process ot NER is highly conserved from £. coli to

humans. although there is some variation in the proteins involved.

In humans. nucleotide excision repair is especially important for repairing damage
sustained by exposure to UV radiation from sunlight. This DNA damage is most
often in the form of thymine dimers and (6-4) photoproducts. Inability to repair

this type of damage can result in cancer as is demonstrated in individuals with
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xeroderma pigmentosum and Cockayne’s syndrome. both caused by mutations in

components ot NER.

Although the pathway is similar in eukaryotes and prokaryotes, as would be
expected it is more complex in higher organisms and involves a greater number ot
components. The removed oligomer in humans is longer than that removed in E.
coli and consists of around 24-32 nucleotides. double that removed in E. coli.
However. the general principle is the same. For human NER. 6 repair factors are
required to remove the damaged DNA. These are XPA. RPA. XPC. TFIIH. XPG
and XPF-ERCCI1. XPA. RPA and XPC locate the damage and recruit TFIIH, a
transcription: repair factor. TFIIH contains 6 polvpeptides. which unwind the
DNA around the damaged site. XPG incises on the 3" side and XPF-ERCCI
incises on the 37 side of the lesion. The resulting gap in the DNA strand is filled
by repair synthesis proteins. replication factor C. proliferating cell nuclear antigen
and DNA polymerases 0 and €. Finally. the repaired DNA is sealed by DNA

ligase [ (Mu er al.. 1996: Hutsell and Sancar 2003)

In bacteria. the pathway is simpler and has been well characterised in £. coli. It
involves a group of genes. wvr4BC and D. The UvrA and B proteins function
together to locate the damaged DNA. They torm a damage recognition complex
which is comprised of 2 subunits of each of UvrA and UvrB (Verhoeven er al.,
2002). This damage recognition complex has a higher aftinity for damaged DNA.,
compared with intact DNA (Sancar and Sancar 1988). The UvrA subunit
recognises distortions in the DNA helix and UvrB unwinds a short segment of

DNA to separate the two DNA strands. UvrB can bind to a plethora of structurally
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unrelated lesions and it has been demonstrated that a -hairpin structure is
involved in damage specific binding (Malta er a/.. 2006). The presence of two
subunits of UvrB allows both DNA strands to be checked for damage. The
mechanism is such that the DNA wraps itself around the first UvrB monomer
(Verhoeven er al.. 2001) and is scanned for damage. If no damage is tound. the
DNA wraps around the 2™ UvrB subunit and the process repeats (Verhoeven et

al.. 2002).

In the presence of damage to the DNA strand. UvrC binds to UvrB. making a
UvrBC DNA incision complex and one of the UvrB monomers is released
(Verhoeven er al.. 2002). In order to specifically incise the damaged strand. 3°
incision by UvrC requires the presence of a UvrB/damage verification complex
(Theis er al.. 1999). and interaction between the C-terminal domain of UvrB and a
homologous region in UvrC (Moolenaar er /.. 1995). Two incisions are made by
UnvrC. which consists of 2 functional halves. an N-terminal domain which makes
the 3" incision 4-5 nucleotides away from the damaged base and a C-terminal
domain which makes the 3" incision (Verhoeven er a/.. 2002). The C-terminal
region of UvrC. is homologous to the C-terminal region of the ERCCI protein
(Westerveld er al.. 1984: Moolenaar ¢r al.. 1998). the component in human NER
which is involved in DNA binding and 37 incision. The 57 incision is made
approximately 8 nucleotides away from the damage. The second cut is about 1
turn of the helix from the first. This results in an excised single stranded segment
of DNA. which is approximately 12 nucleotides long. The helicase UvrD,
displaces the released oligonucleotide with UvrC. allowing repair via DNA

polymerase I and ligase. which seals the newly repaired segment at the 3" end

N
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(Asad et al.. 1995: SaiSree ¢r al.. 2000). All the components required for NER are
present in Mtb and the ability to repair damage sustained as a result of exposure to
UV light is presumably an important attribute for Mtb. as it must be able to

withstand this stress if it is to be able to spread ettectively from person to person.

In E. coli. a protein termed Mfd targets NER to the transcribed strand of actively
transcribing genes in a sub-pathway called transcription coupled repair (Selby and

Sancar 1995). Mtd also has a homologue in Mtb.

Recently. a new addition to the NER pathway has been identified in E. coli
(Moolenaar er al.. 2002). It was discovered that there was an additional incision
enzyvme. homologous to the N-terminal part of UvrC. Hence. the protein was
named Cho. UvrC homologue. The pathway is shown as a schematic in figure

1.3, incorporating the role ot Cho.



UvrA and B locate the
damage on the strand,
demonstrated here by
a thymine dimer. The
DNA wraps around the
UvrB subunit. In the
event of damage,
UvrB remains as a
dimer.

UvrC and Cho are
recruited to the
damaged strand where
they incise DNA on the
5’ and 3’ sides of the
lesion respectively.
Upon binding to UvrC,
one of the UvrB
subunits is released.

UvrD mediates the
release of UvrB+C
and  Cho. DNA
polymerase 1 and
DNA ligase complete
the repair.
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Figure 1.3: Nucleotide Excision Repair in E. coli

A schematic diagram of NER processing of damage, incorporating a potential role for Cho. The

UvrA and UvrB protein complex locates the damage and recruits UvrC and Cho for the incision

stage. These proteins bind to UvrB at different positions and incise the damaged DNA. The

complex is removed via UvrD, which then recruits Poll and ligase to seal the damaged DNA at the

3’end.
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The gene coding tor Cho. yvdgQ. in E. coli. is induced by DNA damage (Lewis er
al.. 1994) and encodes a 295 amino acid protein. Interestingly, Cho has a number
of tunctions which are complementary to those ot UvrC. Purified Cho produces
incisions on the 3side of the lesion only. This occurs at the ninth phosphodiester
bond. 3" to the damaged nucleotide and is a further 4 nucleotides away from the
site that UvrC would normally incise (Moolenaar er al.. 2002). The 3 incision is
then made by UvrC. This results in a bigger segment of excised DNA than that

formed by UvrC alone. which suggests a role for the removal of bulkier lesions.

Biochemical assays have shown that specific damage which is poorly incised by
UvrC alone. can be efticiently incised by Cho (Moolenaar er /. 2002). This
evidence implies that for certain types of lesion Cho plays a potentially important
role. Like UvrC. Cho is dependent on the presence ot a UvrB damage verification
complex (Theis er al.. 1999) but does not require the UvrC binding domain on the

UvrB protein (Moolenaar er af.. 2002).

A DNA damage inducible gene homologous to Cho has been identified in Mtb
(Moolenaar er «l.. 2002). It is termed Rv2191. Interestingly. this gene is larger
than its E. coli homologue. and contains an extra domain. which has strong
elements of homology to a 37 exonuclease. the proot reading subunit of the DNA
polymerase [l holoenzyme. This could suggest that Rv2191 may display
exonuclease activity linked to the 3" incision activity (Moolenaar et al.. 2002). It
also leads to questions surrounding the role ot NER in Mtb and why there should

be a difterence between the two bacterial homologues of Cho. It is tempting to

speculate that the additional domain and its extra capabilities may be somehow
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linked to either the pathogenic nature of Mtb or to some aspect of its survival,

either during transmission or during intracellular infection.

Although there has been some biochemical characterisation of Cho in bacteria
(Moolenaar er al.. 2002). there is limited information about the role ot Cho
(Rv2191) in Mtb. Other components of NER have been characterised to an extent
(Darwin and Nathan 2003) but so far. there have been no investigations into the
role of Rv2191. Although biochemical investigations provide a good idea of
function in vitro. it is difticult to fully characterise the role of the gene in this way.
Constructing mutant strains are a good way to further investigate a specific gene
and examine the role of the missing gene both /n virro and whenever possible. in

VIvo.

1.8.4 Non-Homologous End Joining

Non-homologous end joining (NHEJ) is an alternative repair pathway used to
repair double strand breaks (DSBs). The broken ends are simply re-ligated back
together without the need for a homologous template as is the case in homologous
recombination. As a consequence. a small number of bases can be lost or inserted
at the repair site and the integrity of the DNA can be compromised at the expense
of successtul repair. NHEJ appears to be the primary mechanism for DSB repair
in mammalian cells (Jeggo 1998). probably because the mechanism is active
throughout the cell cycle (Critchlow and Jackson 1998). However. homologous
recombination appears to be the main mechanism of DNA repair in lower

eukaryotes such as Saccharomyvces cerevisiae (Dudasova er al., 2004).
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For successful homologous recombination to take place. extensive sequences of
homology are required. whereas for NHEJ only a few homologous base pairs are
necessary: these are known as microhomologies and are used to guide the repair.
Where double strand breaks are present in the form of single stranded overhangs.
the microhomologies are used to create accurate repair with no sequence loss.
Where there is no region ot homology present. the ends are simply religated back
together. leading to potential introduction of error. However. this is rare and on

the whole. the pathway is extremely accurate.

NHEJ is conserved throughout many species and is present from higher
organisms. including humans. through to yeast. In addition. this repair pathway
has recently been identified in prokaryotes such as Mtb and Bacillus subtilis.

Interestingly. E. coli does not have a NHEJ system.

1.8.4.1 NHEJ in eukaryvotes and higher organisms

In humans. NHEJ is used primarily for the repair of DSBs arising as a result of
exposure to ionizing radiation. certain chemicals and following V(D)J chain
rearrangement (Hiom 2003). the process whereby B cell and T cell receptor
diversity is generated in vertebrate cells. The pathway is particularly important as
unrepaired DNA double strand breaks can result in catastrophic consequences for
the cell including death, cell cycle arrest and chromosome translocation, which

can result in increased mutation rates. ultimately leading to tumour formation.

The pathway in higher organisms and eukaryotes involves a number of

components. which make up a multi-protein complex. sometimes referred to as
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DNA-PK. The complex includes a DNA-dependent protein Kkinase catalytic
subunit. (DNA-PKcs). (Smith and Jackson 1999). a heterodimer consisting ot
Ku70 and Ku80. XRCC4 and Artemis. as well as some other factors. which are as

vet unidentitied (Roth 2003).

The main tunction of the Ku70/Ku80 heterodimer is recognition of DSBs. It has
been demonstrated in virro that the Ku heterodimer has a high affinity for a
variety of DNA ends as well as hairpins which occur as intermediates during

V(D)J chain rearrangement (Dynan and Yoo 1998).

The Ku heterodimer recruits the DNA-PKcs. The DNA-PK becomes activated
during association with the Ku70/Ku80 heterodimer bound to DNA and
preterentially phosphoryvlates proteins bound on the DNA (Doherty er al.. 2001).
Together the Ku'DNA-PKcs complex loads on to the broken DNA strand. binding
to the ends and forming a ring around it. The Ku proteins arrange themselves into
a hollow circular structure through which DNA ends can be threaded allowing
repair (Doherty and Jackson 2001). The Ku/DNA-PKcs complex ditfuses along
the DNA. Activated DNA-PKcs recruits Artemis. an endonuclease. and Mrel | to
process the ends. Pol Mu (polymerase) fills in the gap in the DNA strand and
XRCC4 is recruited by Ku. The DNA ligase 1V (an ATP-dependent DNA ligase)
binds to XRCC4 and joins the ends together, the components then dissociate
(Figure 1.4). It is currently unclear exactly how the repair complex disassembles

from ligated DNA.
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Interestingly. eukaryotic Ku proteins have a range ot functions due to their
additional domains. which are thought to aid their role in DNA repair (Doherty
and Jackson 2001). These include a Von Willebrandt tactor A domain (Ponting er
al.. 2000). which enables Ku to recruit additional proteins to the site of damage.
and a SAP DNA binding motit (Aravind and Koonin 2001). The SAP motif is
thought to prevent Ku from moving away trom the DSB ends (Walker er al.

2001).
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Adapted from Weller ez al., 2004

Figure 1.4: Non-homologous end joining in eukaryotes
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Double strand break occurs

The Ku70-Ku80 heterodimer
encircles the broken strand and
recruits DNA-PKcs

End processing starts, as activated
DNA-PKcs recruits Artemis and
the Mrel1 complex.

Polymerases such as Pol Mu fill
in the trimmed ends and XRCC4
is recruited by Ku. Ligase IV
binds to XRCC4 and ligates the
broken ends together.

The complex dissociates by an
unconfirmed mechanism.

The process of NHEJ is relatively complex in eukaryotes and involves a number of components.
There remains the possibility that further components have yet to be identified. The Ku70-Ku80

heterodimer forms a ring around the broken strand and recruits Artemis and the Mrell complex

and end processing starts. Polymerases fill in the trimmed end and Ligase IV ligates the broken

ends together. This is followed by dissociation of the components.
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The eukaryotic Ku homologues are of similar sizes and subunit structure across
the species and display similar DNA binding properties (Dynan and Yoo 1998).
Human and Drosophilia Ku70 cDNA can complement k« mutant strains in yeast
(Dynan and Yoo 1998). which highlights the conservation between the species. It
is proposed that the Ku70 and Ku80 subunits are derived from a common
ancestral gene, despite the fact that they are biochemically distinct (Dynan and
Yoo 1998: Gell and Jackson 1999). Additionally, it is suggested that the
eukaryotic and bacterial Ku proteins are derived from a common ancestral gene.
which probably bound to DNA ends and recruited other factors for repair such as
ligases (Doherty er al.. 2001). This is supported by the ability of bacterial Ku and
Ligase to complement the joining deficient phenotype of NHEJ mutant yeast cells
(Della et al.. 2004). However, the reverse does not hold true, which suggests that

in prokaryotes, the NHEJ complex is species specific (Weller et al., 2002).

The importance of NHEJ in humans is highlighted by the fact that defects in a
number of its components are linked to cancer and immune related deficiencies.
Mice deficient in DNA-PKcs are severely immunodeficient. due to the inability to
carry out successful V(D)J chain rearrangement and additionally are sensitive to
ionizing radiation. Ku70 and Ku80 knockout mice display the severe combined
immunodeficiency (SCID) phenotype (Barnes 2001) for the same reason.
Individuals with mutations in the gene coding for DNA ligase IV have been
demonstrated to be immunodeficient and additionally display developmental and
growth defects. It seems that the breadth of function of NHEJ and its components

is huge and for this reason, not yet fully understood.
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1.8.4.2 NHEJ in prokaryotes

The pathway of NHEJ in bacteria was discovered only recently in Bacillus subtilis
(Weller et al., 2002). The process is predicted to be simpler in prokaryotes than
eukaryotes. Interestingly, ku genes are not present in all bacterial species and as
there is no clear phylogenetic link between bacteria that possess ku« and those that
do not. it is suggested that the NHEJ pathway may have been acquired by

horizontal gene transfer events (Bowater and Doherty 2006).

The Ku component of the pathway exists as a smaller single protein in bacteria.
compared with a heterodimer in eukaryotes. However, this single protein displays
homology to the core domain of both Ku70 and Ku80 (Weller er al., 2002).
Furthermore. it was found that in B. subtilis. the ku equivalent gene is in the same
operon as the ligase equivalent gene. This strongly implies a functioning NHEJ

pathway in bacteria (Weller er al., 2002).

A protein homologous to Ku has also been identified in the bacteriophage mu.
The Gam protein is similar both in sequence and structure (d'Adda di Fagagna er
al.. 2003). and is present in a variety of bacteria. It is thought to result from
prophage insertions. Its role is thought to be similar to that of Ku and following
viral infection, it binds to the ends of linear phage DNA. thus preventing
degradation by host exonucleases. In this way, integration of the phage genome
into the host chromosome is aided (d'Adda di Fagagna er al., 2003). Bacterial
strains expressing gam or possessing Ku orthologues are enhanced in their ability

to acquire DNA and integrate it into their genome (d'Adda di Fagagna et al.,
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2003). Thus. it is suggested that Ku may have a role in prokaryotic evolution

(Bowater and Doherty 2006).

NHEJ in bacteria involves the Ku-like protein and ATP-dependent DNA ligase
only. On recognition of DNA ends. the Ku-like protein is recruited and loads onto
the broken piece of DNA. Ku recruits the ATP-dependent DNA ligase which joins
together the DNA ends and thus physically interacts both with the DNA ligase

and the DNA ends. The proteins dissociate once repair is complete (Figure 1.5).

The ability of Ku to facilitate repair via DNA ligase is somewhat dependent on the
type of DNA end (Ramsden and Gellert 1998). Although Ku is especially efficient
when involved in the joining of blunt DNA ends. and ends with a 1 or 2 base
overhang, the effect is less marked on DNA strands with a longer overhang (Hiom
2003). Ku itself does not have a role in processing the DNA strand breaks.
Instead. its main role is to recruit the Ligase and potentially manage the repair in
terms of order and extent (Della er al.. 2004). To compensate for the lack of
additional processing factors, which are not present in prokaryotes, there are a
number of domains with end-processing activities encoded by the ku-associated
ligase genes. including a polymerase and components implicated in gap filling

during NHEJ (Bowater and Doherty 2006).
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Double strand break occurs

The Ku homodimer is
recruited to the broken
strand

End processing takes place
via the nuclease domain of
the ATP-dependent ligase.

The broken strand is re-
ligated using the primase
and ligase domains of the
ATP-dependent ligase

Ku and Ligase disassociate

Adapted from Weller et al., 2004

Figure 1.5: Non homologous end joining in prokaryotes

The system of NHEJ is much simpler in prokaryotes compared with eukaryotes and involves only
2 proteins, Ku and ATP-dependent Ligase. The different domains of the ATP-dependent Ligase
are used to fulfil a number of functions in the repair of the damaged strand. Once Ku is recruited to
the damaged strand, end processing and religation are carried out by the ATP-dependent Ligase.
Once completed, Ku and Ligase dissociate.
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The NHEJ pathway has been identified in Mtb (Weller et al., 2002). The proteins
involved. and their homologues in M. smegmatis (Msm) have recently been
characterised biochemically (Weller er al., 2002; Della et al., 2004: Gong et al.,
2004: Gong er al., 2005), confirming that they are indeed involved in non-
homologous end joining. The proteins equivalent to Ku and Ligase are Rv0937c¢
and Rv0938 respectively. The fact that Rv0937c and Rv0938. homologous to
genes in eukaryotic NHEJ, are present in Mtb strongly suggests that the pathway

may be an alternative mechanism for repairing DNA double strand breaks in Mtb.

Rv0937¢c (Mtb Ku). shows a high level of homology to Ku70 and Ku80. The
eukaryotic Ku has a central core region with N and C terminal extensions, whilst
Rv0937¢ has a conserved core domain. Ku78 (Doherty et al., 2001), which is

homologous to both the Ku70 and Ku80 domains.

Rv0938, which is divergently transcribed from Rv0937c, shows significant
homology to an ATP-dependent DNA ligase. which is involved in the NHEJ
pathway. In eukaryotes, the ATP-dependent ligase consists of a catalytic core
ligase domain flanked by N and C terminal extensions. Mtb Rv0938 is predicted
to have a primase domain. a ligase domain and a nuclease domain in the centre
(Weller and Doherty 2001). Interestingly., there are 4 DNA ligases in
mycobacteria, Mt-ligA to Mt-ligD. Rv0938 (/igD). is one of the ATP dependent
ligases and is adjacent to and divergently transcribed from ku. It has been
demonstrated that Rv0938 displays a variety of functions, including gap-filling
polymerase. terminal transferase, primase and additionally acts as a 3" to §°

exonuclease (Della er al., 2004). It was thus confirmed through biochemical
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studies, that with the exception of 5 digestion, Rv0937¢ and Rv0938 are able to
undertake all the various processes of NHEJ and act as a self sufficient repair
engine for DSBs (Della et al., 2004). In short, Ku and Ligase together, have the
ability to recognize double strand breaks, process them and ligate them together.
This is in contrast to the NHEJ system in eukaryotes, which is more complex, and

involves many more components (Della er al.. 2004).

It has been demonstrated in M. smegmatis that the repair of blunt and
complementary 5° overhangs is highly mutagenic with a 50% error rate (Gong et
al.. 2005). This raises some interesting questions about the purpose of NHEJ in a
pathogenic organism such as Mtb. and whether this system plays a role in
virulence and potentially contributes to antibiotic resistance. Biochemical studies
have demonstrated that Msm LigD displays both template dependent and

independent polymerase functions in vitro (Gong et al., 2005).

As NHEJ is important in the repair of DNA damage sustained during periods of
absent or decreased DNA replication where there is no homologous donor, it is
tempting to speculate that this may be the primary form of repair of DSBs
employed by an organism such as Mtb whilst in latency (Weller et al., 2002). This
is further supported by the fact that the pathway is present in B. subtilis, a spore
tormer. which also spends extended periods of time in a dormant phase, whilst
still maintaining its genomic integrity. B. subtilis NHEJ mutant spores display
increased sensitivity to ionizing radiation compared with a wild type strain

(Weller et al., 2002), which implicates the pathway in the repair of double strand
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breaks. Spores contain a single copy of their genome, which excludes the

possibility of using HR for repair (Bowater and Doherty 2006).

As yet, there are no detailed studies into NHEJ and its components in Mtb,
although biochemical analyses have been undertaken. The construction of NHEJ
mutant strains would provide an insight into both the roles of the genes and the

role of the pathway under various conditions

1.9 The response to DNA damage

The SOS response. an important feature in the regulation of DNA repair genes in
bacteria. is induced upon exposure to a variety of DNA damaging agents. The
SOS response has been well characterised in E. coli. where more than 40 genes
are regulated in this way and are induced on exposure to DNA damage. The SOS
response is regulated by RecA and LexA (Little and Mount 1982)., with LexA

acting as a transcriptional repressor.

LexA binds to an SOS box sequence upstream of genes it regulates and inhibits
their transcription (Little er a/., 1981). Following DNA damage. the RecA protein
becomes activated by binding to regions of single-stranded DNA, and stimulates
the autocatalytic cleavage of LexA. preventing it from acting as a transcription
repressor (Little 1991) as the shorter fragments are unable to bind to the SOS box
to inhibit expression (Bertrand-Burggraf er al., 1987). This leads to the induction
of genes that are normally repressed by LexA and which are involved in the repair
of damaged DNA. In short, the SOS response is a DNA repair system. where the

DNA repair proteins are repressed under normal circumstances by LexA, but are
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activated during conditions of DNA damage, for example. by the presence of a

lesion.

In mycobacteria, it has been shown that there are two mechanisms for inducing
gene expression under DNA damaging conditions (Davis et al., 2002). The SOS
response is either regulated by RecA and LexA as in E. coli, or alternatively,
DNA damage induction can be independent of RecA (Rand er al.. 2003). A
number of damage inducible genes can be induced in the absence of RecA in Mtb
and many are involved in pathways essential for DNA repair such as NER
(including wvrA. uvrB and Rv2191) and BER (xthd and nei). It is possible that
there are two pathways for induction in case one fails or is inhibited. when the
other can induce the repair of damage that could otherwise be lethal. or that the

two systems respond to different signals.

1.9.1 DNA damage inducible genes

A number of genes of unknown function are induced following DNA damage
suggesting that the proteins they encode may play a role in the repair of damaged
DNA. Some of these genes are regulated by LexA as part of the SOS response.
described previously. However, the majority of DNA damage inducible genes in
Mtb are regulated by a RecA independent mechanism (Rand er al.. 2003). A
number of these genes have a common promoter motif (Gamulin et al., 2004),

suggesting that their expression may be controlled by a specific sigma factor.
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To begin to investigate DNA damage inducible genes involved in the SOS
response, i.e. those regulated by a RecA/LexA dependent mechanism, one such

gene, Rv3395c¢, has been selected for further study.

Upstream of Rv3395¢ is an SOS box with a single mismatch from the consensus
sequence that is predicted to bind LexA (Davis et al., 2002: Rand et al., 2003).
Furthermore, Rv3395c¢ is very highly induced under conditions of DNA damage
in wild-type Mtb but is not induced in a RecA mutant strain (Rand e al.. 2003).
Together. these observations imply that the regulation of Rv3395c is dependent on

RecA and LexA.

Rv3395¢c shows limited similarity to RecA proteins over an alignment of 140
amino acids and Tuberculist reports a 31.45% similarity with RecA from
Thiobacillus ferrooxidans over this short alignment. This domain is an ATPase
domain which was first identified in E. coli RecA (Story et al., 1992). This RecA-
like structural domain has been linked with a mechanical function which involves
using energy obtained from hydrolysis or nucleotide binding to move nucleic
acids or polypeptides (Ye er al.. 2004). A number of genes involved in DNA
repair pathways, including recG (Singleton et al., 2001) and wvrB (Theis et al.,
1999). also contain this ATPase domain which suggests a function in DNA repair.
Rv3395c¢ has been shown to be co-transcribed with Rv3394¢ (Rand ¢r al., 2003),
which 1s induced upon exposure to hydrogen peroxide and UV irradiation
(Boshoft er al., 2003). Rv3394c and Rv3395¢c are predicted to interact by the
STRINGS database (http://string.embl.de/). Rv3394c possesses a DinP domain.

characteristic of mutagenic DNA polymerases, further supporting a role for this
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operon in DNA repair. Additionally. Rv3395¢ has been proposed as a functional
counterpart of imud, one of 3 genes involved in error-prone repair of DNA lesions
(Galhardo et al., 2005). imud and imuB. involved in inducible mutagenesis are
thought to work with dnaE2. The Mtb imuB gene is Rv3394c. In C. crescentus,
imuA and imuB are involved in DNA damage tolerance. The system of error-prone

repair and inducible mutagenesis may have important consequences for Mtb

survival in vivo.
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1.10 Hypotheses and Aims

The evidence discussed suggests that DNA repair plays a potentially crucial role
in Mtb survival and perhaps virulence. Despite this, only a small amount is known
about many of the genes involved. Therefore, the aim of this project will be to
investigate the role of a selection of genes predicted to be involved in different
aspects of DNA repair. The genes selected for study are Rv0937¢ and Rv0938,
components of the NHEJ pathway; Rv2191, which encodes a protein homologous
to E. coli Cho and thought to be a component in NER: and Rv3395¢c, a DNA
damage inducible gene with some limited similarity to recA. It is hoped that
characterising these genes will provide an insight both into their individual roles,
and potentially into the roles of the pathways which they are part of. Mutant
strains. where the individual gene is inactivated. will be constructed for all of the

genes under study.

Hypotheses:

1) The genes under study are involved in DNA repair during growth in virro.
This will be investigated by examining the susceptibility of the mutant

strains to DNA damage.

2) The genes under study play a role in bacterial survival during infection in

vivo. This will be tested by investigating the ability of the mutant strains to

grow in an animal infection model.
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Aims:
o To construct Mtb mutant strains deficient in the following genes:

Rv0937c, Rv0938. Rv0937¢c/Rv0938. Rv2191. Rv3395¢c

° To carry out a basic initial screen to assess the susceptibility of the mutant
strains to a range of DNA damaging conditions. and identify strains which

may be affected to a greater extent in DNA repair.

e  Torigorously investigate the phenotypes of the selected mutant strains. both

in vitro and in vivo.
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2 Materials and Methods

2.1 Bacterial Strains and growth conditions

Genetic manipulations were performed using E. coli, strain DH3a (Invitrogen).

The Mycobacterial strain used was M. tuberculosis H37Rv.

E. coli was grown in L-broth, at 37°C overnight with shaking at 250 rpm for
liquid culture. L-agar was used as solid media for growth (appendix I). Antibiotics
or X-gal were added to the media as appropriate, (Kanamycin 50pg/ml,

Gentamycin 20 pg/ml. X-gal 100 pg/ml).

H37Rv was grown in Dubos media (Difco. appendix I). supplemented with 0.2%
glycerol and 4% albumin (Beckton Dickenson). Growth conditions were at 37°C
in a rolling incubator at 2 rpm. (Lee er al. 1991) where doubling time is
approximately 17 hours. Middlebrook 7HI11 agar supplemented with 2% Dubos
medium albumin (Beckton Dickenson) and antibiotic (kanamycin 25 pg/ml.
gentamycin 15 pg/ml). and/or X-gal (100 pg/ml) where appropriate. was used as
solid media for growth. All work on H37Rv was carried out in a Category 3

containment laboratory.
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2.2 Recombinant DNA techniques for gene mutation

For primer and probe sequences, see appendix Il
Table 2.1: Vectors

The vectors used to make plasmids for mutant construction and complementation:

Plasmid Relevant characteristics

pBackbone Contains Km® and Amp" cassette. Adapted from pBluescript
(Gopaul 2003)

pCR-4 blunt Commercial vector (Invitrogen)

pUC-GM Contains Gm" cassette (Schweizer 1993)

pGOAL-17 Contains SacB/LacZ cassette (Parish and Stoker 2000)

pMV261 Replicating plasmid (Stover et al.. 1991)

pKP-186 Plasmid for constructing complement, integrase” (Rickman et
al.. 2005)

pBS-Integrase Plasmid containing integrase cassette (Springer et al., 2001)

2.21 PCR

50 ng of genomic M. ruberculosis DNA was used in a 50 ul PCR reaction. The
other components of the reaction were 5 pl Pfu buffer (Stratagene), 5 pl 2 mM
dNTPs (Amersham Biosciences). 2.5 ul DMSO (SIGMA), 500 nM each ot the
forward and reverse primers, 2.5u PFU turbo polymerase (Stratagene). A control
without genomic DNA was always run. The PCR programme used to amplify the
fragments was 94°C for 2 min and 35 cycles of 94°C for 30s, 60-64°C for 30s,

68°C for Imin/kb. The 35 cycles were followed by a single additional stage of
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68°C for 5 min. The extension time was changed according to fragment size, with
1 min per kilobase as a guideline. The annealing temperature was adjusted
according to the predicted Ty, of the primers as calculated by the DNAstar primer
design package. For generating some PCR products, PCR Supermix (Invitrogen)
was used according to the manufacturer's instructions. 2.5u PFU turbo
polymerase (Stratagene) was added in addition to the Taq polymerase already

present. All PCR products were sequenced following cloning.

2.2.2 Restriction digestion

Restriction digests were set up with the appropriate amount of DNA. 1/10 total
volume buffer. 1/100 volume BSA. 1/10 to 1/50 volume restriction enzyme,
depending on activity and made up to the total volume using dH.O. Restriction

digests were incubated at the appropriate temperature for 1- 15 hours.

2.2.3 Agarose Gel Electrophoresis

DNA samples were run on a 0.8-1% agarose gel (Sigma) at 80V for 1 hour or 22V
overnight. A BioDoc-it system (UVP) was used to visualise bands under UV light
at 254 nm. Where bands were excised. the gels were visualised using a standard
3UV Transilluminator at 302 nm. The QlAquick Gel extraction kit (Qiagen) was

used was used to extract DNA from agarose gels.
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2.2.4 Preparation of DNA

Phenol-chloroform extraction using Phase Lock Gel tubes (Eppendorf), and
ethanol precipitation was performed to purify the DNA prior to cloning. Equal
volumes of restriction digest mix and buffered phenol:chloroform:isoamyl alcohol
(Sigma) were added to a pre-centrifuged Phase Lock Gel tube and centrifuged for
2 min at 13,000 rpm (SIGMA 1-15K). The top fraction containing the DNA was
removed and transferred to a new eppendorf tube with 2.5 X volume 96% ethanol
and 1/10 volume 3M sodium acetate. pH6. This was incubated at -20°C for at
least 1 hour and centrifuged at 4°C for 15 min at 13.000 rpm. The supernatant was
removed and 100 pl 70% ethanol added. this was centrifuged for 5 min and all
supernatant removed. The pellet was allowed to air dry at RT and resuspended in

appropriate volume of 1X DNA dilution buffer (Roche) or dH-O.

2.2.5 Methods for cloning

2.2.5.1 Standard cloning

Ligation was carried out using the Rapid DNA Ligation Kit (Roche). The insert
and vector were quantified and approximately twice the amount of insert to vector
was incubated with 1 X ligation buffer and 1u T4 DNA ligase, at RT for 10 min.
Once ligation was completed. transformation with subcloning efficiency DHS5a
cells (Stratagene) was performed according to the manufacturer’s instructions as
follows: 10 ul ligation reaction was added to 50 ul DHS5a cells and incubated on
ice for 30 min. The reaction mix was heat-shocked at 37°C for 45 seconds,

incubated on ice for a further 2 min and 950 pl L-broth added. This was then
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incubated at 37°C for 1 hour with shaking at 250 rpm and various amounts plated

out onto L-agar supplemented with the appropriate antibiotic.

2.2.5.2 Cloning using the TOPO vector

Selected PCR products, where standard cloning was inappropriate, were cloned
blunt into a TOPO vector, pCR-4 blunt (Invitrogen). The TOPO® Cloning
Reaction kit (Invitrogen) was used and transformation was via the One Shot®
Mach1™-T1® Chemically competent cells (Invitrogen). The cloning reaction was
set up as follows: 0.5-4 ul PCR product was added to 1ul salt solution. Sterile
water was added to a total volume of 5 pul and 1 pul TOPO vector added. The
reaction was mixed gently and incubated for 5 min at RT. For the transformation 2
ul of the cloning reaction was added to a vial of One Shot chemically competent
E. coli and incubated for 5 min on ice. The cells were heat-shocked for 30 seconds
at 42°C without shaking and transferred to ice. 250 pul of RT SOC medium was
added and the tube shaken horizontally (250 rpm) for 1 hour at 37°C. 10-50pul
from each transformation was plated onto a pre-warmed L-agar plate

supplemented with kanamycin or ampicillin. Plates were incubated overnight at

37°C.

DNA was extracted from the clones obtained using a QIAprep kit (Qiagen) and
digested with the appropriate restriction enzyme. The desired fragment was
excised from an agarose gel and was then cloned conventionally into the

appropriate vector.
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In order to make the targeting constructs (Table 2.2), 5* and 3" regions flanking

the gene of interest were amplified using PCR as described previously. These

were then cloned into pBackbone (Gopaul 2003), a suicide vector containing

kanamycin and ampicillin resistance cassettes. A gentamycin resistance marker

was inserted between the 5 and 3" fragments of the gene to ensure loss of

function of the gene and to facilitate selection of mutants. The sacB/lacZ cassette,

cut out from pGoal-17 and gel purified. was inserted into the Pacl site of

pBackbone. This cassette enabled blue/white screening on X-gal enriched media

and counterselection against the vector in the final knockout selection stages in M.

tuberculosis.

Table 2.2: Targeting constructs

The targeting constructs made to mutate the genes under study.

Plasmid Construct 5’ fragment | 3’fragment
(bp) (bp)
pRC3 | pBackbone targeting Rv0937c. with 1644 1760
GmE cassette and SacB/LacZ cassette
pRC4 | pBackbone targeting Rv0938. with Gm" 2056 1941
cassette and SacB/LacZ cassette
pRCS5 | pBackbone targeting Rv0937c¢ and 1644 1941
Rv0938. with Gm"® cassette and
SacB/LacZ cassette
pRC7 | pBackbone targeting Rv2191. with Gm" 1174 1227
cassette and SacB/LacZ cassette
pRCI1 | pBackbone targeting Rv3395c, with 2236 2244
Gm" cassette and SacB/LacZ cassette
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