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Abstract

Mycobacterium tuberculosis is an intracellular pathogen, able to survive and 

replicate in macrophages. Here the bacilli encounter host defences including the 

production of reactive oxygen intermediates (ROI) and reactive nitrogen 

intermediates (RNI). This is part o f the antimicrobial response, which amongst 

other targets can damage DNA. It is, therefore, highly important for the bacillus 

to maintain mechanisms with which to repair damaged DNA. Oxidatively 

damaged DNA bases are removed by a variety o f repair mechanisms, and studies 

in E. coli have identified genes that function within each of these pathways. M. 

tuberculosis homologues have been identified fi"om the genome sequence, and 

construction and characterisation o f strains defective in one or more of these 

genes has been used to assess the requirement for DNA damage repair in M. 

tuberculosis. Interestingly, strains containing individual mutations in a number of 

repair genes were affected in their ability to cause progressive infection in mice.

In parallel with the mutational studies, global gene expression in wild-type M. 

tuberculosis and a recA mutant strain following DNA damage has been compared 

using microarrays. Generally, in bacteria DNA-damage inducible genes are 

regulated by the repressor protein LexA; this regulation is dependent on RecA. 

Thus, LexA-regulated genes are not induced in recA mutant strains. It was found 

that in M. tuberculosis the majority of DNA-damage inducible genes remained 

inducible in the recA mutant strain, including most o f the inducible DNA repair 

genes. This suggests that non-classical regulatory mechanism(s) are important for 

survival o fM  tuberculosis following DNA damage.
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1.0 Introduction

1.1 Tuberculosis

Mycobacterium tuberculosis was originally described by Robert Koch in 1882, as 

causing the disease tuberculosis formerly known as ‘consumption’ and ‘phthisis’ 

(meaning wasting) (Koch, 1882). Many anecdotal theories existed around this 

time, as to the cause and spread of tuberculosis, the most bizarre of which was the 

belief that vampires caused tuberculosis (Salyers and Whitt, 2002). Thus it took 

many years for the cause of tuberculosis to become public knowledge.

The discovery of the causal bacterium at this time was an amazing achievement, 

considering the difficulty with which tuberculosis is cultured, even now. The 

causative agent, Mycobacterium tuberculosis, although associated as causing the 

major disease of the nineteenth century, remains a major health issue in today’s 

society. It is estimated that over 8 million individuals are infected with 

tuberculosis annually, and that a third of the world’s population is harbouring the 

tubercle bacillus (WHO, 2000). The problem is further exacerbated by co- 

infection with human immunodeficiency virus (HIV). Drug treatment compliance 

and the emergence of antibiotic resistance strains are still enormous issues for the 

successful treatment o f tuberculosis. A decade ago, the world health organisation 

(WHO) implemented a new strategy for the treatment o f tuberculosis, named 

directly observed treatment, short course (DOTS) (WHO, 2000). This consists of 

the use of the first-line anti-tuberculosis drugs (isoniazid, rifampicin, 

pyrazinamide and ethambutol) or a subset of them over a period of six months, in

16



conjunction with aid from the local governments to implement drug compliance 

amongst patients, and to monitor the rate of positive cases and the emergence of 

drug resistant strains.

1.1.1 The genus mycobacteria

The genus mycobacteria may be split into two general groups; the ‘non- 

pathogenic’ fast growing strains (e.g. M. smegmatis and M  vaccae), and the 

‘pathogenic’ slow growers (e.g. M  leprae and M. avium) (Murray et a l,  1994). 

Tuberculosis falls in the latter group and belongs to a group of mycobacterial 

species termed the M. tuberculosis complex, comprising M  tuberculosis, M. 

bovis, M. bovis BCG  (an attenuated strain of M. bovis achieved through in vitro 

passage and subsequently used as a vaccine), M  africanum, M. microti and M. 

cannetti (Wayne, 1982; De Jong et a l, 1991). M. tuberculosis is the organism 

responsible for causing the greater part of disease in humans.

1.1.2 Mycobacterium tuberculosis characteristics

M. tuberculosis is an unusual bacillus; it is Gram-positive, extremely GC rich, and 

has a genome size of 4.4Mb. Its slow-growing nature is reflected in its doubling 

time o f approximately 17 hours (Hatfull, 1993) and the bacillus exhibits periods of 

dormancy or ‘non-replicating persistence’ (see section 1.4.2) (Wayne, 1982). M. 

tuberculosis has an exceptionally lipid-rich cell envelope, serving to make it fairly 

impenetrable (Jarlier and Nikaido, 1994) with a hydrophobic surface, thus 

conferring resistance to many disinfectants, and many laboratory stains such as
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Gram and Geimsa (Murray et a l,  1994). Consequently, the M  tuberculosis 

complex can be characterised by its acid fastness, meaning it can resist 

decolourisation with acid alcohol (Wayne, 1982). The cell wall of M. tuberculosis 

is extremely complex, consisting of peptidoglycan covalently linked to 

arabinogalactan-mycolate molecules and overlaid with free lipids and 

polypeptides (Murray et a i,  1994). M. tuberculosis has a large number of genes 

encoding proteins involved in lipid metabolism (Cole et al., 1998), which 

contributes to bacterial survival in the host (Murray et a l ,  ). Lipids (including 

species specific mycosides, mycolic acids and phenolic glycolipids) account for 

over 10% of the total dry weight o f mycobacteria, protecting the bacteria from the 

effects o f the phagolysosomal components, and these lipids are highly antigenic 

(Salyers and Whitt, 2002). These features of M. tuberculosis, make it a highly 

successful pathogenic organism, the molecular mechanisms of which may now be 

probed due to the completion of the sequence of the M. tuberculosis genome.

1.1.3 The genome sequence of mycobacteria

The first mycobacterial genome sequence, that of M. tuberculosis H37Rv was 

completed in 1998 (Cole et ah, 1998). Subsequently, the genome sequences of 

other mycobacterial species have been determined or are in working progress, and 

these include, M. tuberculosis CDC1551 strain (www.tigr.org), M. bovis 

(www.sanger.ac.uk), M. bovis BCG  (www.sanger.ac.uk), and M  avium 

(www.tigr.org). This has provided a valuable tool to help in the dissection and 

elucidation of mycobacterial pathogenesis. Initially 3924 genes with the potential 

to encode polypeptides were detected, and subsequently a further 13 genes were 

uncovered through proteomics and comparative genomics. Functional
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information about the protein-coding genes was inferred by means of database 

comparisons, and 11 different groups were defined, including lipid metabolism, 

information pathways and regulatory proteins (Cole et a l ,  1998). The genome 

sequence was re-annotated in 2002 (Camus et a l, 2002). The re-annotation, 

identified a further 82 protein coding sequences, 22 of which have a predicted 

protein function. Many more gene names have been added along with 

modification o f a number of gene lengths (Camus et al., 2002).

The breakthrough in the genome sequence has led to the production of high 

quality microarrays, which enable the study of gene expression at the transcript 

level across the M. tuberculosis genome, and of gross genomic comparisons 

within mycobacterial isolates and species (see section 1.9).

Sequence comparisons between strains have revealed a remarkably restricted 

variation observed in the M. tuberculosis complex structural genes, which has 

important ramifications for studies on virulence and drug resistance. The lack of 

allelic diversity means that when amino acid polymorphisms or regulatory region 

nucleotide variations are observed, it is likely that the variation has functional 

consequences, for example antibiotic resistance (Sreevatsan et al., 1997).

1.2 Infection and immunity -  the host response

M. tuberculosis infection spreads from person to person via the respiratory route. 

The advantage of this route of transmission is that the tiny droplets generated by 

coughing can not only evade the defences of the upper respiratory tract, but stay in
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the air much longer than larger particles (Salyers and Whitt, 2002). Tuberculosis 

has been estimated to have infected 2 billion people worldwide (WHO, 2000). Of 

this, the vast majority are latent carriers for the disease and only have a 2-23% 

lifetime risk o f developing active disease (Zahrt, 2003). Infection in these cases is 

normally reactivated upon depression of the immune system, either in old age or 

upon secondary infection, as is often the case with HIV. Thus, the immune 

response mounted is generally successful in containing the infection, although not 

in eliminating M. tuberculosis.

The innate immune system allows a general and rapid response to the bacteria, 

recruiting macrophages and inflammatory cells to the site o f infection 

(Rosenberger and Finlay, 2003). Macrophages are proficient at rapidly 

recognising, internalising and degrading bacterial pathogens, and can contain an 

infection long enough to initiate an adaptive immune response (Rosenberger and 

Finlay, 2003).

Adaptive immunity usually commences approximately 2-4 weeks post infection 

(in the mouse model), and can be distinguished by both CD4^ and CD8^ T cell 

migration to the lungs, demonstrating an effector/memory phenotype. M. 

tuberculosis resides in a vacuole within the macrophage and immunologic control 

of M. tuberculosis is based on a type I Th cell response (characterised by the 

production o f cytokines such as IL-12 and IFN-y). Consequently, MHC class II 

restricted presentation of mycobacterial antigens to CD4^ T cells is an outcome of 

infection (Flynn and Chan, 2001). The initiation o f a T cell response is among the 

most important protective responses to infection, and this has been demonstrated
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through co-infection with HIV, Loss of CD4^ T cells in HIV increases 

susceptibility to acute infection and reactivation o f M  tuberculosis (Flynn and 

Chan, 2001). This later phase of adaptive immunity, mediated by T cells and B 

cells, offers several advantages over the innate immune response, including 

remarkable specificity and immunological memory. After macrophage 

recognition of the bacterial pathogen, production of cytokines and antigen 

presentation commences, to activate cytotoxic CD8^ T cells to kill infected cells, 

or CD4^ T cells to interact with B cells to facilitate antibody production 

(Rosenberger and Finlay, 2003).

Dendritic cells also have a fundamental role in the initiation of adaptive immunity 

to bacterial pathogens. They express high levels o f MHC class II molecules, and 

function as important antigen presenting cells for T cell activation (Kuby, 1994). 

Both dendritic cells and macrophages can identify bacteria using receptors 

involved in pathogen uptake (e.g. scavenger receptors, macrophage mannose 

receptors and Fc receptors), phagocytose bacteria and process antigen for 

presentation, but dendritic cells have the added ability to migrate more readily to 

lymph nodes and activate naïve T cells. Thus, dendritic cells are thought to be the 

principle antigen presenting cells (Rosenberger and Finlay, 2003).

Once a successful host inflammatory response has been initiated, containment and 

control o f the bacterial infection takes place through the formation of granulomas. 

The granuloma consists of macrophages and giant cells (a multinucleated 

differentiated macrophage), T cells, B cells and fibroblasts (Flynn and Chan, 

2001). The activated macrophages in the granulomas suppress proliferation of the
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phagocytosed bacilli, containing the infection (Kuby, 1994). It is here that as well 

as being exposed to reactive nitrogen intermediates (RNI) (see section 1.3), the 

bacteria are subjected to acidification, nutrient starvation and a reduction in 

oxygen availability (Rosenberger and Finlay, 2003). These are discussed in 

section 1.5.

1.3 Killing mechanisms -  the macrophage response

Although M. tuberculosis resides within the macrophage in the host, the 

macrophage itself is a highly immunologically important cell. Macrophages 

constitutively express unique receptors to detect bacteria rapidly, and trigger cell 

signalling and other inflammatory responses, such as the production of cytokines 

to further enhance the host response (Rosenberger and Finlay, 2003). Signalling 

mechanisms coordinate macrophage killing responses by the activation and 

recruitment of a repertoire of antibacterial effectors to the phagolysosome. Of 

most importance in the macrophage microbicidal activity are the production of 

phagocyte NADPH oxidase and inducible nitric oxide synthase (iNOS) 

(Rosenberger and Finlay, 2003).

NADPH oxidase is important for the production of oxygen within the cell. The 

oxygen uptake in both monocytes and macrophages is due to the activation of an 

enzyme complex associated with the plasma membrane. The system oxidises 

NADPH provided by the pentose phosphate pathway in the cytosol into NADP^ 

(Halliwell and Gutteridge, 1990). This facilitates the production of a number of 

ROI and RNI in the cell (see section 1.5). Mice deficient in NADPH oxidase 

exhibit moderate enhanced sensitivity to M. tuberculosis (Flynn and Chan, 2001).
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Expression of iNOS or N0S2 in macrophages is induced in response to 

inflammation and infection, and is dependent on levels o f intracellular calcium. 

In a mouse model of M. tuberculosis infection, iNOS is transcriptionally induced 

by IFN-y (interferon gamma) and EPS (lipopolysaccharide which triggers a 

proinflammatory response when recognised by the macrophage). However, this 

system is more complex in humans (MacMicking et al., 1997). IFN-y is a key 

cytokine in control o f M. tuberculosis infection. It is produced by both CD4^ and 

CD8^ T cells during tuberculosis infection, and IFN-y knockout mice have been 

shown to be highly susceptible to M. tuberculosis infection (Flynn and Chan, 

2001). The iNOS antigen has been found in 65% of macrophages lavaged from 

tuberculosis patients (MacMicking et al., 1997), and NOS inhibitors have been 

shown to worsen the course of disease caused by M. tuberculosis, L. 

monocytogenes and Plasmodium spp in mice (MacMicking et al., 1997).

NADPH oxidase and iNOS catalyse the oxidative burst, i.e. the synthesis of 

antibacterial reactive oxygen (ROI) and nitrogen (RNI) species (Rosenberger and 

Finlay, 2003). Consequently monocytes and activated macrophages produce 

superoxide, hydrogen peroxide, the hydroxyl radical and nitric oxide (see section 

1.5), which subsequently react to make even more potent reactive products, to 

destroy the bacilli (MacMicking et al., 1997).

1.4 Mycobacterial survival

M. tuberculosis has a number of mechanisms for survival, maintenance and 

persistence in the host, regardless o f the plethora of limiting conditions that the

23



host subjects it to. This includes modifying the way in which it is processed upon 

entering the host, resistance to a number of growth limiting conditions and 

toleration of extreme environments as discussed below.

1.4.1 Persistence in the macrophage

Initially, the ability of M  tuberculosis to survive and persist in the macrophage 

comes from its ability to modify its intracellular environment within phagocytes 

primarily through altering macrophage phagosomes. Phagosomes are the product 

of the endocytic pathway initiated by phagocytosis of large particles e.g. micro

organisms. Although fusion of the phagosome with the lysosome is a single 

event, formation of the phagolysosome is a dynamic and complex process which 

is modified by M. tuberculosis. This results in inhibition o f fusion of the 

mycobacterial phagosome with the lysosome, limiting exposure to lysosmal 

enzymes (Triccas and Gicquel, 2000). The lysosome is a complex vacuolar 

organelle of the late endocytic pathway, and contains potent hydrolytic enzymes 

that function optimally at acidic pH (4.5-5.0). The acidie environment is

maintained by membrane ATP-dependent proton pumps, the vacuolar 

ATPases (Flynn and Chan, 2001). The vacuoles surrounding M. tuberculosis 

show reduced expression of the proton pumping ATPase needed for vacuole 

acidification, thus inhibiting the activation of low pH-dependent lysosomal 

enzymes (Triccas and Gicquel, 2000). The bacilli can also modify the antigen 

presenting ability of infected macrophages contributing to immune evasion 

(Rosenberger and Finlay, 2003).
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1.4.2 Non-replicating persistence during oxygen depletion

As well as an ability to avoid the host immune response M. tuberculosis ean reside 

in human tissues for decades without replicating, with the potential for resuming 

growth and producing active tuberculosis. It was first suggested by Wayne (1976) 

that bacterial studies on M. tuberculosis in vitro were unrepresentative of the 

conditions in which the tubercle bacilli resides in the host. Depletion o f nutrients, 

shifts in pH and depletion of oxygen, the environment encountered upon 

encasement in the granuloma (section 1.4.3), may affect the shift o f the bacteria 

into a state of ‘non-replicating persistence’, meaning the bacteria may be able to 

persist in a steady state under these defined conditions without replication 

(Wayne, 2001). A common characteristic of inflammatory or necrotic lesions is a 

state o f depleted oxygen, and the lesions within which M. tuberculosis resides are 

essentially avascular, with little access to oxygen. Macrophages encountered in 

later stages of infection are facultative anaerobes and respire in hypoxic sites 

(Wayne, 2001). Adaptation of the bacilli to depletion of oxygen remains an 

important issue for reactivation. It has been shown that upon abrupt depletion of 

available oxygen, M. tuberculosis bacteria that are growing in vitro undergo rapid 

death and autolysis (Wayne, 1977). However, when the bacteria settle across an 

oxygen gradient, they remain viable, and are able to begin replication again upon 

resumption of oxygen availability (Wayne, 1976).

The ability of M. tuberculosis to survive under these oxygen limited conditions 

also has great implications in resistance to antibiotics as well as anaerobiosis. 

Wayne et al (1994) have shown that once the shift to non-replicating persistence

25



has occurred, the bacteria can become resistant to isoniazid and rifampicin, 

antibiotics used to treat active tuberculosis, and sensitive to metronidazole. It has 

also been proposed that the bacterium has the ability to alter its cell wall in 

response to anaerobic conditions, thus increasing its survival ability in the host 

(Cunningham and Spreadbury, 1998). Thickening o f the cell wall in response to 

anaerobic conditions was observed in M. bovis BCG  cultures over a period o f 6 

months. M. tuberculosis grown under the same conditions for 1 month showed 

the same cell wall thickening, but to a greater extent than that seen in BCG 

(Cunningham and Spreadbury, 1998). This kind o f response is observed less 

frequently in microaerophilic cultures, but never in aerobic cultures, indicating 

that some protection may be conferred to the bacteria during oxygen limitation. 

Corresponding to this was the observation of the expression of a small heat-shock 

protein termed a-crystallin {acr) during microaerophilic and anaerobic growth in 

this study (Cunningham and Spreadbury, 1998). Subsequently, it has been shown 

that this gene may be important in M. tuberculosis pathogenesis, through studies 

showing that acr is needed for the growth of M  tuberculosis in macrophages 

(Sherman et al., 2001). The expression of acr has been used for identification o f 

the hypoxic response, as it is dramatically increased in M. tuberculosis during 

conditions of low oxygen (Sherman et a l,  2001).

1.4.3 Nutrient starvation

The ability for M  tuberculosis to survive during nutrient starvation is of great 

importance, particularly due to the extended periods o f survival o f the bacteria in 

the granuloma, where nutrient availability is likely to be low. The response of M.
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tuberculosis to nutrient starvation was originally studied by Loebel et al (1933a), 

on the basis that in order for the bacilli to survive in a tuberculous lesion it must 

obtain energy for life and growth. Loebel et al (1933a) showed that availability of 

glycerol, as an energy source, was a main requirement for bacterial respiration, 

and they used a starvation model to investigate the effect of nutrients predicted to 

be available in a granuloma on the metabolism of M. tuberculosis. Nutrient 

starvation resulted in a gradual shut-down of respiration to minimal levels, but the 

bacteria remained viable and could recover upon transfer to rich medium (Loebel 

et al., 1933b).

Subsequently it has been shown that mycobacteria can survive for extended 

periods (up to 2 years experimentally) during nutrient depletion and produce 

viable bacteria when transferred onto nutrient rich media (Nyka, 1974). This 

implies that reactivation o f disease is highly likely, regardless o f nutrient 

availability in the host. It has been postulated more recently that lipid metabolism 

is required in maintaining mycobacterial viability in the absence of robust growth, 

since the caseous intragranulomar environment is likely to be lipid rich, and it 

appears that mycobacteria are well-endowed with suitable enzymes for utilising 

lipids as a sole carbon source (the so-called ‘lipolytic hypothesis’) (Cole et al., 

1998; Primm et al., 2000). Thus, M. tuberculosis has developed an efficient way 

of maintaining its viability in the absence o f nutrients in its surrounding 

environment in the host.

27



1.4.4 The stringent response

It has been suggested that the stringent response is required for long-term survival 

o f M. tuberculosis (Primm et a l, 2000). The stringent response is a broad 

transeriptional program encompassing more than 80 genes in E. colt, that mediates 

prokaryotic adaptation to survival under conditions o f starvation (Cashel et a l, 

1996). This response is induced by amino acid, carbon, nitrogen or phosphorous 

starvation, UV light exposure and fatty acid starvation. The reaction of the 

bacteria to these conditions is to shift energy metabolism towards utilisation of 

glycogen, and to inhibit production of stable RNA synthesis. This process in both 

E. coli and Salmonella is mediated by an increase in intracellular levels of 

hyperphosphorylated guanine nucleotides, specifically the 3’-pyrophosphate 

derivative of GDP and GTP referred to as pppGpp (Cashel et al., 1996). Two 

proteins are responsible for the production of pppGpp in E. coli and other Gram 

negative bacteria, and have been termed RelA and SpoT. Among the 

actinomycetes group o f bacteria there appears to be only one protein with 

homology to both RelA and SpoT, and it has been identified in M. tuberculosis 

(Primm et al., 2000). The function o f this protein is ribosome associated, and is 

activated by binding uncharged tRNAs to the ribosome upon depletion of amino 

acids. This protein may allow M. tuberculosis to utilise a variety of 

transcriptional control mechanisms to ensure survival during conditions of 

nutrient starvation, as an M. tuberculosis strain defective in the production of 

RelA was less able to survive during in vitro starvation and anaerobic incubation 

than wild-type M. tuberculosis (Primm et al., 2000). More recently it has been

28



shown that the relA mutant strain of M. tuberculosis is severely impaired in ability 

to persist in a mouse model of infection (Dahl et al., 2003).

1.5 ROI and RNI and DNA damage

As previously mentioned (section 1.3), the environment that the bacteria persist in 

is continuously subjected to the production of ROI and RNI which can damage 

DNA. Repair o f DNA damage is therefore an important attribute for bacterial 

survival. On this basis, one must understand the ways in which DNA damage can 

occur, and the types of resulting damage.

DNA is subject to constant change, including alteration in chemistry or sequence 

of individual nucleotides. These changes can occur as a result o f errors 

introduced during replication, recombination, and repair itself. Other 

physiological conditions, such as nutrient availability, oxygen tension, 

temperature and pH, may alter the stability of chemical bonds or nucleotides in 

the DNA structure.

Many physiologically important species can cause oxidative and nitrosative 

damage to DNA. The most important of these, perhaps in all aerobic organisms, 

is oxygen. Oxygen itself is involved in a variety o f mechanisms which under 

defined conditions can cause toxicity. Oxygen is a good oxidising agent; by way 

of definition this means it can absorb electrons from the molecule it oxidises. 

Although oxygen is not a strong electron acceptor, as it reacts very slowly unless 

activated by a catalyst, partial reduction generates a variety of hazardous
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compounds. This includes the production of the superoxide radical O2’, which is 

generated in numerous cells including neutrophils and macrophages. These cells 

utilise NADPH oxidase, which is associated with the plasma membrane to oxidise 

NADPH into NADP^ in the cytosol, the electrons being used to reduce oxygen to 

the superoxide radical (Halliwell and Gutteridge, 1990) in the reaction:

NADPH + 2 O2 NADP^ + H^ + 2 O2'

The superoxide radical, a powerful oxidising agent, is then able to participate in a 

variety of reactions, producing further reactive oxidative and nitrosative species. 

It can dismutate to form hydrogen peroxide (H2O2) in the reaction:

2O2 +2YC —> H2O2 + O2

H2O2 can then react in the iron-catalysed Fenton reaction to form the hydroxyl 

radical (OH ) or with superoxide according to the Haber-Weiss reaction:

Fenton reaction Fe^^ + H2O2 —> Fe^^ + OH' + OH

Haber-Weiss H2O2 + O2 —> O2 + OH' + OH

Nitric oxide is a novel bioregulatory molecule involved in diverse physiological, 

pathological and toxicological processes. Its synthesis is catalysed by nitric oxide 

synthase (NOS), which converts the guanidino nitrogen group o f L - arginine into 

NO, also forming L-citrulline (Ignarro and Murad, 1995). NOS is induced in 

response to certain physiological requirements from the cell (iNOS). NO can 

react with superoxide to form the highly reactive peroxynitrite radical (OONO ),
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or it can be reduced to form nitrite (NO2’), nitrogen dioxide (NO2 ) and nitrate 

(NO3 ) (Nathan and Shiloh, 2000), with the reduction of electrons in the reaction:

- le  -le  -le  

NO -> NO2 -> NO2 ^  NO3

The type o f DNA damage that the production o f ROI and RNI cause ineludes 

oxidation, deamination, alkylation and hydrolysis o f bases, oxidation of the 

deoxyribose and fragmentation of the sugar (Demple and Harrison, 1994) which 

may result in base substitutions or DNA strand breaks if left un-rep aired.

Base substitutions can be categorised as transition mutations when one purine is 

exchanged for another or one pyrimidine for another, or as transversions, when a 

purine is substituted for a pyrimidine or vice versa. Such base changes can create 

missense or nonsense mutations. Missense mutations are of great significance 

within the genome, as they represent a change in a codon from one amino aeid to 

another by way of a base substitution. This type of mutation can have a number 

of possible consequences ineluding; no detectable efleet, a partial loss of function, 

a complete loss of function, or an alternative function. Nonsense mutations are 

mutations that change the amino acid to a stop codon, causing premature 

termination o f protein synthesis often resulting in loss of function (Friedberg et 

a l,  1994).

Thus, due to the production of reactive oxygen and nitrogen species in neutrophils 

and maerophages, micro-organisms have developed intricate ways o f evading or
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catabolising host cell production of ROI and RNI, and have evolved a variety of 

repair systems to counteract DNA damage.

1.6 DNA repair

To be able to survive and replicate inside the macrophage, it is likely that M. 

tuberculosis requires the ability to protect itself against and to repair DNA 

damage, as DNA is amongst the targets o f oxidative and nitrosative damage. It is, 

therefore, expected that the bacillus maintains a number of mechanisms with 

which to repair damaged DNA.

The simplest method o f repair is direct reversal o f DNA damage. In this 

mechanism, a specific type of damage to DNA is repaired by a single enzyme 

composed of a single polypeptide chain, catalysing a one-step reaction to restore 

the structure of the genome to its normal state (Friedberg et a l,  1994). The only 

known gene in M. tuberculosis involved in this process is an alkyltransferase ogt, 

an alkylguanine-DNA alkyltransferase.

Damaged DNA bases are usually removed by one of three mechanisms: 

nucleotide excision repair (NER), base excision repair (BER) or recombination 

repair. Knowledge of these systems is based on studies made in E. coli. Base 

damage is generally removed by excision repair, whilst damage that encompasses 

both strands o f DNA is repaired via homologous recombination pathways.
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1.6.1 Base excision repair (BER)

This pathway is responsible for correcting DNA damage caused by exposure to 

ROI and other metabolites that oxidise and alkylate DNA (Mizrahi and Andersen, 

1998), and is a two stage process (Figure 1). Initially DNA glycosylases function 

when DNA damage occurs by catalysing the hydrolysis o f N-glycosylic bonds 

linking particular types of chemically altered bases. Damaged bases are excised 

as free bases. One of the most common and stable oxidation products of guanine 

is 8 -oxo-G (8-OXO-7,8 -dihydro guanine) formed when the ring atom of the purine 

undergoes oxidation (Demple and Harrison, 1994). The fpg  gene 

(formamidopyrimidine-DNA glycosylase, also known as mutM) recognises these 

oxidised residues in the DNA, and incises the DNA at the damaged base, resulting 

in the formation o f sites of base loss called apurinic or apyrimidinic (AP) sites 

(Friedberg et al., 1994). If un-repaired, adenine (A) can pair opposite 8 -oxo-G in 

subsequent DNA replication causing G-C-T-A transversions. To counteract this, 

if  the 8 -oxo-G lesion is not removed prior to replication, excision of A from these 

mispairs by mutY is initiated. The MutY protein is another DNA glycosylase that 

can initiate base excision repair on the undamaged strand, following which the 

excised A nucleotide can be replaced by accurate repair synthesis, resulting in 

reformation of 8 -ox-G C and allowing another chance for fpg-mediaied repair 

(Friedberg et al., 1994).

The AP sites generated by removal o f the damaged base require further 

biochemical repair events via apurinic / apyrimidinic (AP) endonucleases which 

catalyse the incision o f the DNA backbone exclusively at AP sites, thus preparing
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Figure 1. BER processing of DNA damage
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Figure 1. Schematic of BER processing of DNA damage in E. coli. fpg  recognises 

8 -oxo-G lesions in the DNA backbone, and excises this as a free base. If fpg  is 

unsuccessful in removing the oxidated guanine, mutY will remove the mis- 

incorporated adenine in the subsequent round of replication. Repair occurs via 

polymerase I and ligase following strand cleavage by AP endonucleases.
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the DNA for repair synthesis and DNA ligation. The two genes identified in E. 

coli that function here are nfo (endonuclease IV) and xthA (exonuclease III). Both 

the Nfo and XthA proteins catalyse the formation o f single-stranded breaks at 

sites of base loss in duplex DNA, via attack on the phosphodiester bond 5’ to the 

site o f base loss, leaving 3’OH groups. The only distinguishing difference 

between the two proteins is the presence of a 3’ exonuclease activity in XthA 

(Friedberg et a l, 1994). It has been suggested that in E. coli, xthA makes up the 

majority of AP endonuclease activity, comprising approximately 90% (Friedberg 

et al., 1994; Galhardo et al., 2000). The importance of these processes for the 

repair o f oxidative damage is indicated by the observation that in E. coli, mutants 

o f XthA have shown hypersensitivity to H2O2, and double mutants with nfo shown 

even greater sensitivity to H2O2 (Galhardo et al., 2000). The M  tuberculosis 

homologue of nfo has been termed end (Cole et al., 1998).

1.6.2 Nucleotide excision repair (NER)

Extensive studies o f NER in Escherichia coli have identified a group of genes 

termed uvrABC and D  that function within this repair pathway (Asad et al., 1995; 

Courcelle and Hanawalt, 2001; SaiSree et al., 2000) (Figure 2). UvrAB and C 

proteins are required for the excision of pyrimidine dimers in E. coli and act by 

endonucleolytic incision of damaged DNA (Friedberg et a l,  1994), ultimately 

resulting in the release o f an oligonucleotide. For this reason they are referred to 

as excinucleases (Friedberg et al., 1994).
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Figure 2. NER processing of DNA damage
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Figure 2. Schematic of NER processing of DNA damage in E. coli. The UvrA 

protein acts as a dimer and functions in a complex with UvrB recognising thymine 

dimer damage in the DNA backbone. After UvrA is released, UvrB complexes 

with UvrC which nicks the DNA either side of the damage. This complex is 

removed via UvrD, which also releases the damaged oligonucleotide, to allow 

repair via Poll and ligase
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In E. coli, UvrA is a DNA-independent ATPase and a DNA binding protein. In 

its dimeric form, UvrA binds DNA containing various forms of base damage, 

ranging from AP sites to cross-link-initiated triple helixes. The UvrAi-DNA 

complexes rapidly dissociate, and further selectivity for the binding of UvrA to 

damaged DNA is through interaction with UvrB. UvrA is then released, and 

UvrC is recruited in the presence of UvrB to catalyse nicking of the DNA 

backbone, either side of the damaged area (Friedberg et al., 1994). Following 

this, UvrD facilitates the release of the damaged oligonucleotide and the release of 

UvrC, from the post-incision complex, allowing DNA polymerase (poll) and 

DNA ligase to complete the repair reaction.

Other E. coli DNA helicases cannot substitute for the function o f uvrD, suggesting 

that its activity is specific to this gene (Friedberg et al., 1994). Mutation o f any 

one o f UvrA, UvrB or UvrD in strains lacking DNA polymerase I has been shown 

to cause lethality in Escherichia coli (Moolenaar et al., 2000), suggesting an 

essential role for this form of excision repair. All 3 genes are under the regulation 

of LexA in E. coli so their induction is RecA-dependent (see section 1.6.4) 

(Friedberg et al., 1994). UvrD has also been shown to have a role in mismatch 

repair, through studies in S. pneumoniae. A uvrD mutant strain o f S. pneumoniae 

was deficient in the ability to carry out methyl directed mismatch repair 

(Friedberg et a l, 1994).

Homologues of UvrA, B, C and D have been identified in M  tuberculosis (Cole et 

al., 1998), and they may function in a similar way in NER in M. tuberculosis.
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However, the uvrA gene does not appear to be regulated in a LexA-dependent 

manner in M. tuberculosis (Brooks et al., 2001).

1.6.3 Recombination repair

The recA gene has an important role in homologous recombination, and 

recombination repair. Strains o f E. coli defective in recA have been shown to 

exhibit a severe decrease in recombination efficiency (Kowalczykowski et al., 

1994). The RecA protein plays a central role in mediating recombination repair in 

all recombination repair pathways. It has been shown in Escherichia coli that 

there are two main recombination pathways, both utilising recA (Figure 3).

The first pathway, termed the major recombination pathway, is named after the 

RecBCD genes and is important in the repair o f double-stranded breaks 

(Kowalczykowski et al., 1994; Amundsen et al., 2000). Regulation of these genes 

is not affected by SOS induction (see section 1.6.4), but damage is repaired in a 

rgCv4-dependent manner (Kowalczykowski et al., 1994). The RecBCD protein 

complex has many functions, it is a potent ATP-dependent double-stranded DNA 

exonuclease, and a helicase for which unwinding is coupled to exonucleolytic 

degradation o f the DNA (Amundsen et al., 2000; Friedberg et al., 1994). It also 

acts as a chi (%) specific endonuclease; chi sites are short specific regions o f DNA 

that RecBCD can bind to. RecBCD modifies the DNA to produce a double

stranded DNA molecule with a single-stranded DNA tail to allow RecA to bind 

and promote homologous recombination (Chedin and Kowalczykowski, 2002).
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Figure 3. Recombination repair processing of DNA damage
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Figure 3. Schematic o f recombination repair processing of DNA damage in E. 

coli. The RecBCD proteins act as a complex, locating an area of damage, and 

recruiting RecA for repair via homologous recombination. The RecFOR proteins 

recognise lesions at replication forks, again requiring RecA for repair.
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This complex is present in M  tuberculosis in which it may play a role in DNA 

damage repair.

The second pathway, known as the minor recombination pathway, involves the 

RecFOR genes. Primarily studied in E. coli, it is thought to be required, as a 

complex, for reactivation of stalled replication forks, but also for repair of single

stranded breaks (Friedberg et a l,  1994). It has been suggested in E. coli, that the 

RecFOR proteins serve as RecA accessory proteins to help RecA utilise single

stranded DNA complexes as substrates for repair (Friedberg et al., 1994). 

Mutations in these genes conferred recombination deficiency and sensitivity to 

ultraviolet light (Liu et al., 1998). The recF gene in E. coli has multiple functions 

that include involvement in RecA-dependent post-replication recombination 

repair, plasmid based mismatch repair, UV induced recombination, and the 

adaptive response to alkylation damage (Kowalczykowski et al., 1994). A clear 

homologue of recO was not identified in M. tuberculosis although recF and recR 

were readily identified, suggesting that these two genes may be of more 

importance for recombination in M. tuberculosis (Mizrahi and Andersen, 1998; 

Muniyappa et al., 2000).

Other recombination proteins have been identified in E. coli, that also work in 

conjunction with RecA. These include RecE and RecJ which are 5’^  3’ DNA 

exonucleases which bind to double-stranded or single-stranded DNA respectively, 

and RecG, a helicase that works with RuvA, B and C in branch migration 

(Friedberg et al., 1994). Homologues in M. tuberculosis for each of these genes 

have been identified from the genome sequence (Cole et al., 1998).
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Finally the radA gene, named for its role in radiation resistance in E. coli, has also 

been reported to play a role in recombination repair processing double-stranded 

breaks (Song and Sargentini, 1996). This gene shows some sequence similarity to 

RecA, DnaB (replicative DNA helicase) and at the C-terminus to Lon protease (an 

ATP-dependent serine protease that binds DNA (Beam et a l, 2002). The radA 

homologue in M  tuberculosis has been identified from the genome sequence.

1.6.4 The SOS response

As well as its central role in recombination, RecA lies at the heart o f induction of 

the SOS response (Walker, 1984). In an uninduced E. coli cell, the product of the 

lexA gene acts as a repressor for > 20 genes including recA and lexA, by binding 

to similar operator sequences at each gene or operon, known as SOS boxes (Little 

et al., 1981)]. Many of these genes including recA are expressed to a limited 

extent even in the repressed state (Walker, 1984). When DNA damage occurs, an 

intracellular signal for SOS induction is generated, which consists of regions of 

single-stranded DNA that are generated in an attempt to replicate a damaged 

strand (Friedberg et a l,  1994). RecA binds to these damaged single-stranded 

regions of DNA, which stimulates autocatalytic cleavage of LexA, thus 

preventing LexA from binding, and inducing an increase in synthesis of proteins 

of the SOS regulon (Walker, 1984; Little et al., 1981). In E. coli, the majority of 

genes involved in DNA damage repair are regulated in this RecA-dependent 

manner (Kowalczykowski et al., 1994).
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The RecA protein has been identified and characterised in M. tuberculosis (Davis 

et al., 1991), and an SOS response, under the control o f LexA and RecA in M. 

tuberculosis has been defined (Durbach et al., 1997; Movahedzadeh et al., 1997). 

Characterisation of the SOS response in M. tuberculosis has shown that a number 

of DNA-damage inducible genes have an SOS box at an appropriate site upstream 

of the gene and are predicted to be regulated in RecA/LexA-dependent manner 

(Davis et al., 2002a).

1.7 ROI and RNI detoxification

There are a number of other mechanisms by which M  tuberculosis can process 

reactive oxidative and nitrosative species encountered from the host. With respect 

to more general strategies against oxygen damage in living cells, studies with E. 

coli have revealed complex co-regulation of DNA repair and other protective 

enzymes. Two régulons controlled by SoxRS and the OxyR gene products 

respond to superoxide and H2O2, respectively. These proteins are redox-sensitive 

transcriptional activators (Friedberg et al., 1994). In E.coli, SoxRS regulates nfo 

and enhances the transcription of SodA and SodC (superoxide dismutases), 

metalloenzymes that catalyses the dismutation of superoxide radicals into 

hydrogen peroxide and molecular oxygen (Dussurget et al., 2001). OxyR 

enhances the transcription of catalase (encoded by KatG) and alkylhydroperoxide 

reductase (encoded by AhpC). Mutations in sodC  in M. tuberculosis and M. bovis 

BCG have shown increased sensitivity to exposure to hydrogen peroxide, 

demonstrating the importance of this gene in the cellular defence against ROI 

(Dussurget et al., 2001). However, the OxyR gene is a pseudogene in M.
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tuberculosis (Deretic et a l, 1997), although the KatG and AhpC homologues are 

both functioning proteins. These two proteins in M. tuberculosis encode enzymes 

which protect against ROI and RNI. Catalase is an enzyme that catalyses the 

breakdown o f hydrogen peroxide, and KatG is known to be important for 

virulence (Hatfull, 1993). AhpC is involved in detoxifying organic peroxides, and 

has been suggested to be important in the oxidative stress response (Springer et 

al., 2 0 0 1 ).

Finally, two mycobacterial cell wall components, lipoarabinomannan (LAM) and 

phenolicglycolipid I (PGL-I), are potent oxygen radical scavengers, and 

mycobacterial sulphatides can interfere with the oxygen radical-dependent 

antimicrobial mechanism of macrophages (Flynn and Chan, 2001).

1.8 Mutational analysis of M. tuberculosis

Due to the slow-growing nature and lipid-rich cell wall of M. tuberculosis, genetic 

manipulation of the bacteria has proved a problem in years gone by. However, 

over the past decade a number o f advances in the application of molecular 

techniques to mycobacteria have permitted the elucidation of some mycobacterial 

characteristics at the gene and protein level using mutational studies. These 

involve the use of homologous recombination and allelic exchange to generate 

mutant strains o f M. tuberculosis, in one or more genes, to assess loss of function 

phenotypes.
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1.8.1 Homologous recombination

Recombination is a process by which regions o f DNA are rearranged to produce 

new genetic linkage relationships, and usually occurs between homologous 

regions of DNA (Kowalczykowski et al., 1994), Recombination has two major 

functions within the genome: the generation of novel genetic combinations which 

may provide a selective advantage, and the repair of DNA to maintain a functional 

chromosome (Colston et al., 2000). This process o f recombination can be 

exploited in order to generate strains lacking individual genes for mutational 

characterisation. This approach has been utilised in a number of studies for the 

manipulation o f M. tuberculosis (and other slow-growing mycobacterial species) 

to make a variety o f mutated strains.

The use of allelic exchange was first established successfully in M. smegmatis 

(Kalpana et al., 1991). Effective transfer to slow growing mycobacteria required 

the development of counterselection strategies to identify double-crossover events 

from single-crossovers and random integrations. Two counterselection methods 

have been applied, one based on the rpsL gene (Hatfull and Jacobs, 2000) and the 

other on SacB (Pelicic et al., 1996). The first strategy is based on the dominant- 

negative selectable marker rpsL^ (encoding the ribosomal protein S12 (Hatfull 

and Jacobs, 2000)), which confers streptomycin sensitivity to a streptomycin- 

resistant host, and has been used to isolate recA and ahpC mutants in M. 

tuberculosis (Sander et al., 2001).

The second strategy depends on sacB which codes for levansucrase, resulting in 

sucrose sensitivity. This method has been further developed by Parish et al
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(1999) by the additional use of lacZ which in the presence of X-Gal turns colonies 

blue. This method uses a suicide delivery vector to integrate a mutated gene 

(usually with the function disrupted with an antibiotic resistance marker) into the 

M. tuberculosis genome through homologous recombination. The use o f lacZ and 

sacB, allows the isolation o f a double cross-over event. In selecting against the 

presence of both the sacB and lacZ genes, it is possible to determine whether the 

plasmid has been lost and that the mutation is integrated into the genome. The 

mutation is then verified by use o f the polymerase chain reaction (PCR) and 

Southern blotting.

1.9 Microarravs

Microarrays are one o f the latest technological breakthroughs in experimental 

molecular biology, allowing an insight into global gene expression (Brazma and 

Vilo, 2000). The basis o f this technology requires a completed genome sequence 

o f the organism of interest, and is glass slides containing an ordered collection of 

either oligonucleotides called oligonucleotides arrays, or PCR products 

representing individual genes, known as cDNA microarrays (Figure 4.) (Lucchini 

et al., 2001). This method utilises mRNA to monitor gene expression at the 

transcript level, the first step in gene regulation. RNA is extracted from each 

population being tested (usually a sample and a control), and labelled with two 

different fluorescent dyes. This is applied to the microarray, and hybridised to 

allow the samples to hybridise to their complementary sequences (Figure 4). The 

abundance of RNA is measured through excitation o f the fluorescent dyes, and 

quantified using statistical software. This uses clustering analysis and algorithms.
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Figure 4. cDNA microarray slide

Figure 4. Image of a cDNA PCR product microarray slide containing 3,924 genes 

from the M  tuberculosis genome, hybridised with control (cy5 -  red) sample (cy3 

-  green) RNA. The top and bottom rows of each square represent control genes to 

validate the hybridisation, and the cross in the centre of each square are blank 

spots.
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and can identify genes regulated in a similar manner that perform common 

metabolic and biosynthetic functions.

The advent of microarray technology coupled with the completion of the M. 

tuberculosis genome sequence will give us clues to determine the functional roles 

of different genes, aspects of gene regulation, and how gene expression of the 

bacteria changes under different environmental conditions.

1.9.1 Comparisons within mycobacteria

Comparative genomics using microarray technology has been used to compare 

two or more genomes at the open reading frame (ORF) content level. 

Comparisons can also identify regions of difference amongst clinical isolates or 

different species to perhaps designate potential genes involved in virulence. This 

kind of comparison has been performed on M. tuberculosis, M  bovis and M. bovis 

BCG (BCG) (Behr et al., 1999). Behr et al (1999) showed that compared to M. 

tuberculosis, 11 regions containing 91 ORF’s were found to have been deleted 

from one or more o f the pathogenic M. bovis strains tested. A further 38 ORF’s 

were deleted from BCG when compared to M. bovis, and analysis of the BCG 

deleted regions compared to M. tuberculosis showed that these genes may be 

transcriptional regulators involved in the expression of virulence genes 

(Schoolnick, 2002).

This technology has been applied within M. tuberculosis species to compare the 

genome among a number of clinically and epidemiologically well-characterised 

isolates (Kato-Maeda et al., 2001). This study suggested that deletions are likely
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to contain ancestral genes whose functions are no longer essential for survival, 

although with increasing number o f deletions the likelihood o f M. tuberculosis 

causing pulmonary cavitation decreased. Thus, the importance o f microarrays has 

been highlighted through the rapid emergence o f comparative studies across the 

M. tuberculosis complex.

1.9.2 Microarray analysis of conditions mimicking the internal environment

As previously mentioned in section 1.3, M  tuberculosis can survive and replicate 

in the hostile environment of the macrophage, where it is subjected to a variety of 

host responses to eliminate or contain the bacilli. Consequently, a number o f 

studies have been performed on M. tuberculosis using microarrays to look at gene 

expression in response to conditions that mimic the environment o f the host. This 

includes studies of differential gene expression in response to nutrient starvation 

(Betts et a l,  2002), alterations in pH (Fisher et al., 2002), hypoxia (Sherman et 

a l,  2001), the influence of drugs (Wilson et al., 1999) and the response to 

infection in macrophages (Monahan et al., 2001; Schnappinger et al., 2003).

1.9.3 DNA damage and microarrays

Microarray technology has also been used to study comparative gene expression 

profiles in E. coli following exposure to a variety o f different DNA damaging 

agents, to ascertain the mechanisms by which DNA damage regulation occurs. 

The response of E. coli to UV exposure in wild-type and an SOS deficient strain 

(lexAl mutation) has been analysed (see section 1.6.4 for SOS response)
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(Courcelle et a l,  2001). This showed that the majority of genes induced in 

response to UV DNA damage were no longer inducible in a lexAl mutant strain, 

indicating regulation in a LexA-dependent manner. The response of E. coli to UV 

damage has been further studied by Khil et al 2002, which showed that over 1000 

genes were differentially expressed following UV exposure (Khil and Camerini- 

Otero, 2002). Other DNA damage mediated microarray transcriptional profiling 

of E. coli, has been assessed using hydrogen peroxide (H2O2) (Zheng et a l, 2001), 

paraquat (a superoxide inducing agent) and sodium salicylate (a nitric oxide 

producing agent) (Pomposiello et al., 2001), to further characterise the bacterial 

response to DNA damage in vitro.

1.9.4 Confirmation of microarrays

Confirming microarray analysis by other techniques is important for validating 

differential gene expression. Some studies have used a combined transcriptome 

and proteome approach when studying gene expression (Frota, 2002; Jungblut et 

al., 2001). The advantages of this methodology is the ability to analyse changes 

in global gene expression alongside specific protein abundance. Confirmation of 

microarray data is often done by quantitative reverse-transcriptase PCR (RT- 

PCR). This allows specific genes to be targeted, and through reverse transcription 

o f RNA with an attached fluorescent probe, quantitative amounts of cDNA can be 

calculated.
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1.10 Aims

To explore the role of a number o f genes thought to be involved in DNA repair in 

the pathogenicity o f M. tuberculosis. The approach for this is to create strains of 

M  tuberculosis mutated in one or more of these genes, and then compare the 

survival o f these mutated strains with wild-type M. tuberculosis, both in vitro and 

in vivo using models of particular aspects o f the disease process.

To study the control o f gene expression in wild-type and mutated strains of M  

tuberculosis following DNA damage. This may allow the identification o f new 

genes potentially involved in DNA repair.
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2.0 Materials and methods

2.1 Bacterial strains and media

For cloning in E. coli, subcloning and library efficiency competent DH5a cells 

(Invitrogen) were used. E. coli was subsequently grown in L-broth (composition 

in Appendix I) or on L-agar supplemented with the appropriate antibiotic 

(kanamycin, 50pg/ml; hygromycin; 250pg/ml; gentamycin 20pg/ml).

For electroporating into M  tuberculosis, competent cells were made from H37Rv 

and 1424 wild-type and recA mutant strains of M  tuberculosis as described 

previously (Jacobs et al., 1991). For selection on solid media, M. tuberculosis 

was grown on 7H11 supplemented with the appropriate antibiotic (kanamycin, 

25pg/ml; hygromycin, 50pg/ml; gentamycin 15pg/ml) and X-Gal (lOOpg/ml) 

where necessary for blue/white screening in mycobacteria.

2.1.1 Bacteria] growth conditions and DNA damage induction.

All M  tuberculosis strains were grown in modified Dubos medium (composition 

in Appendix I), supplemented with 0.2% glycerol and dubos medium albumin 

(Difco) in rolling bottles in a 37°C rolling incubator at 2 rpm. Under these 

conditions of growth, the doubling time was 17h. To induce DNA damage, 

mitomycin C (0.2pg ml paraquat (ImM-lOOmM), H2O2 (ImM-lOmM) or 

NaNÛ2 (3mM-6mM in acidified media pH 5.4) was added to growing cultures (at 

Asoo of 0.3-0.4) and incubated for 24 hours. M  smegmatis mc^l55 was grown in
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modified Dubos medium in a 37°C shaker incubator at 250-300 rpm, the doubling 

time was 2 hours (Hatfull, 1993).

2.2 Recombinant DNA techniques

All primers and probe sequences may be found in Appendix II.

2.2.1 PCR

lO-IOOng of genomic M. tuberculosis DNA was used in 50pl PCR reactions. A 

standard PCR reaction consisted of: 2mM dNTP’s (Amersham Pharmacia 

Biotech), 500nM each o f forward and reverse primer (Oswel), I x concentration 

Pfu buffer containing 2mM MgCl], 2.5u Pfu turbo (Stratagene), DMSO (5%) 

(Sigma). The standard PCR program used to amplify fragments for cloning was: 

denature, 2  minutes, 94°C, then 35 cycles o f 94°C, 30 seconds, annealing 60°C, 30 

seconds, extension 6 8 °C, 1 minute per kb, and a final extension at 6 8 °C, 5 

minutes.

2.2.2 Agarose gel electrophoresis

DNA fragments were visualised on 1% agarose gels. Briefly, gels containing 1% 

agarose (Bio-Rad) were prepared in Ix TBE buffer (composition in Appendix I), 

and ethidium bromide added to a final concentration o f 0.8pg/ml. After setting, 

DNA was electrophoresed in a mini gel tank at 80V or midi tank at 120V, for 1 

hour. DNA fragments were visualised using an ultraviolet transilluminator at
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302nm, photographs were taken using a foto-Analyst video camera (FotoDyne) 

and a thermal printer (Mitsubishi) system.

2.2.3 Excision of bands from agarose gels

DNA bands were purified by excision from agarose gels (Qiagen). Briefly, the 

band of interest was excised, weighed and 3 volumes of buffer QG added. After 

incubation at 50 °C for 10 minutes, the sample was applied to the column supplied 

with the kit, washed and eluted into 30pl of distilled water. Gel fragments were 

also purified using a microcon kit (Millipore), whereby the gel slice was applied 

to a column, and after centrifugation and washing was eluted in 2 0 pl of distilled 

water.

2.2.4 Restriction digestion, precipitation and DNA ligation

DNA digestion was performed using restriction enzymes at a concentration of 

lu/p l with the amount not exceeding 1/10^ of the final reaction volume. The 

reactions were supplemented with enzyme buffer at 1 / 1 0 ^ reaction volume, and 

BSA at 1/100^ of the reaction volume. For use in cloning, digested inserts were 

then extracted with an equal volume of phenol:chloroform:isoamyl alcohol using 

2ml heavy phase lock tubes (Eppendorf). Briefly, lOOpl of 

phenol : chloroform : isoamyl alcohol 25:24:1 (Sigma) was added to 100 pi of 

digested DNA and vortexed. After centrifugation at 13,000rpm (Microfuge) for 2 

minutes the supernatant containing the DNA was removed and ethanol 

precipitated overnight with 2.5 times the volume o f 96% ethanol and 1/10̂ *̂
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volume of 3M NaOAc at -20°C. Non-digested ends from PCR products were 

then kinased with T4 polynucleotide kinase (NEB) at 37°C for 1 hour; the enzyme 

was subsequently denatured at 60 °C for 10 minutes. The vector plasmid was 

digested and cleaned up as above, then dephosphorylated with the addition of 2 pi 

o f calf alkaline phosphatase (Roche) for 45min at 50 °C. DNA was ligated using 

the rapid DNA ligation kit (Boehringer), for 10 minutes at room temperature, and 

used immediately for transformation.

2.2.5 Construction of plasmids

The 5’ and 3’ ends for each gene of interest were amplified by PCR, so as to 

remove part of the coding region to convey a loss of function. Each fragment was 

cloned into unique blunt and sticky ended sites o f the polylinker region of 

pBackbone, a basic plasmid based on pBluescript containing a kanamycin 

resistance cassette (Gopaul, 2002). An antibiotic resistance marker (either 

hygromycin or gentamycin) was introduced between the 2  gene fragments, to 

ensure the loss of function and facilitate subsequent selections. Finally, the 

sacB/lacZ cassette (gel purified from pGoall7, see Table 1) was inserted into a 

unique P a d  site opposite the kanamycin cassette, for selection use in M  

tuberculosis. The plasmids used and constructed in this study are listed in Table 1.
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Table 1. Plasmids used in this study

Plasmid Construct

pBackbone Vector based on pBluescript containing a kanamycin and 

an ampicillin cassette (Gopaul, 2002)

pUC-HY
Vector carrying a hygromycin resistance cassette (4.3kb) 

(Mahenthiralingam et a l ,  1998)

pUC-GM Vector carrying a gentamycin cassette (Schweizer, 1993)

pG oall?

Vector based on pBluescript containing the 6.3kb 

sacB/lacZ cassette which can be removed by P a d  

digestion (Parish and Stoker, 2000b)

pLRlF
pBackbone containing recC, sacB/lacZ and gent

pLR3C
pBackbone containing end, sacB/lacZ and hyg

pLR7D
pBackbone containing xthA, sacB/lacZ and gent

pLR8 D
pBackbone containing^g, sacB/lacZ and gent

pLRlOC pBackbone containing mutY, sacB/lacZ and hyg

pL R llD
pBackbone containing recF, sacB/lacZ and hyg

pLR14D
pBackbone containing radA, sacB/lacZ and hyg

pLR16
pBackbone containing Rvl956, sacB/lacZ and gent
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2.2.6 Transformation of E. coli

Plasmid DNA was transformed into subcloning efficiency or library efficiency 

XyRSa E.coli (Invitrogen) as previously described (Sambrook et a l,  1982). For 

transformation into subcloning efficiency cells, lOpl o f DNA was added to 100 pi 

o f cells, and incubated on ice for 30 minutes. The mixture was then heat-shocked 

at 42 °C for IVi minutes, cooled on ice for 2 minutes, and transferred to 1ml o f L- 

broth. After incubation at 37°C for 1 hour, the cells were harvested at 3,000rpm 

(Microfuge) for 4 mins, 900pl of the supernatant removed, the pellet resuspended 

in the remaining lOOpl, and plated onto L-kan with the addition o f X-Gal where 

necessary. For library efficiency cell transformation, 50pl of cells were used, and 

heat shocked at 42 °C for 45 seconds. The cells were then added to 900pl of pre

warmed (to 42 °C) NZY broth, and continued as above.

2.2.7 Plasmid DNA extraction

Plasmid DNA was extracted from 5ml cultures of E. coli grown overnight using a 

SNAP kit (Invitrogen), or from 100ml cultures using a midi DNA kit (Qiagen). 

Crude preparations o f plasmid DNA were extracted using the STET preparation 

from 1ml cultures of E. coli grown overnight (Holmes and Quigley, 1981).

2.2.8 Preparation of electrocompetent mycobacteria

Each mycobacterial strain used was grown to an À6oo 1.0-1.2. After the addition 

o f 2M glycine at 1/10̂ *̂  o f the culture volume for 24 hours to soften the cell wall,
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the cells were harvested at 10,000 rpm (Sorval) for 30 mins at room temperature. 

The supernatant was removed and the pellet washed with 10% glycerol. The 

pellet was harvested and washed a further three times to remove salts, and 

resuspended in 1 0 % glycerol at 1/ 1 0 ^̂ of the culture volume.

2.2.9 Electroporation and counterselection in mycobacteria

The procedure followed for the generation of knockout mutants of M. tuberculosis 

is shown schematically in Figure 5. 2-5 pg plasmid DNA containing the mutation 

to be introduced was electroporated using 400pl competent cells at 2.5kV, 25pF, 

lOOOQ (BioRad) and. The cells were incubated at 37°C for 24h in 5ml modified 

Dubos. Cells were harvested and resuspended in lOOpl o f supernatant. If the 

mutation was marked with an antibiotic resistance gene, the cells were plated onto 

7H11 + X-Gal plus the relevant antibiotic, or if  unmarked on 7H11 + kan + X-Gal 

selecting for a kanamycin resistance gene present in the vector part of the plasmid. 

An electroporation with no DNA was also processed as a control and incubated at 

37°C for 3-4 weeks. White colonies were picked from marked constructs 

(possible double cross-overs) and DNA extracted. Blue colonies were picked 

(single cross-overs) and plated onto 7H11 plus relevant antibiotic for marked 

constructs and on 7H11 only for unmarked constructs to allow the second cross 

over to occur. Following incubation for 2-3 weeks, serial dilutions were made on 

a loopful o f cells resuspended in liquid medium by vortexing with 1mm glass 

beads. These were then plated onto 7H11 + 2% sucrose +X-Gal plus antibiotic 

for marked, or without antibiotic for unmarked constructs, to select against the 

sacB gene present on the vector which confers sucrose sensitivity and the lacZ
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Figure 5. Generation of mutant strains of M. tuberculosis

Electropo rate plasniid into M tuberculosis

Plated onto 7H11 + ABI + X- Gal

Pick bines. Plate on 7H11 + ABI, 3-4 weeks

%Tdte colonies picked to screen for potential double 
cross oiers

o o

Serial dilution

Plate onto 7H11 + ABI + 2% sucrose + X- Gal, 
3-4 weeks

o o

Pick whites. Patch onto 7H11+ABI and 7 HI 1 
+ Kan, 3-4 weeks

\  /] 1
/  '

Extract DNA from Kan sensith e colonies to 
screen by Soudtemblot

Figure 5. Schematic of the selection procedure for the generation of knock-out 

strains in M. tuberculosis. Plasmids are electroporated into M  tuberculosis and 

plated out to select for the first cross-over event. After allowing a subsequent 

second cross-over event, the colonies are plated onto 2% sucrose for counter

selection, and X-Gal, then tested for Kan sensitivity in the final step. 

Phenotypically correct colonies are then screened by Southern blot.
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gene which confers a blue colour in the presence of X-Gal, and incubated for 2-3 

weeks. Blue sucrose resistant colonies are spontaneous sacB mutants. White 

sucrose resistant colonies are potential double cross-overs. White colonies were 

patched onto 7H11 plates containing relevant antibiotic, kan, or no antibiotic to 

check for loss of the plasmid. Kan sensitive, (and for marked constructs 

appropriate antibiotic resistant) colonies were picked and DNA extracted for 

Southern blotting and PCR.

2.2.10 Extraction of nucleic acids from mycobacteria

Cells were harvested from 7H11 plates, and resuspended in TE buffer, then 

incubated at 80 °C for 1 hour. A solution of lysozyme and lipase was added to 

give a final concentration of 2mg/ml each, and following the addition of 5pi 

RNase (DNase-free RNase:Boehringer) (2.5pg) the mixture was incubated at 

37°C for 2 hours. The samples were snap frozen on dry-ice with ethanol, 

incubated at 75°C for 10 minutes, then cooled to room temperature. Following the 

addition o f proteinase K to a final concentration of 500pg/ml, SDS to a final 

concentration o f 0.5% and 2 pi of RNase, the samples were incubated at 50 °C for 

1 hour. They were then twice extracted with an equal volume of 

phenol:chloroform:isoamyl alcohol, using 2ml heavy phase lock tubes 

(Eppendorf) before a final extraction with an equal volume of chloroform. The 

supernatant containing DNA was removed and 1/50^  ̂ volume of 5M NaCl added 

with 2 volumes of absolute alcohol to precipitate chromosomal DNA.
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Commercially available kits were used for the isolation of total RNA (Hybaid 

Ribolyser Blue kit) from bacterial cultures (100ml). Contaminating DNA from 

the RNA preparations was digested using RNase-free DNase (Roche), and 

subsequently cleaned up with an RNeasy MiniKit (Qiagen). RNA concentrations 

were determined spectrophotometrically at 260nm and by agarose gel 

electrophoresis.

2.2.11 Southern blotting

3pg genomic DNA was digested overnight with the appropriate restriction 

enzymes, then run overnight on a 0.8% agarose (Sigma) gel. The gel was treated 

with 0.25M HCl for 15 mins, dénaturation buffer (1.5M NaCl, 0.5M NaOH) for 

30 mins and neutralisation TNE buffer (1.5M NaCl, 0.5M Tris pH 7.2, ImM 

EDTA) for 30 mins, rinsing in dHiO between each incubation, and blotted as 

previously described (Sambrook et al., 1982). Probes were labelled with 

[alpha^^P] dCTP, using dry Ready-To-Go DNA labelling beads (dCTP) 

(Amersham Pharmacia Biotech) and unincorporated label cleaned off with 

Sephadex G-50 columns (Amersham Pharmacia Biotech). After overnight 

hybridisation at 65 °C, the membrane was washed twice with 2x SSC + 0.1% SDS 

for 15 minutes at room temperature, then with O.lx SSC + 0.1% SDS for 15 

minutes once at room temperature, once at 55 °C, and twice at 65°C.
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2.3 Phenotypic characterisation o fM  tuberculosis knock-outs

2.3.1 Cell viability in vitro following DNA damage

Two 200ml cultures o f each strain were grown to an Aôoo of 0.3-0.4, and 40ml 

aliquoted into separate roller bottles. Each culture was treated with a DNA 

damaging agent (see Table 2) for 24 hours, and one was left untreated. For the 

NaNO] stress, 100ml o f culture was harvested at 10,000 rpm (Sorval) for 30 

minutes at room temperature and resuspended in 100ml modified Dubos pH 5.4 as 

previously described (Firmani and Riley, 2002a). After aliquoting 40ml into two 

roller bottles, one culture was left untreated and the other induced with NaNO] for 

24h as before. Serial dilutions were made in PBS + 0.1% Tween 80 or DMEM + 

50% FCS by vortexing 50pl of each culture with 2.5-3.5mm glass beads, and 50pl 

plated out or 10p,l spotted onto 7H11 plates. Colonies were counted after 13-15 

days.

Table 2. DNA damaging agents used in this study

DNA damaging agents Concentrations

Mitomycin C 0.2pg ml and 0.02p,g ml

Paraquat 25mM

H2O2 5mM

Cumene hydroperoxide lOmM

Ofloxacin 0.2pg ml

Sodium nitrite 3mM and 6mM
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2.3.2 Microaerophilic model of dormancy viability assay

Cultures were grown to an Aôoo 0.3-0.4 and 170|j,l aliquoted into 17ml of modified 

Dubos medium in triplicate, in 20ml Sterilins leaving a head space ratio (HSR) of 

0.5 as previously described (Wayne and Hayes, 1996; Wayne, 1976). Cultures 

were incubated stationary at 37°C. Methylene blue was added to a final 

concentration o f 1.5pg/m f’ to all cultures initially to indicate loss of air on 

decolourisation (Betts et al., 2002). For baseline counts, after one week, 7ml of 

media was removed, and the sedimentary pellet resuspended in the remaining 

10ml o f media. Serial dilutions were performed and plated out as described in 

viability experiments. After 6 weeks cultures were then plated again in the same 

way.

2.3.3 Nutrient starvation model of dormancy viability assay

This assay was based on the Betts model (Betts et al., 2002). Briefly cultures 

were grown to an Â oo 0.3-0.4 then harvested at. 10,000rpm (Sorval) for 30 

minutes. The pellet was washed with PBS, and harvested again. After 2 

subsequent washes the pellet was resuspended in 100ml of PBS. 10ml was 

aliquoted in triplicate into 30ml culture flasks (Falcon) and 50pl from each used 

in serial dilutions and plating for a baseline count. Cultures were then incubated 

stationary at 37°C for 6 weeks. The settled bacteria were resuspended by 

vortexing and 50pl was serial diluted and plated again. All colonies were counted 

after 13-15 days.
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2.3.4 Cell viability in vivo

2.3.4.1 Macrophage cell line infection assay

THP-1 cells (ECACC number: 88081201) were grown in RPMI 1640 (Invitrogen) 

supplemented with 10% foetal calf serum (heat inactivated) (Sigma), 200mM 2- 

mercaptoethanol (Sigma), and 2mM L-glutamine (Sigma). Cells were 

differentiated into macrophages by the addition of 50nM PMA (Sigma), 

aliquoting to a final concentration of 1x10^ cells per well into 24 well plates 

(Nunc), and incubating for 24 hours at 37°C. Under these conditions THP-1 cells 

differentiate into macrophages, stop dividing and adhere to the bottom of the wells 

(Tsuchiya et al., 1982). Non-adherent cells were washed off with filter sterilised 

PBS. Macrophages were infected in a 1:1 ratio with mycobacteria, and incubated 

at 37°C for 4 hours. Extracellular mycobacteria were removed by decanting the 

supernatant and washing the adhered cells once with PBS. Cells were then given 

fresh warm media and re-incubated at 37°C 5% CO2 . Media was replaced every 

48 hours. At different time intervals, the media was removed from duplicate 

wells, and the intracellular bacteria released by lysing the macrophages with 2% 

saponin as previously described (Tsuchiya et al., 1982; Raynaud et al., 2002). 

50 pi of the resulting lysate was used for serial dilutions in DMEM/50% FCS and 

plated onto 7H11 plates. Plates were incubated at 37°C and colonies were 

counted after 11-15 days.

63



2.3.4.2 Mouse models

The mouse model experimentation was carried out by Dr M. J Colston and Mr E. 

Stavropoulos under containment level 3 conditions. Each gene knockout strain 

was injected intra-venously (IV) into Balb/C mice. At different time intervals the 

lungs and spleen were harvested, homogenised and serially diluted onto 7H11 

plates. Plates were incubated at 37°C and colonies were counted after 11-15 days.

2.4 Microarrav techniques

2.4.1 Poly-L-lysine coating of slides

Slides were poly-L-lysine coated as previously described http://cmgm. 

Stanford.edu/pbrown/protocols/l slides.html. Briefly, glass microscope slides 

(Sigma) were cleaned in an alkaline solution of 70g NaOH dissolved in 300ml 

filtered dHiO and 400ml 100% ethanol, stirring for 2 hours. Slides were then 

rinsed vigorously 6 times in fresh dH2 0  for 1 minute each wash, and transferred to 

the poly-L-lysine solution containing 70ml poly-L-lysine (cone), 70ml filtered 

lOx PBS and 560ml dH20 and stirred for 1 hour. Slides were rinsed again as 

above, and dried overnight at 37 °C.
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2.4.2 Post processing slides

Slides were printed by the B|liG@S bacterial microarray group at St. George’s, 

and required post-processing before use. Arrays were rehydrated for 5 seconds 

over hot dHzO, and snap dried on a 100°C hot plate. After UV cross-linking the 

DNA to the slide at ImJ, the arrays were blocked in succinic anhydride/sodium 

borate solution for 15 minutes (5g succinic anhydride (Sigma) dissolved in 315 ml 

of N-methyl-pyrrilidinone (Sigma) and 35ml 0.2M sodium borate (Sigma) pH 

8.0). For final processing, slides were washed vigorously in a 95°C waterbath for 

2 minutes, soaked in 95% ethanol for 1 minute, then left to air dry.

2.4.3 Labelling RNA

4|Lig of total RNA was used for first strand cDNA synthesis using fluorescently 

labelled Cy3-dCTP and Cy5-dCTP (Amersham Pharmacia Biotech) in a standard 

reverse transcriptase reaction by Superscript II (Invitrogen). Briefly, total RNA 

with 6pg of random primers (Invitrogen) in a reaction volume of 11 pi were 

denatured at 95°C for 5 min and snap cooled on ice. Then 5pl 5 x first strand 

buffer (Invitrogen), 2.5pl DTT (lOOmM) (Invitrogen), 2.3pl dNTP's mix (5mM 

dATP, dGTP, dXTP, 2mM dCTP) (Amersham Pharmacia Biotech), 1.7pl Cy3 or 

Cy5 dCTP, and 2.5pi Superscript II were added. The labelling reactions were 

incubated at 25 °C for 10 minutes, then 42 °C for 90 minutes.
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2.4.4 Hybridisation and washing

Microarray slides were incubated in a prehybridisation buffer (3.5x SSC buffer, 

0.1% SDS, lOmg/ml BSA) at 60 °C for 20 min. After incubation slides were 

washed in distilled water for 1 min, then isopropanol 1 min. Cy3 and Cy5 

labelled RNA samples were combined and coprecipitated using a MinElute 

column (Qiagen) and eluted in 13.5pl o f distilled water. After the addition o f a 

final concentration of 4x SSC and 0.3% SDS samples were denatured at 95 °C for 

2 min, cooled to room temperature and applied to microarray slide, and covered 

with a glass coverslip. Each slide was placed in a waterproof hybridisation 

chamber, and submerged in a 60°C waterbath overnight. After hybridisation, 

slides were washed once in Ix SSC plus 0.05% SDS for 2 min, then twice in 

O.OÔX SSC for 2 minutes each.

2.4.5 Data collection and analysis

Slides were scanned using a GenePix Axon 4000A scanner (Axon Instruments) at 

dual wavelengths, set to 600 V. The image data was quantified using GenePix 

Pro 3.0 software and bad spots were removed. The data was further analysed 

using Genespring 4.1.2 (Silicon Genetics). The data was normalised using each 

gene's measured intensity divided by its control channel value in each sample. 

From this, a cut-off value of expression o f > 3.0 and a p-value o f < 0.01 was used 

to determine genes that were of interest.
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2.5 RT-PCR

2.5.1 RT-PCR for co-transcription confirmation

To confirm gene co-transcription reverse transcriptase PCR was performed as 

previously described (Brooks et al., 2001). H37Rv cDNA was prepared in a 

standard reverse transcriptase reaction using random primers (Invitrogen). In each 

case an RT+ (containing reverse transcriptase) and RT- (containing dH20 as a 

control) reaction was run to ensure that no contamination was occurring.

2.5.2 Real-time quantitative PCR assay

2.5.2.1 Primer and probe design

The primers and Taqman probes (carrying both a fluorophore and a quencher) 

were designed using the Primer express software and were obtained from PE 

Applied Biosystems or Oswel. The sequences of the primers and probes are listed 

in Appendix II.

2.5.2.2 Preparation of cDNA and RT-PCR

Real-time quantitative PCR was carried out using HotStarTaq Master Mix 

(Qiagen) according to the published protocol (Brooks et al., 2001), with sigA as 

the normalising gene in each test case. For each gene an RT+ (containing reverse 

transcriptase) and RT- (containing dH20) was run to ensure that no contamination 

was occurring. A standard curve of genomic DNA (lOOOpg, 200pg, 40pg and
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8pg) was run in parallel with each reaction and used in the data analysis 

calculations.

2.S.2.3 Data analysis

Analysis was performed using Excel. Each gene was normalised to sigA, and a 

standard curve run in parallel to calculate the amount of cDNA present for each 

gene.
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3.0 Gene expression profiling following DNA damage to 

M  tuberculosis

3.1 Introduction

It has previously been shown that there are two mechanisms regulating the 

response to DNA damage in M. tuberculosis (Davis et al., 2002b). One 

mechanism is regulated by LexA/RecA, the other by an alternative mechanism. 

The two mechanisms can be readily distinguished by the use o f a recA mutant 

strain, as the genes regulated by LexA/RecA are not induced in a recA mutant 

strain whilst genes regulated by the alternative mechanism remain inducible. 

Some genes may be subject to regulation by both mechanisms as for recA, which 

is induced in the wild-type, and induced to a lesser extent in the recA mutant 

strain. Therefore, in order ascertain which genes are under the control o f each 

mechanism, gene expression profiling following DNA damage in both wild-type 

and recA mutant strains o f M. tuberculosis was undertaken, using a PCR product 

microarray.

The arrays consist o f PCR products from each gene in the M. tuberculosis genome 

spotted onto glass slides. For each strain triplicate cultures were grown to 

exponential phase (Aeoo 0.3-0.4), and the RNA labelled with both dyes (Cy3 or 

Cy5) in separate experiments. Overall nine slides from three cultures were used 

for each strain to assess reproducibility. To determine whether genes were 

induced, an induction ratio o f >3.0, and a p-value from the t-test comparing 

uninduced and induced values of <0.01 was applied to the data from the wild-type
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experiments. Genes satisfying these criteria were designated as induced. The list 

generated from the wild-type data was then applied to the recA mutant 

experiments to look for differential gene expression between the two strains. The 

microarray data was then analysed using significance analysis o f microarrays 

(SAM) (Tusher et al 2001), to account for any effect of multiple testing on the 

data sets (see section 3.8 and Appendix III, tables A3.4.1-3.4.3).

3.2 Global gene expression following DNA damage with mitomycin C

3.2.1 Gene expression profile of wild-type M. tuberculosis

The expression of 112 genes was increased 3-fold or greater with statistical 

significance (p value <0.01) following DNA damage in wild-type M. tuberculosis. 

These genes were divided up by functional category as defined by Cole et al 

(1998) to assess which genes were responding to DNA damage by mitomycin C. 

The number and functional class o f these genes are given in Table 3, and the 

induction ratios for the individual genes may be found in Tables 4-7. Although a 

further 108 genes were induced between 2- and 3-fold, these were excluded from 

further analysis, in an attempt to eliminate variations in gene expression caused by 

effects such as growth rate (a list of genes induced 2-fold or greater may be found 

in Appendix III).

By functional category, information pathways and insertion sequences and phages 

have the greatest number of genes induced. DNA damage repair genes are 

included in the information pathway grouping. 21 genes predicted to be involved 

in DNA damage repair were induced 3-fold or greater in the wild-type strain. A
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Table 3. Genes induced by mitomycin C in wild-type M. tuberculosis by 

functional category and expression pattern

Functional

Class
Function

Number 

not 

induced 

in recA

Number 

induced 

less in recA

Number 

induced 

more in 

recA

Number 

induced as 

much in

recA

0 Virulence, detoxification, 

adaptation

0 0 1 0

1 Lipid metabolism 0 0 0 0

2 Information pathways 4 6 1 16

3 Cell wall & cell processes 0 0 1 1

4 Stable RNA’s 0 0 0 0

5 Insertion sequences and 

phages

3 14 0 11

6 PE & PFE proteins 0 0 0 1

7 Intermediary metabolism 

and respiration

4 2 1 4

8 Proteins of unknown 

function

0 1 4 4

9 Regulatory proteins 1 0 1 2

10 Conserved hypothetical 

proteins

9 4 2 14

Total 21 27 11 53
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list o f these genes and the induction ratios (in both strains) can be found in Table 

4. As well as seeing a number of genes upregulated in response to mitomycin C, 

the expression of 32 genes was reduced by 3-fold or greater (Appendix III, Table 

A.3.2). Most o f these genes belong to genes classed in functional group 7 

(intermediary metabolism and respiration), possibly indicating a diversion of 

resources towards DNA repair and away from other pathways.

3.2.2 Comparison between wild-type and recA strains

When comparing gene expression profiles between the two strains of M. 

tuberculosis, a number of distinct groups of differential gene expression were 

observed. As expected, most of the genes could be grouped relative to the wild- 

type strain in one o f three ways; not induced in the recA mutant strain, induced 

less in the recA mutant strain or induced to the same extent. In addition a few 

genes were induced more in the recA mutant strain relative to the wild-type.

3.2.2.1 Genes not induced in the recA mutant strain

From the 112 consistently induced genes from the wild-type data, 21 genes were 

no longer inducible in the recA mutant strain (Table 4) with statistical significance 

p < 0.01. Included in this group were 12 o f the 15 genes which had been 

predicted to be regulated by LexA (Davis et al., 2002a), on the basis of having an 

SOS box at an appropriate site upstream of the gene it is regulating and being 

DNA damage inducible. This indicated that these genes were solely regulated by 

LexA/RecA. The remaining 3 genes in this group of 15, however, still exhibited 

partial induction in the recA mutant (see below).
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Table 4. Genes induced in wild type M. tuberculosis but not in the recA 

mutant

Rv No. SOS Common Induction ratio Induction ratio in t-test

box* name in wild type recA mutant

Rv0071 y Rv0071 3.23 ±0.59 1.17 ±0.07 4.90 X 10 "

Rv0336 y Rv0336 10.74 ± 1.97 0.84 ±0.15 3.40 X 10"'

Rv0515 y Rv0515 10.21 ± 1.15 0.95 ±0.11 6.66 X 10"

Rv0516c" Rv0516c 9.35 ± 1.31 1.72 ±0.44 1.71 X 10"

RvlOOOc" y Rv1000c 8.43 ± 1.41 0.96 ±0.11 2.24 X 10'’

Rvl376" Rvl376 7.17± 1.39 1.02±0.11 9.33 X 10 '

Rvl377c ( / ) Rvl377c 13.47 ±2.80 1.60 ±0.29 1.20 X 10 "

Rvl378c" y Rvl378c 19.51 ±5.83 1.37 ±0.23 1.39 X 10 "

Rvl702c y Rv1702c 3.58 ±0.91 1.21 ±0.15 4.42 X 10"

Rv2578c y Rv2578c 4.64 ±0.71 0.85 ±0.20 5.71 X 10"

Rv2579c y linB 9.96 ± 1.34 1.52 ±0.28 2.51 X 10"

Rv2592c (^) ruvB 3.09 ±0.34 1.31 ±0.39 4.82x10"

Rv2593c (^) ruvA 4.09 ± 0.09 1.49±0.18 1.02 X 10'°

Rv2720 y lexA 6.37 ±0.37 0.66 ±0.10 3.95 X 10 "

Rv3074 y Rv3074 28.48 ±6.52 1.21 ±0.13 1.51 X 10"

Rv3370c y dnaE2 14.64 ±2.35 1.38 ±0.37 6.47 X 10 "

RV3393'' iunH 5.85 ±0.71 0.89 ±0.08 2.14x10"

Rv3394c (y) Rv3394c 9.74 ±0.93 1.05 ±0.32 2.75 X 10 "

Rv3395c y Rv3395c 18.32 ±4.58 0.85 ±0.20 2.99 X 10"

Rv3776 y Rv3776 15.95 ±2.50 1.24 ±0.61 3.69 X 10"

Rv3777 (y) Rv3777 10.72 ±2.15 0.94 ± 0.22 6.89 X 10"

*: ■/ indicates that an SOS box motif identical to one shown to be functional in LexA 

binding in vivo has been identified upstream of the gene (Brooks et al., 2001); (•/) 

indicates genes shown by RT-PCR, with the exception of Rv3394c, to be cotranscribed 

with a gene having an SOS box (see section 3.3).

 ̂genes not induced when analysed using the olignonucleotide arrays (see section 3.4).

73



NB. recA and ruvC are absent from this list as although they are each preceeded by a 

LexA binding site, they are still induced in the recA mutant strain but to a lesser extent 

(see Table 5). This may be due to dual regulation.
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For the remaining 8 genes (Rvl377c, Rv3394c, Rv3777, ruvA, ruvB, Rv0515, 

Rvl376 and Rv3393 (iunH)), although they were not inducible in the recA mutant 

strain, an SOS box had not been identified upstream of the coding regions. The 

first 5 genes from this group are cotranscribed with genes having an SOS box (see 

section 3.2.2.2)

The last 3 genes from this group; Rv0515, Rvl376 and Rv3393 {iunH) have no 

SOS box immediately preceding their coding regions, even with a low stringency 

number of tolerated mismatches in the consensus sequence. It was thought 

possible that as these genes are situated on the opposite strand o f highly induced 

genes, on this double stranded PCR product array transcriptional read-through 

may occur as an artefact, as previously suggested (Wemisch et al., 2003). The 

question of transcriptional read-through was addressed using oligonucleotide 

arrays (see section 3.4.1).

Of the genes that were not inducible in the recA mutant strain only 3 are thought 

to be involved in DNA repair or recombination: ruvA, ruvB and dnaE2. This 

contrasts with systems in other bacteria, where the majority of genes regulated by 

LexA/RecA are involved in DNA damage repair (Walker, 1984; Eriksson et al., 

2003).

3.2.2.2 Genes differentially expressed in the recA mutant strain

41 genes were differentially expressed, with statistical significance of p < 0.01 in 

the recA mutant strain when compared to the wild-type strain. 28 of these genes 

were still induced but to a lesser extent than in the wild-type. This suggests that
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Table 5. Genes induced less in the recA mutant strain than the wild-type

Rv No. Common Induction ratio in Induction ratio in t-test

name wild-type recA mutant

Rv0054 ssb 5.03 ±0.88 3.44 ±0.16 0.00055

Rv0058 dnaB 5.0 ±0.9 3.4 ±0.2 6.19x10'

Rv0094c Rv0094c 5.62+1.03 4.18 ±0.64 0.00436

Rv0095c Rv0095c 8.71 ±2.40 2.33 ±0.50 0.00103

Rv0182c sigG 4.83 ±0.57 3.42 ±0.53 5.8x10'

Rv0184 Rv0184 7.12 ±1.11 4.48 ±0.59 3.7x10'

Rv0186 3.09 ±0.59 1.84 ±0.14 0.00016

Rv0605 Rv0605 8.02 ± 1.89 3.11 ± 1.59 2.03x10'

Rv0606 Rv0606 6.43 ± 0.86 4.61 ±0.53 0.00015

Rv0607 Rv0607 5.29 ± 1.06 3.94 ±0.56 0.00725

Rv0829 Rv0829 5.82 ±0.88 4.57 ±0.65 0.00451

Rv0848 cysMS 3.00 ±0.44 1.93 ±0.32 4.12x10'

Rvl148c Rvl148c 10.26 ± 1.79 7.85 ± 1.57 0.00806

Rvl587c Rvl587c 3.59 ±0.80 2.50 ± 0.64 0.00596

Rvl588c Rvl588c 11.22 ±2.04 6.97 ±0.35 0.00053

Rvl945 Rvl945 9.46 ± 1.41 6.69 ± 0.82 0.00023

Rv2100 Rv2100 6.77 ± 1.96 2.48 ±0.61 0.00030

Rv2594c ruvC 5.29 ± 0.82 2.15 ± 0.30 7.59x10"

Rv2717c Rv2717c 6.81 ±0.91 4.54 ± 0.90 6.7x10'

Rv2718c Rv2718c 8.25 ±1.49 5.10 ±0.83 0.00011

Rv2719c Rv2719c 13.50 ± 1.89 8.42 ± 2.40 0.000212

Rv2737c recA 11.37 ±3.45 4.35 ± 0.88 0.00020

Rv2979c Rv2979c 6.96 ± 0.89 5.01 ±0.91 0.00048

Rv3048c nrdG 3.1 ±0.5 2.5 ±0.3 0.010543

Rv3466 Rv3466 8.42 ± 2.08 5.94 ± 1.21 0.00877

Rv3467 Rv3467 5.55 ±0.88 4.05 ± 1.08 0.00557

Rv3585 radA 6.89 ± 1.54 4.46 ± 0.83 0.00125

Rv3828c Rv3828c 5.68 ± 1.02 4.09 ±0.51 0.00254
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they are under the control of dual regulation. Amongst these genes are some 

involved in DNA repair or recombination (ssb, ruvC, recA, radA), although the 

majority are of unknown function (Table 5).

Included in this group were the remaining 3 genes for which SOS boxes had been 

identified, but that still exhibited partial induction in the recA mutant strain. 

These genes are ruvC, Rv2100 and recA itself. It has been shown previously that 

recA is inducible in the absence o f RecA or when LexA binding is prevented 

(Davis et a l,  2002b), indicating a novel alternative DNA damage inducible 

system in M. tuberculosis. The ruvC  gene is cotranscribed with ruvA and ruvB 

(Brooks et a l,  2001) which are not inducible in the recA mutant strain; thus is 

may be that ruvC  is under dual regulation but only the transcript from the LexA- 

regulated promoter extends into ruvA and ruvB. It is possible that Rv2100 is 

regulated by two mechanisms.

O f the 41 genes differentially expressed in the recA mutant strain 13 were induced 

to a greater extent than the wild-type strain (Table 6). In addition some known 

DNA repair genes (uvrD, tagA, dnaEl, ligB), exhibited induction ratios of > 3- 

fold in the recA mutant although not in the wild-type strain (Appendix III). 

However, the majority o f genes in this group are conserved hypothetical proteins 

or of unknown function. This indicates that these genes may be under the control 

of the alternative mechanism of DNA damage induction.

3.2.2.3 Genes induced to the same extent in the recA mutant

Finally, 55 o f the inducible genes were induced to the same extent in the recA 

mutant compared with the wild-type strain (Table 7). This is the largest group of
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Table 6. Genes induced more in the recA mutant strain than the wild-type

Rv No. Common Induction ratio in Induction ratio in t-test

name wild type recA mutant

Rvl279 Rvl279 5.15 ±0.80 6.82 ± 1.38 0.007736

Rvl907c Rvl907c 7.00 ±0.73 9.11 ±1.60 0.004148

Rvl946c IppG 6.02 ±1.35 11.48 ±2.53 0.0000914

Rvl955 Rvl955 5.97 ±0.93 10.61 ±1.93 0.0000352

Rvl956 Rvl956 6.95 ±0.34 9.43 ± 0.86 0.000114

Rvl957 Rvl957 7.73 ±1.42 11.16± 1.64 0.001025

Rv2013 Rv2013 4.2 ± 1.0 7.1 ±2.8 0.01673

Rv2016 Rv2016 4.35 ± 0.49 5.60 ±0.97 0.008549

Rv2119 Rv2119 4.4 ±0.3 6.0 ± 1.5 0.01433

Rv2428 ahpC 8.32 ± 1.10 12.50 ±2.82 0.001839

Rv2466c Rv2466c 3.62 ±0.44 5.30 ±0.56 0.0000398

Rv2734 Rv2734 12.68 ±2.22 17.55 ±3.46 0.003301

Rv3263 Rv3263 3.6 + 0.6 4.7+ 0.4 0.00023
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Table 7. Genes induced to the same extent in both strains

Rv
number Common name Induction ratio wild- 

type
Induction ratio recA 

mutant t-test

Rv0055 rpsR 3 .58+ 0 .68 3.02 +0.88 0.162144
Rv0056 rpll 3 .93+ 0 .53 3.00 +0.72 0.013762
RvOlSlc Rv0181c 3.74 ±0.83 2.80 +0.82 0.028085
Rv0185 Rv0185 4.76 +0.74 3.69 +0.48 0.016084
Rv0427c xthA 3.22 ±0.57 3.23 +0.36 0.983754
Rv0921 Rv0921 4.84 +0.87 4.92 +1.28 0.871811
Rv0922 Rv0922 4.81 +0.72 4.03 +0.75 0.037914
Rv0991c Rv0991c 4.11 +1.39 5.18 +1.75 0.174179
Rvl128c Rvl128c 4.32 +0.99 5.63 +2.83 0.218596
Rvl169c PE 3.41 +0.57 3.73 + 1.66 0.6172
R v l277 R vl277 8.18 +1.03 7.57 +1.82 0.397516
R v l278 R v l278 5.94 +0.99 5.86 +1.50 0.903083
R vl406 fm t 4.01 +0.56 4.82 +1.52 0.165668
R vl407 fmu 3.02 +0.70 3.85 ±1.16 0.130289
R v l633 uvrB 3.31 +0.47 3.97 +0.58 0.024255
Rvl638 uvrA 3.11 +0.56 3.69 +0.45 0.029807
Rvl765c Rvl765c 8.59 +1.56 6.78 +1.47 0.026528
Rvl833c Rvl833c 6.71 +1.13 7.41 +0.75 0.151018
Rvl948c Rvl948c 3.36 +0.64 3.99 +0.44 0.051719
Rvl961 Rvl961 4.16 +0.91 4.88 +1.05 0.138256
Rv2014 Rv2014 8.78 ±1.71 9.87 +2.21 0.257339
Rv2015c Rv2015c 8.93 ±1.81 6.83 +1.55 0.017705
Rv2017 Rv2017 3.36 ±0.65 4.37 +1.21 0.05949
Rv2024c Rv2024c 3.30 +0.46 4.52 +1.05 0.013687
Rv2191 Rv2191 8.71 +2.13 9.37 +2.49 0.56899
Rv2660c Rv2660c 4.84 +1.29 5.05 +0.83 0.697321
Rv2735c Rv2735c 12.46 +4.20 13.75 +2.44 0.448204
Rv2790c Itpl 3.75 +0.91 3.31 +0.89 0.310148
Rv2791c Rv2791c 4.46 +0.54 4.19 +0.95 0.487095
Rv2792c Rv2792c 4.97 +0.96 4.44 +0.77 0.218435
Rv2884 Rv2884 4.62 ±0.97 6.20 +1.43 0.015822
Rv2885c Rv2885c 7.85 +1.32 6.53 +1.86 0.103548
Rv2975c Rv2975c 3.17 +0.90 3.15 +0.82 0.975012
Rv2976c ung 3.69 +0.79 3.39 +0.37 0.324977
Rv2977c thiL 4.23 +0.78 3.78 +0.94 0.285212
Rv2978c Rv2978c 6.24 +0.98 5.31 +1.66 0.191559
Rv3191c Rv3191c 6.71 +1.44 5.47 +0.67 0.041377
Rv3198c uvrD2 3.07 +0.56 3.59 +0.37 0.036399
Rv3201c Rv3201c 8.77 +1.33 6.52 +2.26 0.023118
Rv3202c Rv3202c 8.52 +1.61 6.70 +2.09 0.055917
Rv3226c Rv3226c 6.11 +0.98 5.79 +0.91 0.485369
Rv3296 Ihr 4.60 ±0.82 4.41 ±0.71 0.619598
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Rv3297 nei 3.20 +0.42 3.27 +0.36 0.718567
Rv3517 Rv3517 7.97 +1.44 6.91 +0.93 0.082977
Rv3554 fdxB 3.57 +0.83 3.22 +0.22 0.249813
Rv3555c Rv3555c 3.56 +0.60 2.78 +0.82 0.079525
Rv3644c Rv3644c 4.68 +0.70 3.89 +0.76 0.048269
Rv3714c Rv3714c 4.77 +0.52 4.37 +0.49 0.131358
Rv3827c Rv3827c 5.35 +0.41 4.27 +1.02 0.014232
Rv3914 trxC 3.06 ±0.11 2.83 ±0.79 0.407258
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genes from the data set, indicating that an alternative mechanism of regulation is 

predominant.

O f the 21 genes with predicted roles in DNA repair or recombination that are 

induced 3-fold or greater, 16 remain inducible in the recA mutant strain. These 

genes represent a cross-section of DNA damage repair pathways, and it seems that 

a novel mechanism for gene regulation is important for DNA repair in M  

tuberculosis.

A number o f potential regulatory genes and sigma factors were found to be 

inducible in both strains (Table 8). These genes may be important in the 

regulation of the alternative mechanism for DNA damage induction in M. 

tuberculosis. One of the most highly induced o f these was R v l956. This has 

been annotated by Cole et al (1998) to be a possible transcriptional regulator. As 

this gene was highly upregulated in both the wild-type and recA mutant strains, it 

was investigated further by making a gene knockout mutant in M. tuberculosis, 

and studying its response to mitomycin C by microarray analysis, to try to further 

understand the function o f this gene as a possible regulator in DNA damage repair 

(see section 3.6).
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Table 8. Potential regulatory genes and sigma factors which are induced in 

both strains

Rv No. Common

name

Function Induction ratio 

in wild type

Induction ratio 

in recA mutant

Rv0586 Probable transcription regulator 2.16±0.16 2.20 ± 0.42

Rvl956 Possibly involved in regulation 6.95 + 0.34 9.43 ±0.86

Rvl985c lysR Similar to many regulatory 

proteins

2.86 ±0.43 5.23 ± 1.01

Rv2017 Similar at N-terminal with 

several transcription regulators

3.36 ± 0.65 4.37 ± 1.21

Rv2884 Transcriptional regulatory 

protein

4.62 ± 0.97 6.20 ± 1.43

Rv0182c sigG RNA polymerase sigma subunit 4.83 ±0.57 3.42 ±0.53

Rvl221 sigE Alternative sigma factor of ECF 

family

2.56 ±0.32 2.63 ±0.57

Rv3223c sigH Probable RNA polymerase 

sigma factor

2.71 ±0.33 2.46 ± 0.16
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3.3 Verifying co-transcription of genes having associated SOS boxes by 

reverse transcriptase PCR

As previously mentioned in sections 3.2.2.1 and 3.2.2.2 the genes Rvl377c, 

Rv3394c, Rv3777, Rv2717c and Rv2718c, are thought to be co-transcribed with 

genes having an associated SOS box, and thus regulated in a LexA dependent 

manner. This was assessed experimentally by reverse transcriptase PCR, using a 

forward primer designed from one gene and a reverse primer in the gene it is 

located next to (Figure 6). Amplification o f the product from mRNA reverse 

transcribed into cDNA, but not from RNA which has not been reverse transcribed, 

shows that the genes are transcribed together and therefore in an operon. The RT- 

control shows that the product is formed from RNA which has been reverse 

transcribed and not from contaminating DNA in the RNA preparation. It was 

possible to determine that 4 out of the 5 genes were co-transcribed with genes 

with SOS boxes (Figure 6). Thus, Rvl377c was shown to be cotranscribed with 

Rvl378c, and Rv3777 with Rv3776, and Rv2718c was cotranscribed with both 

Rv2717c and Rv2719c indicating that these three genes form an operon. 

Unfortunately, no primers were found for Rv3394c-Rv3395c which produced a 

PCR product using control genomic DNA, so it was not possible to determine 

whether or not these genes were cotranscribed.

3.4 Validation of PCR product microarravs bv two independent methods and 
secondarv data analvsis

The microarray data has been confirmed by two independent methods, using 

oligonucleotide arrays and real-time PCR (RT-PCR). Operon oligonucleotide
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Figure 6. RT-PCR of genes co-transcribed with genes having an SOS box

Rv27l7 Rv2718 
J  I

Rv2719 498bp

Z^ZZZZZZZZZZZZZ

352bp 299bp 573bp

L 1 2 3 4 5 6 L

Rv3776 Rv3777

ISOObp

600bp

lOObp

L -  1 OObp ladder

I -  Rv27l7c internal control; 352bp RT+ 

2 -R T -

3 -Rv2717c/2718c; 299bp RT+

4 -R T -

L 9 10 11 12 L

7-Rv3776/3777; 498bp RT

8 -R T -

=  S O S  b o x

Rvl376
Rvl377 Rvl378

1_____I_____I_____I_____I_____I_____I_____u

252bp 769bp
L -  1 OObp ladder

9 -  Rvl377 internal control; 267bp RT+ 

1 0 - RT-

11 -  Rvl377/1378; 769bp RT+

Figure 6. RT-PCR of genes co-transcribed with genes having associated SOS 

boxes. The figure shows that the genes Rv2717c, Rv2718c are co-transcribed 

with Rv2719c and the location of the products, including an internal control. The 

RT-PCR also confirmed co-transcription of Rv3777 with Rv3776, and of 

Rvl377c with Rvl378c. In each case an RT- (containing dHzO) was run as a 

negative control along side the RT+ (containing reverse transcriptase).array
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experiments were performed on wild-type M  tuberculosis to confirm the results 

o f the PCR product arrays. These slides are oligonucleotide arrays containing 

4295 genes in the M. tuberculosis genome, and are made up of single-stranded 

70mer gene-specific DNAs, designed to produce a signal from a specific gene 

only. The operon arrays have been used to confirm the validity o f the PCR 

product microarrays, and to demonstrate whether transcriptional read-through can 

occur.

3.4.1 Gene expression profile of 1424 induced with mitomycin C using 

oligonucleotide arrays

To address the idea that transcriptional read-through was occurring on a minority 

o f genes dependent on recA on the PCR product microarrays (section 3.2.2.1), the 

1424 wild-type strain induced with mitomycin C was used on the operon arrays. 

The same 3 independent cultures were analysed using a total o f 5 slides. This 

showed unequivocally that read-through was occurring, as 3 of the genes shown 

previously to be inducible (Rv0516c, Rvl376 and Rv3393 {iunH)), but having no 

SOS boxes immediately upstream of the coding regions, were no longer inducible 

in the wild-type strain (Figure 7). The operon arrays also confirmed the validity 

o f the PCR microarray data, as both data sets when compared were extremely 

consistent. An important consideration on analysis of the operon arrays is where 

the probe lies relative to the coding region of the gene, it was found that for the 

gene Rvl378c no signal was detectable as the oligo was not in the appropriate 

place. 14 other genes were also not induced when analysed using the oligonucleo-
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Figure 7. Schematic of transcriptional read-through
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Figure 7. Schematic showing transcriptional read-through of genes without SOS 

boxes, transcribed on the opposite strand of highly induced genes with an 

appropriate SOS box (indicated by black boxes). Induction ratios for the 

oligonucleotide array are shown in italic as compared to the PCR product array. 

This shows that genes Rv3393, R vl376 and Rv0516c are artefacts of 

transcriptional read-through. The values for the genes no longer induced as 

shown by the oligonucleotide array are indicated in bold type.
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tide array (Appendix III), but which result is correct for these genes requires 

further experimentation.

3.4.2 Real-Time PCR (Taqman) confirmation of microarray

To confirm the findings from the microarray data, real-time quantitative PCR 

analysis (Taqman) was performed on both the wild-type and recA mutant strains 

o f M. tuberculosis. This was to show definitively that the novel alternative 

mechanism for DNA damage induction in M. tuberculosis is a true phenomenon. 

A selection o f genes, encompassing each of the different DNA repair pathways 

were chosen: radA (recombination), uvrA (NER), xthA (BER) and ogt (damage 

reversal). The recA gene was also studied, but could only be used in the wild-type 

strain, due to the location o f the primers and probe relative to the deletion in the 

recA mutant strain. In each case a standard curve was performed using genomic 

DNA to calculate the amount of cDNA present for each gene. Each gene was 

normalised to sigA and an RT+ (containing reverse transcriptase) and an RT- 

(containing dH20 as a negative control) sample run for each gene. In addition, it 

has been shown using a transcriptional fusion o f the upstream region o f recA 

including both promoters to the reporter gene lacZ, that the expression of recA in 

both strains was comparable to that seen in the microarray experiments (Rand et 

al 2003, in press). The results from these experiments are compared in Figure 8, 

showing that all 3 methods give similar induction ratios, and that these DNA 

damage repair genes are still inducible in the recA mutant strain.
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Figure 8. Bar graph showing confirmation o f  microarray data
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Figure 8. Bar graph showing comparable results of 2 independent methods to 

confirm the microarray data, using real-time PCR (taqman) and (3-galactosidase 

assay by transcriptional fusion to the lacZ reporter gene for recA. The values 

shown are means from 3 independent cultures assayed in triplicate, or duplicate 

for the p-galactosidase assays



3.4.3 Significance analysis of microarrays (SAM)

The microarray data was analysed by another independent statistical method, 

SAM (http://www-stat.stanford.edu/~tibs/SAM/), to account for multiple testing 

within the data set, and to ensure that the genes observed to be statistically 

significant using the student’s t-test could be confirmed. This method assigns a 

score to each gene on the basis of change in gene expression relative to the 

standard deviation of repeated measurements (Tusher et al, 2001). This method 

estimates the number of genes identified by chance, assigning the data a false 

discovery rate (FDR). This data analysis was performed on the wild-type strain of 

M. tuberculosis as compared to the recA mutant strain, and showed an FDR of 

6.3%. The data sets generated an average o f 4.6 falsely significant genes, 

compared with 62 genes called significant. This data analysis showed the genes 

described as statistically significant using the student’s t-test, were the most 

highly significant genes using SAM analysis (Appendix III, tables A3.4).

3.5 Determining the kinetics of the response

To ensure that the differential expression observed in response to mitomycin C 

was due to DNA damage, and not to some non-specific effect (e.g. increasing cell 

density), two further comparisons were made with wild-type M  tuberculosis 

using micro arrays. Primarily, a comparison was made between cells harvested at 

t=0 time-point as used in the previous experiments, and cells harvested at t=24 

which were incubated without mitomycin C for 24 hours. This showed that only a 

few genes were consistently differentially expressed, and predominantly were 

genes involved in mycobactin synthesis (Rv2377c - Rv2386c). However, there
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was no significant difference in expression of the DNA damage inducible genes 

when incubated in the absence of mitomycin C. The second experiment compared 

the untreated 24 hour wild-type samples just described with the wild-type strain 

induced for 24 hours with mitomycin C as before. This was to ensure that there 

was no difference between the two untreated wild-type strains, thus the results 

could be fully attributable to DNA damage induction. A comparison was made 

between the genes induced with mitomycin C relative to untreated at t=0 and 

untreated at t=24. By using a paired t-test, it was possible to compare the two data 

sets, which showed that only 2 genes, Rv0057 and Rv0861c, had significantly 

different induction ratios obtained by these two methods. These two genes had 

induction ratios above 3-fold when compared to untreated at t=24, but not with 

untreated at t=0. Hence the genes induced in the original microarray experiments 

by mitomycin C were confirmed.

To look at differential gene expression, and to potentially ascertain the different 

kinetics of the mechanisms of DNA damage induction in wild-type M. 

tuberculosis in response to mitomycin C, a time course experiment was performed 

over a period of 6, 12 and 24 hours. Having previously established which genes 

were dependent on RecA for induction following DNA damage and which were 

not, a study of the kinetics of the two mechanisms was undertaken using the time- 

course micro array data. To study the response over time of genes induced 3-fold 

or greater in the original microarray experiments the data was clustered using K- 

means and Pearson correlation from Genespring. This showed very few 

significantly different gene groups, but the majority o f genes induced by both 

mechanisms were maximally differentially expressed at 24 hours. The data did
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not cluster genes into groups with similar function/regulation, nor did it separate 

genes induced in a RecA-dependent manner from those regulated in a RecA- 

independent manner.

3.6 R v l956 Knockout gene expression profile in response to mitomycin C

Gene R v l956 was shown from the microarray data to be highly inducible in both 

the wild-type and recA mutant strains o f M. tuberculosis. Aimotated from the 

genome sequence as a possible transcriptional regulator, it looked to be in an 

operon with its surrounding genes, Rvl955 and R v l957 (Figure 9). RT-PCR 

showed it to be cotranscribed with both of these genes (Figure 9). Due to the 

annotation o f this gene, and its inducibility in both strains, it represented a good 

candidate as a possible alternative DNA damage regulator. Thus, a gene knockout 

was made (see Chapter 4). The control of gene regulation in response to 

mitomycin C was then assessed in this strain using microarrays.

The Rvl 956 mutant strain exhibited induction o f a DNA damage response similar 

to that already seen in the wild-type strain in response to mitomycin C (data not 

shown). However, there were a number o f genes that were no longer inducible in 

the R v l956 mutant in response to mitomycin C when compared to the wild-type 

strain with statistical significance p <0.01 using a student’s t-test. Although many 

of these genes are of unknown function, a number are involved in DNA 

replication {nrdG, I  and //), and transcriptional regulation (Rv0586) (Table 9). 

Two alternative sigma factors, sigH  and sigE were no longer inducible in the 

Rvl956 mutant strain. It may be that Rvl956 plays a role in maintaining the
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Figure 9. Schematic and RT-PCR of Rvl955-57
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Figure 9. Schematic of Rvl 955-57 as annotated in the genome sequence, and RT- 

PCR showing that all 3 genes are co-transcribed, and therefore in an operon.
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Table 9. Genes induced less in R v l956 mutant than the wild-type strain

Rv

number

Common

name

Predicted function Induction 
ratio in wild- 

type

Induction ratio 
in R vl 956 

mutant

t-test

Rv0053 rpsF Ribosomal protein 2.51 ± 0 .36 1 .39±0.12 4.65x10'^

Rv0089 Rv0089 Possible methyltransferase 2.07 ±0.38 1.45 ±0.15 0.0015

Rv0186 bglS Probable P-glucosidase 3.09 ± 0 .59 1.96 ±0.55 0.00295

Rv0190 Rv0190 Unknown 2.75 ±0.62 1.37 ±0.42 0.000217

Rv0350 dnaK Chaperone/Heatshock

protein

2.77 ±  0.84 1.61 ± 0 .36 0.00337

Rv0351 grpE Aids dnaK to release ADP 2.45 ±0.87 1.43 ±0.27 0.00811

Rv0483 Rv0483 Probable lipoprotein 2.34 ±0.55 1.46 ±0.21 0.00110

Rv0586 Rv0586 Probable transcriptional 

regulator

2 .16± 0 .16 1.48 ±0.09 1.07x10'

Rv0861c erccS Probable DNA helicase 2 .12± 0 .19 1.36 ±0.38 0.00824

Rv0997 Rv0997 Unknown 2.2 ±0.35 1.34 ±0.09 5.21x10"

R v l147 R v l147 Unknown 2.23 ±0.48 1.42 ± 0 .27 0.00115

R vl221 SigE Sigma factor 2.56 ±0.32 1.40 ±0.21 2.97x10''’

Rvl592c Rvl592c Unknown 2.41 ±0.23 1.08 ±0.24 4.83x10''

Rvl653 argJ Arginine biosynthesis 2.69 ± 0 .46 1.85 ±0.28 0.00123

Rvl955 R vl955 Unknown 5.97 ±0.93 1.94 ±0.55 1.04x10'

Rvl956 R vl956 Transcriptional regulator 6.95 ±0.34 1.43 ±0.25 3.11x10'*^

Rvl957 R vl957 Unknown 7.73 ±  1.42 0.67 ±0.08 6.27x10'"

Rv2930 fadD26 Fatty acid Co A ligase 2.34 ± 0 .34 1.00 ±0.23 1.35x10'"

Rv3047c Rv3047c Unknown 2.8 ± 0 .56 1.50 ±0.41 0.000427

Rv3048c nrdG Involved in DNA 

replication

3.08 ± 0 .5 1.54 ±0.29 4.27x10'"

Rv3052c nrdi Involved in DNA 

replication

2.86 ±0.55 0.92 ± 0 .14 2.37x10"

Rv3053c nrdH Involved in DNA 

replication

2.69 ± 0 .62 1.05 ±0.19 2.30x10"

Rv3223c SigH Alternative sigma factor 2.71 ±0.33 1.83 ± 0 .14 1.38x10"

Rv3242c Rv3242c Unknown 2.34 ± 0 .34 1.65 ±0.34 0.00269

Rv3326 Rv3326 Unknown 6.11 ±0.98 1.88 ±0.31 2.35x10'"

Rv3524 Rv3524 Unknown 2.62 ±0.27 1.65 ±0.21 7.10x10"

Rv3642c Rv3642c Unknown 2.55 ± 0 .26 1.64 ±0.21 2.48x10"

Rv3645 Rv3645 Probable transmembrane 

protein

2.22 ±0.41 1.62 ± 0 .30 0.00579

Rv3827c Rv3827 Possible transposase 5.35 ±0.41 1.81 ± 0 .76 1.21x10"
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regulation o f all o f these genes. A small number of genes were induced more in 

the Rvl 956 mutant strain that wild-type, but most are of unknown function (Table

10.). It is clear that Rvl956 regulates its own operon, as Rvl955, R v l956 and 

R v l957 were not inducible. It may be that R v l956 also responds to other DNA 

damage stimulus to induce regulation.

3.7 Preliminary microarrav data using other DNA damaging agents

Preliminary microarray experiments were performed with wild-type M  

tuberculosis to assess the global gene response to oxidative and nitrosative stress 

conditions, mimicking the environment encountered by the bacteria inside the 

macrophage.

3.7.1 Paraquat

The response o f wild-type M. tuberculosis to paraquat, a superoxide inducing 

chemical, was initially assessed using lOmM paraquat for 24 hours and 3 slides. 

This preliminary data showed very few genes induced in response to this 

concentration. Previous studies have shown that M. tuberculosis does have a 

number o f genes that may confer resistance to paraquat (Ninio et a l,  2001) so a 

higher concentration o f 25mM was tested, again for 24 hours and on 3 slides. 

This showed a much greater number of inducible genes, including some of those 

involved in the SOS response such as recA, and a number o f DNA repair genes 

including radA, a gene thought to be involved in recombination repair, and ogt, a 

DNA alkyltransferase. However, as this is preliminary data, further work will 

need to be undertaken to characterise the response of M  tuberculosis to paraquat.
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Table 10. Genes induced more in Rvl 956 mutant than the wild-type strain

Rv

number

Common

name
Function

Induction ratio 

wild-type

Induction ratio 

Rvl956 mutant
t-test

Rv0440 pra Chaperonin/HSP 4.23 ± 1.64 11.82 + 4.30 0.0058

Rvl078 Rvl078
Probable proline rich 

homolgue of pra
2.02 + 0.36 3.96 ±0.66 0.0013

Rvl148c Rvl148c Unknown 10.26 ± 1.79 18.30 ±4.89 0.0086

Rvl535 Rvl535 Unknown 2.80 ±0.53 6.02 ±1.58 0.0033

Rvl833c Rvl833c
Possible haloalkane 

dehalogenase
6.71 ±1.13 12.76 ±2.64 0.0016

Rv3290c lat
Possibly involved in 

L-AAA biosynthesis
2.38 ±0.38 5.44 ± 1.70 0.0062

Rv3615c Rv3615c Unknown 2.48 ± 0.20 4.10 ±0.97 0.0086

Rv3776 Rv3776
Unknown but 

regulated by RecA
16.00 ±2.50 24.89 ±3.54 0.0023

95



3.7.2 Sodium nitrite

Acidified sodium nitrite (NaNOz) was used in a preliminary experiment to 

characterise the response of M. tuberculosis to nitrosative stress. A concentration 

o f 6mM NaNOz was used for 24 hours on wild-type M. tuberculosis. A large 

number o f genes appeared to be inducible in this system including end and 

Rvl 956. Further investigation of this response is necessary.

3.8 Discussion

From previous studies it has been shown that there are two mechanisms o f gene 

regulation in M. tuberculosis, one which is dependent on LexA/RecA, and another 

unknown mechanism (Davis et al., 2002b). On this basis, gene expression in the 

recA mutant strain o f M. tuberculosis was compared with that in its parental wild- 

type strain to try to identify DNA-damage inducible genes regulated 

independently o f RecA. A group o f genes, including many with predicted LexA 

binding sites (Davis et al., 2002a) and some genes with which they may be 

cotranscribed, were not inducible in the recA mutant, indicating that they are 

solely regulated by LexA or by another factor dependent on RecA. Many genes 

were equally induced in both strains, and a number o f genes were induced more in 

the recA mutant than in wild-type M. tuberculosis, indicating the importance of 

the alternative mechanism for gene regulation in response to DNA damage in M. 

tuberculosis. Some genes were induced to a lesser extent in the recA mutant and 

are likely to be regulated by both mechanisms (e.g. ruvC, recA). O f particular 

significance, the majority of those genes with predicted roles in DNA repair or 

recombination which were inducible in the wild-type strain, remained inducible in
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the recA mutant, indicating that the -independent mechanism is important for 

DNA repair in M. tuberculosis.

The question remains as to why M. tuberculosis has multiple mechanisms for the 

induction o f DNA damage. It is possible that this bacteria has evolved to have 

multiple mechanisms to ensure survival under adverse living conditions. There is 

great diversity o f DNA damage regulation amongst other bacterial species. For 

example Campylobacter jejuni, Helicobacter pylori. Chlamydia pneumoniae. 

Mycoplasma pneumoniae and Porphyromonas gingivalis do not have homologues 

o f lexA, indicating a solely LexA-independent mechanism of DNA repair 

(Fernandez De Henestrosa et a l,  2002), whereas E. coli and Salmonella species 

show few DNA-damage inducible genes that are not under the regulation of LexA 

(Walker, 1984; Bunny et a l,  2002). It appears that in M  tuberculosis, regulation 

o f DNA damage repair falls between these two sets of bacterial species, having 

genes regulated by LexA-dependent, and LexA-independent mechanisms as well 

as some genes subject to both regulatory mechanisms as in the case o f recA and 

ruvC.

The genes regulated by the LexA/RecA system which are induced by DNA 

damage in the wild-type strain and are associated with SOS boxes with functional 

LexA binding as previously described (Davis et al., 2002a) have been clearly 

identified by microarray analysis. These genes showed no, or reduced induction 

in the recA mutant strain, confirming the control o f their regulation.
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The majority of genes induced in response to mitomycin C were not dependent on 

RecA for induction. O f particular interest, is that the majority of inducible DNA 

damage repair genes fall into this category of RecA-independent regulation. This 

includes genes involved in NER (e.g. uvrA and uvrB which have been shown to be 

under the regulation o f LexA/RecA m E. coli (Walker, 1984)), BER (e.g. xthA and 

nei which are not induced following DNA damage in E. coli (Gifford et al., 2000; 

Courcelle et a l,  2001)), damage reversal {ogt) and recombination repair (e.g. recA 

and radA). Other species of bacteria exhibit LexA-independent induction of DNA 

damage repair in the presence o f a functioning LexA protein. The plant pathogen 

Xylella fastidiosa, has a lexA homologue, yet induction o f uvrA and uvrB is 

independent of RecA (Campoy et al., 2002). Similarly in Deinococcus 

radiodurans, recA is induced in response to DNA damage but in a LexA- 

independent manner (Narumi et al., 2001). This suggests that the LexA/RecA- 

independent mechanism of DNA damage induction is important in other bacteria 

as with M. tuberculosis.

While a number of known DNA damage repair genes were seen to be inducible in 

the wild-type strain, many more genes with unknown functions were found to be 

inducible in both strains. This data confirms that the response to DNA damage in 

M. tuberculosis is to increase the expression o f many genes, including those 

regulated by LexA and many others with potential damage repair or regulatory 

roles.

A group o f predicted regulatory proteins and sigma factors which are induced in 

both strains may give a clue to factors involved in the alternative mechanism.
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This includes the sigma factors sigE, sigG  and sigH, suggesting that these genes 

may be involved in the regulation o f the alternative mechanism. O f the predicted 

regulatory proteins showing induction, including Rv0586, R v l956, Rvl985c, 

Rv2884 and Rv2017, the latter shows some similarity to the IrrE protein of 

Deinococcus radiodurans. This gene has been shown to play a role in recA 

induction, following exposure to ionising radiation in D. radiodurans (Earl et al., 

2002).

One o f the most interesting genes, however, is R v l956, which is annotated from 

the genome sequence (http://genolist.pasteur.fr/TubercuList) as possibly involved 

in regulation. From the microarray data this was shown to be induced in the wild- 

type strain, and induced to a greater extent in the recA mutant strain. It is in an 

operon with its surrounding genes R v l955 and Rvl 957, which also show the same 

pattern o f induction and are annotated as of unknown function. On this basis it 

was targeted for knockout construction to assess its importance within M. 

tuberculosis (see section 4.4.1). Gene expression in response to mitomycin C in 

this knockout strain was assessed by microarray, which demonstrated regulation 

o f its own operon, and differential expression of a number of genes involved in 

transcription (Rv0586) and DNA replication {nrdG, I  and H). This latter set of 

genes are classed by functional category in information pathways, the grouping 

which includes the DNA damage repair genes. Differential expression of the 

alternative sigma factors sigE and sigH  was also observed in the R v l956 mutant 

strain. It is thought that sigH  plays a role in oxidative stress responses as the level 

o f sigH  cDNA transcript was induced in response to infection in macrophages 

(Graham and Clark-Curtiss, 1999), and a sigH  mutant strain in M. tuberculosis
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showed susceptibility to oxidative stress (Manganelli et al., 2002). SigH 

positively regulates DnaK, a chaperone/heatshock protein and SigE an initiation 

factor that promotes attachment of the RNA polymerase (Manganelli et al., 2001), 

both of which are also no longer inducible in the Rvl956 mutant strain. SigE, is 

involved in the response to oxidative stress in M. tuberculosis as shown through 

microarray analysis (Manganelli et al., 2001). It is known that ànaK  acts in 

conjunction with grpE  a heatshock protein co-factor, and it is involved in the 

regulation of bacterial stress responses in both E. coli and S. mutans (Jayaraman et 

al., 1997). The grpE  gene is also no longer inducible in the Rvl956 mutant strain, 

and is involved in ADP release with dnaK  and stimulates jointly with dnaJ.

It may be that Rvl956 responds primarily to another stimulus to regulate DNA 

damage repair but in addition plays a role in the response to mitomycin C. 

Mitomycin C causes interstrand cross-links o f DNA, and has been shown 

previously to induce expression controlled by both mechanisms of DNA damage 

in M. tuberculosis (Davis et al., 2002b), this may be one stimulus to which 

Rvl956 responds. In this study, it has been shown through preliminary 

microarray experiments that Rvl956 is induced in response to sodium nitrite 

stress, and previous analysis of the response of M. tuberculosis following a 2 hour 

exposure to cumene hydroperoxide has shown the Rv1955-57 operon to be 

induced (Frota, 2002). These initial experiments provide evidence that Rvl956 

can respond to a variety o f DNA damaging agents in M. tuberculosis.

Finally, again through preliminary microarray work, the response of M. 

tuberculosis following exposure to paraquat was assessed. Induction of a number
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of genes involved in DNA repair was observed, including recA, consistent with 

studies in E. coli showing that paraquat induces the SOS response (Brawn and 

Fridovich, 1985). Other inducible DNA repair genes included radA, which is 

involved in recombination repair, and ogt, a DNA alkyltransferase involved in 

damage reversal.

Further analysis of gene regulation is required to fully understand the alternative 

mechanisms for RecA-independent DNA damage induction in M. tuberculosis.
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4.0 Construction of gene knockouts in M, tuberculosis

4.1 Introduction

To investigate the roles of various DNA repair systems in the pathogenesis of M  

tuberculosis, a number gene knock-outs have been made and their effect on 

survival in various models relating to infection has been studied. The genes 

targeted were chosen to reflect the different DNA damage repair systems. For 

NER, uvrA a component o f the excinuclease, and the helicase uvrD were initially 

part of the cloning strategy. However, these two mutants have been made 

available for use from Professor E.C Bottger’s group with whom we collaborate.

For HER the genes targeted were the DNA glycosylases fpg, and mutY, and the 

AP endonucleases end and xthA. The product of fp g  removes oxidated guanines 

(oxo-G) to prevent misincorporation of adenine against this lesion. However, if 

oxo-G is not removed, mutY will then remove the misincorporated adenine paired 

against the lesion. The AP endonucleases are involved in the second stage of 

repair, as following the release o f free damaged or inappropriate bases by 

glycosylases they initiate the repair of the lesions and allow polymerase and ligase 

to complete the repair o f the damaged DNA (Friedberg et al., 1994). As well as 

the individual mutants an xthA/end double knockout has been made.

For recombination repair recC, a component o f the recBCD complex which 

recognises double stranded breaks, recF, a gene involved in the repair o f breaks at
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stalled replication forks, and radA, which is thought to be involved in 

recombination repair were targeted. In addition a recA mutant strain was made 

available for use from Professor E.C. Bottger’s group.

Rvl956 was also targeted for gene knockout, an interesting gene annotated as a 

possible transcriptional regulator (Cole et al., 1998), which was DNA damage 

inducible in both the wild-type and recA mutant strains from the microarray data.

The method employed to make the knockouts relies on homologous 

recombination of sequences flanking the mutation in a plasmid with homologous 

regions of the genes targeted in the M. tuberculosis genome. This method has 

been previously described by Hinds et al (1999), using a suicide vector delivery 

system. In this study the plasmid pBackbone (Gopaul, 2002) based on 

pBluescript has been manipulated with the appropriate markers for selection in M. 

tuberculosis. This utilises regions o f homology of the target gene and flanking 

region, with part of the coding region deleted and an antibiotic resistance cassette 

inserted to ensure loss o f function and to facilitate selection of the mutation. The 

homologous regions are > lkb either side o f the antibiotic marker (see Table 11).

4.2 Generation of deletion mutants involved in DNA repair

Making the gene knockouts required sequential cloning of each gene fragment and 

the cassettes required for subsequent selection and counterselection in M  

tuberculosis (Figure 10). An EcoRl site was tagged onto the 5’end of the forward 

primer when designed for amplification o f the 3’ end o f the gene. This was to
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Table 11. Homologous regions for knockouts

Rv
Number.

Common
name

Gene
Product

Function
Deleted
region

Anti
biotic

Homologous
region

5’ 3’

Rvl956 Rvl956 450bp Possibly involved in regulation 224bp gent 2.4kb 2.0kb

Rvl638 uvrA 2919bp Excinuclease involved in NER 1200bp kan

Rv0949 uvrD 2316bp
DNA Helicase involved in NER 

and mismatch repair
1400bp gent

Rv2924 fpg 870bp

Formamidopyrimidine DNA 

glycosylase -  excises 8-oxoG 

lesions

549bp gent 1.3kb 1.7kb

Rv3589 mutY 915bp
Adenine glycosylase -  removes 

adenine mispaired with 8-oxoG
125bp hyg 1.9kb 1.9kb

Rv0670 end 759bp
Endonuclease IV -  incises DNA  

at AP sites
Obp' hyg 2.1 kb 2.3kb

Rv0427c XthA 876bp
Exonuclease III -  AP 

endonuclease
247bp gent 1.3kb l.Okb

Rv0631c recC 3294
Recombination repair -  repair of  

double stranded breaks
2277bp gent 1.5kb 1.8kb

Rv0003 recF 1158bp

Recombination repair -  

reactivation o f stalled 

replication forks

484bp hyg 2.1kb 2.4kb

Rv3585 radA 2919bp DNA repair protein 1443bp gent 2.5kb 2.7kb

Rv2737c recA 2373bp
Involved in regulation and 

recombination o f DNA repair
1300bp hyg

‘ Obp deleted as insertion mutant: 1.5kb hygromycin resistance cassette inserted between 

two gene fragments to disrupt function.
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Figure 10. Plasmid construction for knockouts
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Figure 10. Schematic for the sequential cloning of gene fragments, selectable and 

counter-selectable markers for selection in M. tuberculosis after electroporation.
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allow orientation of the gene fragment when cloning. In this way the 3’ gene 

fragments were cloned into EcoRl-EcoRM site in pBackbone. Similarly an Xbal 

site was tagged onto the 5’ end of the reverse primer for amplification of the 5’end 

of the gene, allowing this fragment to be cloned in the correct orientation between 

E d  13611 and Xba\ sites in the plasmid. At this stage an antibiotic resistance 

cassette was cloned into a compatible site between the two gene fragments to 

ensure the loss o f gene function and to facilitate selection for the mutation. The 

choice of antibiotic was varied to allow the creation of double knockouts at a later 

stage, with a kanamycin resistance marker already in the plasmid. The final stage 

o f plasmid construction was to put in the sacB/lacZ cassette. The sacB gene 

confers sensitivity to sucrose, and the lacZ gene, which codes for the p- 

galactosidase enzyme, turns colonies blue in the presence o f X-Gal. This cassette 

allows simultaneous selection and screening for loss o f the plasmid in the final 

stage, which is then confirmed by checking for loss of the kanamycin marker 

carried on the vector (Figure 10). Between each cloning step a series of digests 

were performed on each construct to confirm that each fragment had been cloned 

in successfully and that no deletions had occurred in the cloning steps.

After electroporation o f plasmids into M. tuberculosis H37Rv, homologous 

recombination was utilised to produce the selected gene knockouts (Figure 5, 

Chapter 2). To allow the first cross-over event to occur cells were plated onto 

7H11 + X-Gal plus the relevant antibiotic, or if  the mutation was unmarked on 

7H11 + kan + X-Gal selecting for a kanamycin resistance gene present in the 

vector part of the plasmid. White colonies were picked from marked constructs as 

potential double cross-overs and checked for kanamycin sensitivity. Blue
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colonies were picked (single cross-overs) and plated onto 7H11 plus relevant 

antibiotic for marked constructs and on 7H11 only for unmarked constructs to 

allow the second cross-over to occur. To select against the sacB gene present on 

the vector which confers sucrose sensitivity, cells were then plated onto 7H11 + 

2% sucrose +X-Gal plus antibiotic for marked, or without antibiotic for 

unmarked, constructs. Blue sucrose-resistant colonies are spontaneous sacB 

mutants. White sucrose-resistant colonies are potential double cross overs. White 

colonies were patched onto 7H11 plates containing relevant antibiotic, kan, or no 

antibiotic to check for loss of the plasmid. Kan sensitive (and for marked 

constructs appropriate antibiotic resistant) colonies were picked and DNA 

extracted for Southern blotting. This process takes approximately 6 months, due 

to the number o f selections required to generate the knockouts, and is illustrated in 

Figure 5.

4.3 Screening of potential mutants by Southern blotting

Colonies which were shown to be phenotypically correct by the last stage of 

selection on solid media were used, after extracting the DNA, for analysis by 

Southern blotting. Figure 11 shows the location o f the probes (~200-600bp in 

length) in the 5’ end o f the cloned region, and the restriction enzymes that cut 

once in the 5’ flanking region of the sequence, and once in the 3’end of the cloned 

region. Designing the probes and restriction enzymes in this way allows 

identification of which recombination event (5’ single cross-over, 3’ single cross

over, 5’ and 3’ double cross-over or random integration) has occurred in the
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Figure 11. Recombination events in M. tuberculosis 
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Figure 11. Schematic of the possible recombination events for generating the 

mutant strains in M  tuberculosis. The arrows indicate the cutting sites of the 

restriction enzyme, the white boxes are the location in which the probe will bind 

depending on the recombination event that has occurred.
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potential knockout. A double-cross over will show only one band on the blot, 

whereas any other recombination events will show more than one band (Figure

11). The size of the band will distinguish the desired double cross-over from 

colonies wild-type at this locus.

4.4 Mutations constructed

The genes targeted, the resistance marker used, the sizes of the deletions 

introduced and the lengths o f the homologous flanking regions are given in Table

11. The sequences o f the primers used to amplify the flanking regions for each 

mutation, and for construction o f the probes are, listed in Appendix II.

4.4.1 Rvl956

The RvI956 gene was the most highly induced o f those genes predicted to be 

transcriptional regulators in both the wild-type and recA mutant strains o f M. 

tuberculosis from the microarray data (Chapter 3). This gene was targeted for 

knockout construction to investigate its role in regulation of expression following 

DNA damage as well as any role in pathogenesis. This was marked with a 

gentamycin resistance cassette, and the knockout successfully generated (Figure

12).
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Figure 12. Southern blot of Rv 1956 knockout

Rvl956

1 2 3

4.8kb

4.0kb

1 - Knockout 4.8kb

2 - Knockout

3 - wüd-type control 4.0kb

Figure 12. Southern blot of knockout obtained for the transcriptional regulator 

Rvl956, with sizes of expected bands for single-cross overs, double cross-overs 

and wild-type respectively. For each blot a wild-type control was assayed.
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4.4.2 NER

The uvrA and uvrD gene individual mutant strains were kindly provided by our 

collaborator Professor E.C. Bottger. Both knockouts were made in the 1424 wild- 

type, the streptomycin resistant derivative of H37Rv (Davis et al., 2002b). The 

uvrA mutant strain also contains a kanamycin resistance marker replacing 1.2kb of 

the gene for functional inactivation of uvrA. Functional inactivation o f the uvrD 

mutant was made by deleting a 1.4kb fragment o f the gene and replacing it with a 

3.0kb gentamycin resistance marker.

4.4.3 BER

Four genes o f interest were targeted that are involved in BER. The genes fp g  and 

mutY  are both DNA glycosylases, involved in the first stage o f BER repair, in 

what is a 2-step process. AP  endonucleases represent the 2"  ̂ stage o f repair, and 

for this reason end and xthA, both AP  endonucleases were targeted.

The XthA construct was initially attempted unmarked, but this proved an 

inefficient method of generating the knockout as all colonies on the final selection 

stage although showing the correct phenotype, were shown to be wild-type by 

Southern blotting (data not shown). One of the main problems with making 

unmarked knockout constructs is contamination at the sucrose selection step, as 

there is no antibiotic present and a high concentration of sucrose. As many of the 

sucrose selection plates had to be discarded due to contamination, few colonies 

were screened in the last round of selection and only 2 of these were shown to be 

kan sensitive. The construct was then marked with a gentamycin resistance
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marker. This improved the number of colonies for screening on the last selection 

from 0-12 to more than 50, and the knockout was successfully generated (Figure 

13).

The end mutant knockout strain is an insertion mutant, whereby a 1.5kb 

hygromycin resistance marker was inserted between the two gene fragments to 

disrupt gene function. O f the 3 colonies from which the DNA was extracted for 

end, two from the first selection plate and one taken though all o f the selections on 

solid media, only the latter was shown to be correct by the Southern blot (Figure 

13). A subsequent double knockout o f the end and xthA genes was made by 

introducing the xthA plasmid knockout construct into the end mutant strain 

(Figure 13), as this has been shown to confer a severe phenotype to certain DNA 

damaging agents in Escherichia coli (Galhardo et a l,  2000).

The fp g  construct was marked with gentamycin and the mutY  construct with 

hygromycin. A knockout strain for both fp g  and mutY  was successfully obtained 

(Figure 13).

4.4.4 Recombination

A number o f genes were targeted initially involved in recombination repair, 

encompassing different aspects of the recombination repair systems. The recA 

gene plays a major part in mediating most types o f recombination repair, and thus 

its role is thought to be highly important. This mutant strain was made in
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Figure 13. Southern blots of BER knockouts

XthA XthAîenà probed
with &nà

1 - Knockout 3 .8kb

2 - Wild-type 2.2kb
3 - Wild-type control 2.2kb 

4- Knockout 3 .0kb

5 - Wild-type control 2.7kb
6 - Wild type 3 .2kb

7 - Knockout 4.8kb

8 - Wild-type

9 - Wild-type control

10 - Knockout 4.4kb

11 - Knockout
12 - Knockout

13 - Wild-type control 3.8kb

14 - Knockout 4.8kb
15 - Wdd-type control 3,2kb

Figure 13. Southern blots of knockouts obtained for genes involved in base 

excision repair, with sizes of expected bands for single-cross overs, double cross

overs and wild-type respectively. For each blot a wild-type control was assayed.

113



collaboration with Professor E.C. Bottger's group on the 1424 wild-type 

background, and contains a 1.8kb hygromycin resistance marker inserted internal 

to 2 PstI sites in the recA gene, removing 1.3kb of the coding region (Davis et al., 

2002b).

Initially, recC was targeted using an unmarked construct to make the knockout. 

This proved unsuccessful as all colonies screened at the final stage o f selection 

were wild-type as seen with the unmarked xthA mutant construct (data not 

shown). A marked construct was then made, containing a gentamycin resistance 

marker, and proceeded through all selections. This dramatically increased the 

numbers of white colonies obtained in the sucrose selection step, and 

subsequently 112 colonies were patched for kan sensitivity, only 13 of which were 

kan sensitive. However, all o f the 13 colonies tested by Southern blot were found 

to be wild-type (Figure 14). Confirmation of any single cross-overs obtained of 

recC  is yet to be determined.

The knockout construct for the recF  gene, involved in repair at stalled replication 

forks, was marked with a hygromycin resistance marker. This has been 

successfully knocked out, with 2 of the 4 colonies screened by Southern blot 

being double cross-overs (Figure 14).

A further gene thought to have a role in recombination, radA, was also targeted. 

A single gene knockout of radA was made (Figure 14). In an attempt to make a 

double mutant in radA and recA, a recA targeting plasmid containing the same
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Figure 14. Southern blots of recombination repair knockouts

recC recF radA

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

1- ladder hybridisation 16 -  Knockout - 4.7kb

2- wild-type 17 -  Knockout -  4.7kb

3- wild-type 18 -  wild-type -  3 6kb

4- wild-type 19 -  Single cross-cr/er

5- wild-type 20 -  wild-type control -  3.6kb
6- wild-type 21 -  Single cross-over

7- wild-type 22 - Knockout

8-wild-type 23 -  wild-type control

9- wild-type

10- wild-type

11-wild-type

12-wild-type

13-wdd-type

14- Wild-type control

15- ladder hybridisation

Figure 14. Southern blots of knockouts obtained for genes involved in 

recombination repair, with sizes of expected bands for single-cross over, double 

cross-overs and wild-type respectively. For each blot a wild-type control was 

assayed.
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mutation and flanking regions used for recA alone but recloned into the sacB 

system, was constructed. However, when this was electroporated into the radA 

mutant strain, no colonies were obtained on the first selection stage after multiple 

attempts.

4.5 Discussion

To investigate the roles of various DNA repair systems in the pathogenesis o f M. 

tuberculosis, a number gene knock-outs have been made utilising homologous 

recombination. It has been shown previously that pre-treating plasmid constructs 

with UV light or alkali stimulates homologous recombination and abolishes 

illegitimate recombination (Parish and Stoker, 2000b; Hinds et a l,  1999). 

However, this method was not employed in this study, due to the possibility of 

introducing secondary mutations into the DNA.

For the initial constructs aimed at making unmarked mutations in recC and xthA, 

all colonies screened by the Southern blot were shown to be wild-type (Figure 14 

and data not shown). This implied that marking the constructs with an antibiotic 

resistance cassette could be a more efficient way o f generating and detecting 

potential double cross-overs. Obtaining the recC  knockout proved more 

problematic than could be solved by adding an antibiotic resistance marker, as 

even with the addition of this selection, this knockout could not be obtained. It is 

possible that this may be due to the size of the deletion attempted in this gene, 

regardless o f the length of the homologous flanking regions. A smaller deletion 

may be necessary to successfully obtain the recC  knockout strain. One other
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possibility for the failure to obtain a recC  knockout may be that it is an essential 

gene in M. tuberculosis, although this is not the case in other bacteria such as 

Salmonella enterica (Cano et al., 2002) and E.coli (Sargentini and Smith, 1986). 

Further investigation is required to determine if  this is the case. Essential genes 

can only be disrupted if a second functional copy o f the gene is provided 

elsewhere in the genome (Parish and Stoker, 2000a). To do this, single cross-over 

mutants o f recC  need to be identified, and then following transformation with an 

integrating plasmid containing another wild-type copy of the gene, it may be 

possible to isolate double cross-overs at the chromosomal locus as described by 

Parish and Stoker (2000a).

Taking the initial difficulties into consideration, all subsequent constructs were 

marked with either hygromycin or gentamycin, and recC  and xthA were also 

marked. A number of the knockouts {mutY, xthA, Rvl956 and radA) were 

obtained by direct selection; double cross-overs from the first selection plate. 

These white colonies are checked for kanamycin sensitivity in the same way as 

colonies selected from all the selection stages, and the DNA extracted and verified 

through Southern blotting. Constructs for all the genes targeted with the 

exception o f recC  (Figure 14) have successfully generated gene knockouts in M  

tuberculosis.

A double knockout of the radA and recA genes was attempted, but was 

unsuccessful. It may be that the recombination frequency in the radA mutant 

strain is reduced, or that in combination these genes are essential. It has been 

shown that the frequency/efficiency o f recombination in a recA deficient strain of
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E. coli is dramatically reduced (Kowalczykowski et al., 1994). An assay to 

identify the frequency of recombination in the radA and recA mutant strain of M. 

tuberculosis would give an indication if  this is the reason for failure to obtain the 

double mutant strain. The size of the deletion in the recA mutant strain could be a 

possible reason for the failure to obtain a double mutant strain with radA, as 

suggested for recC. To obtain the recA mutant strain a large number o f colonies 

were screened by Southern blot analysis (Davis et a l,  2002b), indicating that 

perhaps a smaller mutation could facilitate making a double mutant strain.
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5.0 In vitro phenotype studies of M  tuberculosis mutants

5.1 Introduction

M. tuberculosis can survive and replicate inside the macrophage, and it is here that 

it may be exposed to a number o f stress and/or limiting conditions. These include 

the production of ROI through reactions with molecular oxygen and NADPH 

oxidase, and the production of RNI by iNOS (Rosenberger and Finlay, 2003). 

During periods of non-replicating persistence (Wayne and Lin, 1982; Wayne, 

1976) or dormancy, when the infected macrophages are encased in granulomas 

(Cunningham and Spreadbury, 1998), there will be limited availability o f nutrients 

and oxygen (Nyka, 1974; Loebel et al., 1933b).

To assess the requirement for DNA damage repair in M. tuberculosis under 

different stress or limiting conditions, the mutant strains generated in the previous 

chapter have been processed through a variety o f model systems representative of 

the environments encountered within the host. Each of the mutants has been 

characterised by comparison to wild-type M. tuberculosis for survival in vitro. 

The in vitro experiments consisted o f a number of different experimental 

procedures. Initially growth curves were performed to assess the ability of the 

mutant strains to grow under normal conditions. Subsequently, viability of the 

mutant strains upon exposure to ROI and RNI was assessed relative to their 

parental wild-type strain, to try to mimic the internal environment of the 

macrophage. Survival o f these strains deficient in DNA repair was also compared
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during conditions o f nutrient starvation and in a microaerophilic model of 

dormancy, again to represent the internal environment of the macrophage or 

encasement in granulomas within the host.

5.2 Growth curves of mutants

The wild-type and mutant strains of M  tuberculosis were grown under normal 

conditions in a rolling incubator at 2rpm (see section 2.1.1), and growth was 

assessed using optical density of the cultures. Under these conditions the 

doubling time is 17 hours for the wild-type strain, which can be seen for both 

wild-type H37Rv and 1424. The mutant strains grew at the same rate as those of 

their parental wild-type strain (Figure 15-17). This indicates that the mutant 

strains have an unaltered ability to divide and replicate under normal growth 

conditions.

5.3 Growth of mutants under oxidative and nitrosative stress conditions

An assay for cell viability with the M. tuberculosis mutants was set up to assess 

their ability to grow under a variety of different oxidative and nitrosative stress 

conditions thought to mimic the environment inside the macrophage and expected 

to damage DNA. Cultures were grown to exponential phase and one aliquot was 

treated with a DNA damaging agent, whilst one was left untreated. For nitrosative 

stress, the culture was harvested and resuspended in acid media (pH 5.4). Sodium 

nitrite was added to one aliquot, whilst another was left untreated, as previously
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Figure 15. R v l9 5 6  and N E R  mutant strain growth curves
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Figure 15. Growth curves o f  N E R  and R v l9 5 6  mutant strains compared to

their parental w ild-type strain as measured by optical density taken from

individual cultures.
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Figure 16. BER mutant strain growth curves
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Figure 16. Growth curves o f  BER mutant strains compared to their

parental w ild-type strain as measured by optical density taken from

individual cultures.
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Figure 17. Recombination repair mutant strain growth curves 
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Figure 17. Growth curves o f  recombination repair mutant strains

compared to their parental w ild-type strain as measured by optical density

taken from individual cultures.
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described (Firmani and Riley, 2002b). After exposure to the agent for 24 hours, a 

sample was taken from each culture and serially diluted. Each dilution was then 

plated out onto either a full plate or spotted onto 1/6*̂  o f a plate (Figure 18). The 

plates were incubated for 13-15 days and the colonies counted.

The results from the full and spotted plates were comparable from the initial 

experiment (data not shown), which would allow for many more samples to be 

processed using the spotting method, but reproducibility proved a problem in 

replicate experiments, in particular counting the spotted colonies. Due to the 

length o f time required to do this assay in M. tuberculosis, it was decided to try to 

solve the issue of reproducibility using a fast growing non-pathogenic strain of 

mycobacteria. Mycobacterium smegmatis assays were set up without the addition 

o f any DNA damaging agents initially. The experimental procedure was 

essentially the same, but rather than spotting, the dilutions were plated onto % of a 

plate and spread with a loop. This solved the problem of counting the colonies, 

whilst still allowing for multiple samples to be processed on one plate. However, 

the colony numbers were not following the 10-fold serial dilutions performed. To 

address this issue, the initial aliquot, and subsequent dilutions were made using 

different media. To do this, DMEM plus 50% FCS was used for the first step 

with glass beads, followed by dilution in various different media (DMEM plus 

50% FCS, PBS plus 0.1% Tween, Dubos plus 10% glycerol, or DMEM only), to 

see if  this had any effect on the reproducibility of the dilutions. Using DMEM 

plus 50% FCS solved the problem of the dilutions, and when put together with 

spreading the sample showed good reproducibility within M. smegmatis (data not 

shown).
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Figure 18. Cell viability experiment m ethodology

Mix, split into 8 bottles
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Figure 18. Schematic o f the cell viability experiments performed on the wild-type 

and mutant strains o f M  tuberculosis. Each strain was treated with a variety of 

DNA damaging agents, and viability determined by cfu. Each strain was assayed 

in duplicate.
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This methodology was then employed to assess the M  tuberculosis mutants for 

survival following DNA damage. The details o f the different stress conditions 

may be found in Table 2. The DNA damaging agents used represent a variety of 

different types o f DNA damage. ROI are represented by Paraquat, a superoxide 

generating agent which catalytically diverts electrons from NAD(P)H to oxygen 

to form superoxide ions (Demple and Harrison, 1994), H2O2, and cumene 

hydroperoxide; these can oxidise bases, oxidise deoxyribose and fragment the 

sugar (Demple and Harrison, 1994). RNI are represented by the use o f acidified 

NaN0 2 , which causes the formation o f nitric oxide which can react with 

superoxide to form peroxynitrite, a highly reactive nitrogen species (Ignarro and 

Murad, 1995) that causes damage such as deamination of bases. Other DNA 

damaging agents tested were ofloxacin, a quinolone inhibitor o f DNA gyrase 

which exhibits higher toxicity to mycobacteria than nalidixic acid (Movahedzadeh 

et al., 1997), and mitomycin C which causes interstrand cross-links o f DNA to 

occur by alkylating guanines (Iyer and Szybalski, 1964), both o f these are 

chemical DNA damaging agents. The student’s t-test was applied to the data sets 

comparing wild-type and mutant strains as previously described (Firmani and 

Riley, 2002a) using statistical significance of a p value < 0.05.

5.3.1 Rvl956

The Rvl956 mutant strain showed a significant decrease in viability compared to 

the wild-type following exposure to the ofloxacin, sodium nitrite and cumene 

hydroperoxide stress conditions (Figure 19). These data support the hypothesis 

that R vl956 is more important in the response to stimuli other than mitomycin C
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Figure 19. Rvl956 and NER mutant strain viability following DNA 
damage
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Figure 19. The in vitro viability assays with different DNA damaging agents on the Rvl956 
and NER mutant strains. Graphs represent % viability relative to an untreated control. In 
each case the viability o f the wild-type strain is also plotted for comparison. * shows a 
statistically significant difference at the level p < 0.05 using a student’s t-test.
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as suggested in Chapter Three. It was shown in a preliminary microarray 

experiment to be differentially expressed in response to 6mM sodium nitrite in the 

wild-type strain, and shows a statistically significant loss of viability to 3mM 

sodium nitrite. It is possible this gene plays a role in the transcriptional regulation 

o f genes required to repair some types o f oxidative and nitrosative damage which 

may also occur following inhibition of DNA gyrase.

5.3.2 N ER

The uvrA and uvrD mutant strains were assessed for viability under the different 

DNA damaging conditions (Figure 19) as compared to 1424, their parental wild- 

type strain. The data shows that both strains show a marked increase in sensitivity 

to mitomycin C, indicating that the NER response in M. tuberculosis is important 

for the repair o f DNA damage induced by mitomycin C. Both mutant strains were 

also significantly more sensitive to sodium nitrite stress than the wild-type, 

suggesting that NER is also important for repair o f nitric oxide induced lesions. It 

has previously been suggested that damage from reactive nitrogen species can 

cause intra-strand cross links of purines in the DNA backbone (Nguyen et a l, 

1992). The UvrA protein is known to recognise dimers formed as a result of 

DNA damage, thus this may be another form of damage that UvrA can identify 

and in its absence repair is diminished.

In addition, the uvrA mutant strain showed a statistically significant increase in 

sensitivity following exposure to the superoxide stress, indicating that uvrA is 

important for repair of superoxide induced lesions, whilst the uvrD mutant strain
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showed a statistically significant increase in sensitivity following exposure to the 

H2O2, when compared to the wild-type. H2O2 can cause oxidation and 

deamination o f bases. One mechanism for the repair o f these lesions in E. coli is 

mismatch repair, in which uwD  plays a role (Friedberg et a l ,  1994). Although 

there are no sequence homologues o f the other mismatch repair genes in M. 

tuberculosis, it may be that uvrD also has a role in another repair pathway apart 

from NER

5.3.3 BER

The fp g  mutant strain shows very little difference compared to the wild-type strain 

following exposure to the DNA damaging agents in vitro (Figure 20). It appears 

to be slightly less viable than the wild-type following DNA damage by ofloxacin, 

but this is not statistically significant. In contrast to the marked difference in 

viability of the mutants in NER genes, this mutation has very little effect on 

survival after mitomycin C treatment. Perhaps the most surprising result is the 

lack of effect of the fp g  mutation on viability following exposure to H2O2 and 

sodium nitrite stresses. Both stress conditions are known to cause oxidation of 

bases particularly guanine, resulting in the formation of 8-oxo-G and 8-nitro-G, 

the main targets of the Fpg protein (Galhardo et al., 2000; Spek et al., 2002).

The mutY  mutant strain appears to be less viable than the wild-type in all stresses 

with the exception of mitomycin C (Figure 20), although the only statistically 

significant differences are following exposure to hydrogen peroxide and cumene
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Figure 20. BER mutant strain viability follow ing D N A  damage
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Figure 20. The in vitro viability assays with different DNA damaging agents on the BER 
mutant strains. Graphs represent % viability relative to an untreated control. In each case 
the viability o f the wild-type strain is also plotted for comparison. * shows a statistically 
significant difference at the level p < 0.05 using a student’s t-test.
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hydroperoxide. This is interesting as the MutY protein acts by removing 

misincorporated adenines from opposite 8-oxo-G during the first stage of BER 

(Friedberg et al., 1994). Thus, it seems that in the absence of this gene, the effects 

o f oxidative damage are more toxic to M  tuberculosis.

The end mutant shows a statistically significant decrease in viability compared to 

the wild-type following exposure to H2O2, cumene hydroperoxide, sodium nitrite 

and ofloxacin stress conditions (Figure 20). This is an interesting phenotype as in 

E.coli the nfo gene (the end homologue) has been described as being involved in 

repair o f ROI (Agnez et al., 1996) and RNI (Spek et al., 2002; Galhardo et al.,

2000), and suggests that this gene may have a similar role in M. tuberculosis.

The XthA mutant strain shows the greatest difference from the wild-type in its 

susceptibility to ofloxacin which is statistically significantly different, yet shows 

little difference following exposure to the other DNA damaging agents (Figure 

20). This is perhaps unexpected due to the loss o f viability seen in the end  mutant 

strain (given that they are both AP endonucleases), and that again in E.coli an 

XthA mutant has been shown to be sensitive to H2O2 (Galhardo et al., 2000), 

although no loss o f viability was seen in response to superoxide stress (Agnez et 

a l,  1996).

The xthA/end double mutant strain shows no difference from the wild-type in its 

susceptibility to any o f the DNA damaging agents (Figure 20). It is particularly 

surprising that the xthA/end double mutant actually exhibits higher levels of 

survival following a number o f stresses than the end or xthA single
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mutants,especially as an xthA/nfo mutant in E. coli has been show to be even more 

sensitive to H2O2 (Galhardo et a l ,  2000) and nitric oxide (Spek et a l ,  2002).

5.3.4 Recombination

The first recombination repair mutant strain tested, that in recA, showed no 

significant decrease in viability compared to the wild-type following exposure to 

any o f the DNA damaging agents, with the exception o f mitomycin C (Figure 21). 

There was a dramatic increase in sensitivity to mitomycin C in the recA mutant 

which was statistically significantly different from the wild-type. It has been 

shown previously that mitomycin C induces RecA (Papavinasasundaram et a l,

2001) but that the presence of RecA is not essential for the induction of a DNA 

damage response, as in a recA mutant strain many genes involved in DNA 

damage repair are still differentially expressed (see Chapter Three). The viability 

data presented here are in agreement with that result, as in this recA mutant strain 

the other pathways o f DNA repair presumably still operate with the result that this 

strain remains almost as viable as the wild-type strain under most conditions.

The recF  mutant strain shows a severe loss of viability to nearly all of the 

different stress conditions (Figure 21). These results are surprising, given that the 

recA mutant strain showed very little increase in sensitivity following exposure to 

the DNA damaging agents, with the exception o f mitomycin C. The recF mutant 

strain is statistically significantly different from the wild-type in all stresses except 

H2O2 and cumene hydroperoxide, indicating that recF  is probably not required to 

repair oxidative damage caused by these two agents. The most dramatic
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Figure 21. Recombination repair mutant strain viability follow ing D N A  damage
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Figure 21. The in vitro viability assays with different DNA damaging agents on the 

recombination mutant strains. Graphs represent % viability relative to an untreated control. 

In each case the viability of the wild-type strain is also plotted for comparison. * shows a 

statistically significant difference at the level p < 0.05 using a student’s t-test.
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difference is in the response to mitomycin C and ofloxacin, which possibly require 

recF  to utilise homologous recombination for repair in M. tuberculosis. The RecF 

protein has been shown to have a role in repair of alkylation damage in E. coli in a 

RecA dependent manner, and is thought to play a role in double-stranded break 

repair (Kowalczykowski et al., 1994).

The radA mutant strain shows no significant difference in viability compared to 

the wild-type strain following any of the stress conditions (Figure 21). These 

findings are perhaps unexpected, given that radA is thought to have a role in 

recombination repair in E. coli (Beam et a l, 2002). Although Beam et al (2002) 

showed that in E. coli, a radA mutant strain was not sensitive to H2O2 and only 

weakly sensitive to mitomycin C, one would postulate a role for radA in the DNA 

damage response to mitomycin C at least, as it has been shown to be differentially 

expressed in the microarray experiments (see Chapter 3).

5.4 Growth of mutants under nutrient starvation conditions

It has been suggested that M. tuberculosis is subjected to periods of nutrient 

starvation inside lung lesions, and that the bacilli may persist in this state (Nyka, 

1974). Betts et al (2002) have shown through micro array analysis of M. 

tuberculosis starved of nutrients across 3 time intervals of 4, 24 and 96 hours, that 

initially a number of genes involved in DNA replication/repair/recombination and 

restriction/modification are upregulated, and that at the subsequent time-points 

this class o f genes is down-regulated. Therefore, due to a down-regulation of 

genes involved in DNA replication/repair/recombination and
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restriction/modification, it is possible that the bacteria may he vulnerable to DNA 

damage in this state, and thus require the ability to repair DNA on emergence 

from nutrient starvation.

To assess viability o f the mutant strains of M  tuberculosis under conditions of 

nutrient starvation, and thus consider the need for DNA repair, an experimental 

model o f nutrient starvation was designed. Based on the model by Betts et al 

(2002), cultures were grown to exponential phase, and washed with PBS to 

remove any trace o f nutrients in the media. Baseline colony forming units were 

obtained by plating serial dilutions of a sample taken immediately, then the 

remaining cultures were aliquoted and incubated in a static state for 6 weeks. The 

colony forming units were then taken again to look for a change between the two 

time-points under conditions of nutrient starvation. Each strain was assayed in 

triplicate and in parallel with its parental wild-type strain. To compare the 

viability o f the mutant strains between the two time-points, the student’s t-test was 

applied to the data, with statistical significance of a p value < 0.01.

5.4.1 Rvl956

The Rvl956 mutant strain showed a loss of viability after 6 weeks o f nutrient 

starvation but this was no greater than that seen with the wild-type strain (Figure 

22). Thus, it would appear that the genes regulated by this transcriptional 

regulator are not important for survival under these conditions.
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Figure 22. In vitro nutrient starvation assay results for Rvl956 and NER 
mutant strains
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5.4.2 NER

The uvrA mutant strain showed a significant reduction in colony forming units 

after 6 weeks of nutrient starvation whereas the wild-type strain and uvrD mutant 

strain showed no significant difference (Figure 22). This data suggests that there 

may be a requirement for NER after periods of nutrient starvation, perhaps to 

repair damaged DNA, but that the function o f uvrD is not as essential. It is 

possible that after damage recognition by uvrA, that the NER intermediates can be 

processed by another mechanism.

5.4.3 BER

It seems that mutY  plays an important role in repair o f DNA under conditions of 

nutrient starvation, as this mutant strain shows a greater decrease in colony 

forming units between the two time-points than the wild-type assayed in parallel 

(Figure 23). It has been shown in E. coli that MutY is expressed at higher levels 

under nutrient limiting conditions (Notley-McRobb et al., 2002) indicating its 

importance. Both mutY  and fp g  have been suggested to protect against 8-oxo-G 

lesions formed during starvation in E. coli (Bridges et ah, 1996), and thus provide 

an important role in bacterial survival. Nevertheless, the survival of the M. 

tuberculosis fp g  mutant strain did not appear to be significantly different from that 

of the wild-type strain.

Both the end and the xthA/end double mutant strains showed no significant 

difference in growth ability after a 6 week period o f nutrient starvation (Figure 23)
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Figure 23. In vitro nutrient starvation assay results for BER mutant strains 
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Figure 23. In vitro nutrient starvation assays with the BER mutant strains. * shows 
statistical significance of p < 0.01 using student’s t-test comparing the 6 week against the 
baseline count.
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This result is interesting, particularly as the end mutant is so susceptible to the 

oxidative and nitrosative stress conditions. The pattern of growth of these two 

mutant strains parallels that o f the wild-type strain. Whereas in previous nutrient 

starvation assays (as discussed above), the wild-type has reduced ability to grow 

after 6 weeks, in this experiment both the wild-type and mutant strains increased 

in colony forming units. One possible reason for the inconsistency in the growth 

ability o f the wild-type strain is that all o f the nutrients were not completely 

removed from the media. Although the bacteria were washed three times to 

remove all trace of existing media, it is likely that in this experiment there were 

some nutrients remaining.

The XthA mutant strain shows a lower ability to grow after 6 weeks o f nutrient 

starvation than the wild-type (Figure 23). It was not possible to perform a 

statistical analysis on this experiment as insufficient replicate platings of the first 

time point grew, although the xthA mutant strain shows a 96% decrease in 

viability after 6 weeks when compared to the baseline count. This indicates an 

important role for xthA in maintaining the viability o f the bacteria whilst under 

conditions o f limited nutrients. Perhaps in this instance xthA works in tandem 

with mutY  to remove damaged bases, consequently eliminating the need for end or 

other AP endonucleases, to allow the bacterium to consolidate its resources by 

utilising a core set o f DNA repair genes.
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5.4.4 Recombination

The recF mutant strain showed a statistically significant difference in colony 

forming units at 6 weeks compared with the baseline (Figure 24). There is little 

documented evidence for the role of recF in the involvement of nutrient 

starvation, but this gene may be required to repair damaged DNA on emergence 

from a period of limited nutrients as reported here. It may be that the mutant 

strain cannot survive as well under these conditions, or that DNA damage is 

occurring that requires recombination as a repair mechanism.

The radA and recA mutant strains are less able to grow after 6 weeks of nutrient 

starvation when compared to the baseline (Figure 24), although the pattern of 

grow is similar to that of their parental wild-type strains assayed in parallel. It is 

unfortunate that due to the lack of replicate platings that grew from these two 

experiments that the data is not statistically significant. The nutrient starvation 

assays on the genes involved in recombination suggest that they may play a role in 

mediating repair after periods of starvation, but these results require further 

experimentation to fully understand this effect.
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5.5 Growth of mutants in a microaerophilic model

To look at the viability of the M. tuberculosis mutants in a microaerophilic 

environment, and hence assess the importance of DNA damage repair genes on re- 

emergence from a ‘dormant state’, an experiment was designed based on a 

number o f models described by Wayne (Wayne, 1976; Wayne, 1977; Wayne and 

Sramek, 1994; Wayne, 2001), In this instance the experiments have been 

described as microaerophilic, as a true model o f dormancy or non-replicating 

persistence requires a chemostat facility to monitor and maintain the level of 

oxygen depletion. The method used here consists of static cultures inoculated 

with approximately 1 x 10  ̂ bacteria from exponential phase rolling cultures in 

supplemented Dubos medium with a specific head-space ratio of oxygen of 0.5 

(Wayne, 2001) to allow the cultures to ‘shift down’ into a microaerophilic state. 

Initially the rate of the level of oxygen depletion was monitored using methylene 

blue as previously described (Wayne, 2001). This showed inconsistencies in the 

rate of decolourisation representing the level o f oxygen depletion amongst the 

cultures with some cultures failing to decolourise even after extended incubation. 

Subsequently, owing to pressure o f time, the baseline for each experiment was 

taken one week after inoculation although it is recognised that all o f the cultures 

may not have become microaerophilic. Each experiment was performed in 

triplicate to assess the importance o f DNA damage repair genes on re-emergence 

from a microaerophilic state. To determine whether the mutant strains were less 

able to grow upon re-emergence, a student’s t-test was performed comparing the 

baseline colony forming units with the six week colony forming units for each 

strain, and a p-value o f < 0.01 was deemed to be statistically significantly 

different.
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5.5.1 Rvl956

The Rvl956 mutant showed a similar pattern o f growth to that o f the wild-type 

(Figure 25). The baseline counts for both strains were very similar, and after 6 

weeks under microaerophilic conditions, there was no statistically significant 

difference between the two time points for each strain. This indicates that both 

the wild-type and the Rvl956 mutant strain can shut-down under conditions of 

low oxygen, but can survive and begin replicating again upon re-emergence. 

Thus it appears that this transcriptional regulator is not required under these 

conditions or that there is no requirement for this pathway. This is quite likely as 

Wayne et al (1996) have shown that once the bacilli enter a non-replicating state, 

that transcription and DNA replication cease.

5.5.2 NER

The M. tuberculosis uvrA and uvrD mutant strains involved in NER were assessed 

under the microaerophilic conditions compared with their 1424 parental wild-type 

strain (Figure 25). The uvrA mutant showed a similar pattern of growth to that of 

the wild-type. The baseline counts for both strains were virtually identical, and 

after 6 weeks under microaerophilic conditions, there was no statistically 

significant difference between the two time points for each strain. This indicated 

that both the wild-type and the uvrA mutant strain can shut-down under conditions 

o f low oxygen, but can survive and begin replicating again upon re-emergence. 

Thus it appears that uvrA is not required.
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From the uvrD mutant strain data, it appears that this mutant strain can re-emerge 

to be more viable from a microaerophilic state. However, it may be that as the 

initial inoculum was low relative to that o f both the other strains (1424 wild-type 

and the uvrA mutant strain) run in parallel with this experiment, that this increase 

merely reflects the ability of the small number o f bacteria to replicate until oxygen 

saturation is reached. This interpretation is supported by the similar increase in 

colony forming units observed with the H37Rv wild-type when the starting cell 

density was -10^ cfu/ml (see above). Thus, if  a higher starting inoculum had been 

used, it may be that there would have been little change. It was not possible to 

perform a statistical analysis on this experiment as insufficient replicate platings 

of the first time point grew, again indicating a problem with the starting inocula 

and suggesting that a maximum bacterial load of 1x10^ is a limitation of the 

oxygen available. It is difficult to know how many bacteria are being inoculated 

even with good calculations. If this experiment were repeated it may give a 

clearer picture o f how the uvrD mutant strain is responding under conditions of 

low oxygen.

5.5.3 BER

The issue of starting inoculum concentration arose again in the study of the BER 

mutants compared with their parental H37Rv wild-type strain (Figure 26). The 

experiments were split in half due to the number of strains to be assayed. In the 

experiments for mutY, fp g  and xthA, the starting inoculum of H37Rv is relatively 

low, ~10^ cfu/ml whereas in the end and xthA/end double knockout experiment, 

the wild-type inoculum is much greater, -10^ cfu/ml. In the first case with a low
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inoculum, an increase in cfu to -10^ cfu/ml is observed at the 6 week time-point, 

whereas there is no significant change when the starting inoculum is already ~10^ 

cfu/ml. Thus it may be that a maximum bacterial load of 1x10^ is a limitation of 

the oxygen available.

However, the mutY  mutant strain, although the mutY inoculum was also close to 

-10^ cfu/ml, there is a dramatic decrease in the cfu/ml after 6 weeks in contrast to 

the increase seen in the wild-type strain. Unfortunately, this result is not 

statistically significant, however, again due to the low number of replicates in the 

baseline data set. This experiment will need to be repeated to clarify the growth 

phenotype of the mutY  mutant strain. This observation is interesting as in E. coli 

it has been shown that mutY  expression decreases during periods of anaerobiosis, 

but increases once aerobic metabolism has been resumed (Notley-McRobb et al., 

2002; Gifford et al., 2000). The fp g  mutant strain showed no difference between 

the two time points, during exposure to a microaerophilicenvironment with a high 

starting inoculum. It has been shown previously under anaerobic conditions, that 

deamination of DNA is negligible (Wink et al., 1991), indicating that there may 

be no requirement for this repair pathway under these conditions.

The end mutant strain which has a low starting inoculum showed an increase in 

cell density as seen with similar starting inoculum size for the wild-type (Figure

26). The XthA mutant and the xthA/end double mutant strains with high starting 

inocula showed no statistically significant difference between the two time-points 

under microaerophilic conditions (Figure 26) as seen with the wild-type at similar 

inocula. It has been previously shown that the mRNA transcript levels o f nfo in
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E. coli (the end homologue) is substantially reduced in anaerobic conditions 

(Gifford et a l ,  2000), indicating that perhaps this part of BER is not required for 

persistence in growth limited conditions, nor re-emergence.

5.5.4 Recombination

The recF  mutant strain shows a significant difference in colony forming units 

between the two time points in the microaerophilic model o f dormancy (Figure

27), whereas the corresponding wild-type with this starting cell density does not. 

It may be that recF is required to repair the type o f DNA damage that is occurring 

in this model system. One would postulate that under these conditions, in the 

absence o f recF, that another recombination system could take over if  required. 

Perhaps the intermediates required for another recombination repair pathway are 

not presented in the recF  mutant strain, hence its reduced ability to re-emerge 

from a microaerophilic state. This shows an important role for recF mediated 

repair under conditions o f limited oxygen availability.

The viability of the radA mutant shows no statistically significant difference 

between the two time points (Figure 27). If DNA damage is occurring under these 

conditions of limited oxygen, or upon re-emergence, the radA mutant strain seems 

able to survive as normal.

The recA mutant strain shows a similar pattern to those seen already where the 

starting bacterial load was lower (Figure 27). This mutant strain seems to have 

increased cell density after 6 weeks in the microaerophilic conditions. If this were
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Figure 27. In vitro  microaerophilic m odel o f  dormancy results for
recombination repair mutant strains
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repeated with a higher starting inocula perhaps it would give a clearer picture of 

how the recA mutant strain is responding. It is possible that there is no altered 

ability for this mutant to survive under microaerophilic conditions, as RecA- 

independent recombination is possible during DNA replication which usually 

resumes upon re-emergence (Lovett et al., 2002).

It is apparent from the results obtained here that the size o f starting inoculum is 

critical in determining the growth of M. tuberculosis in this model. It is, 

therefore, important that these experiments are repeated with more closely 

matched inocula at 10  ̂cfu/ml. However, this will be difficult to achieve as in the 

experiments reported here the optical density of the culture was used to calculate 

the inoculum size corresponding to 10  ̂ cfu/ml, but despite this considerable 

variation was seen.

5.6 Discussion

The mutant strains, defective in various DNA damage repair systems have been 

characterised in a number of model systems, to try to ascertain the functional roles 

and responses of each gene. Primarily the mutants were subjected to a variety o f 

different DNA damaging agents, to represent some of the kinds of damage that M. 

tuberculosis may be exposed to in the host as well as some chemical damaging 

agents used in studies of gene regulation. The strains mutated in the genes 

involved in BER were not altered in sensitivity to mitomycin C indicating that this 

pathway is not required for the repair of this kind of DNA damage. In contrast, 

mutation of NER genes or recombination genes resulted in reduced survival
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following exposure to mitomycin C. This is consistent with the mode of action of 

mitomycin C which causes interstrand cross-links o f complementary DNA by 

alkylation of guanines and is more efficacious in GC rich organisms (Iyer and 

Szybalski, 1964).

The uvrA mutant and recF  mutant strains showed a significant loss of viability to 

the paraquat stress. It is known that there are a number of genes (M tuberculosis 

homologues encoding multidrug transporters (Cole et al., 1998), that can confer 

resistance to various drugs and other compounds, including paraquat (Ninio et a l, 

2001). In E. colt, paraquat induces the SOS response, and a recA mutant strain 

has been shown to have enhanced sensitivity to paraquat (Brawn and Fridovich, 

1985; Yonei et a l, 1986). In this study a high concentration of paraquat (25mM) 

was administered to each of the M  tuberculosis mutant strains with very little 

effect on survival, showing that this bacterium has other highly effective defences 

against superoxide stress. These include superoxide dismutases {sodA and sodC), 

metalloenzymes that catalyse the dismutation of superoxide radicals to H2O2 and 

molecular oxygen. Mutants in sodC  have been shown to be sensitive to H2O2 in 

M. tuberculosis and M  bovis BCG  (Dussurget et al., 2001). It has been shown 

previously in E.coli that uvrA mutant strains subjected to H2O2 show comparable 

viability to wild-type strains (Asad et al., 1995; Imlay and Linn, 1987), here we 

show a similar effect in M. tuberculosis.

The requirement for BER has been highlighted through the susceptibility of the 

mutY  and end mutant strains to peroxide stresses. It has been suggested in E. coli 

that xthA can compensate for lack of the end gene, as xthA is the major processor
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of AP sites, constituting >90% of the activity (Galhardo et a l ,  2000). This is 

unlikely to be the case in M. tuberculosis due to the greater susceptibility of the 

end mutant strain compared with an xthA mutant. Interestingly, the xthA/end 

double mutant shows no phenotype at all, which is particularly surprising as an 

xthA/nfo mutant in E. coli has been show to be highly sensitive to H2O2 (Galhardo 

et a i ,  2000) and nitric oxide (Spek et al., 2002). The XthA and End proteins are 

both AP endonucleases, but with slightly different activities, that function in the 

second stage o f BER (Friedberg et a l, 1994). It is highly possible that in the 

absence of both o f these genes, recombinational repair and translesional synthesis 

are recruited to process the large number of BER intermediates generated as 

previously suggested by Spek et al (2002).

The lack of phenotype seen in the fp g  mutant, and perhaps the xthA/end double 

mutant could be due to a compensatory mechanism by UvrABC. It is thought that 

this complex may participate in repair o f oxidised bases when DNA glycosylases 

are inactivated or saturated (Agnez et al., 1996). It has been shown that both fp g  

and uvrA can act on the same damaged substrates in E. coli (Asad et al., 1995; 

Czeczot et al., 1991) indicating that this could be the situation in M. tuberculosis.

It seems that uvrA is important for recognising a variety of types of DNA damage 

in M. tuberculosis. A loss of viability was seen in this mutant strain in response to 

superoxide, nitroxide and mitomycin C. The sensitivity o f the uvrA mutant to 

nitrosative stress is similar to that previously observed in an E. coli uvrA mutant 

strain which showed extreme sensitivity to nitrous acid (Sidorkina et a l, 1997). 

However, more recently Spek et al (2001) showed that a uvrA mutant strain of
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E.coli showed no loss of viability to RNI using NO gas. Nitric oxide can induce 

covalent modifications of DNA such as nicks, cross-links and base damage, which 

uwA  has been shown to respond to (Ignarro and Murad, 1995).

In Salmonella enterica, nitric oxide causes replication arrest at replication forks 

and RecBC (but not RecA) is a great requirement in resistance to RNI in this 

bacterium (Schapiro et al., 2003). As nitrosative stress has been shown to induce 

the SOS response and double stranded breaks in S. enterica, there could be a role 

for recF  function in these systems in M. tuberculosis. The recF  mutant strain 

showed an increase in sensitivity to the nitrosative stress in vitro, whereas the 

recA mutant did not. The recF mutant strain has one of the most interesting 

phenotypes. This has shown a consistent survival defect in all o f the 

characterisation models discussed so far. This gene is critical, at least in E. coli, 

for repair o f daughter strand gaps and tolerance o f lesions that inhibit DNA 

replication (Spek et a l,  2001). It seems it is of great importance in M. 

tuberculosis, due to the dramatic inability of this mutant strain to survive under a 

variety o f different conditions. In E. coli it has been shown that recF is part o f an 

operon, which has been shown to be growth regulated and under stringent control 

(Chiaramello and Zyskind, 1990). RecF is also required for adaptive mutation in 

E. coli (McKenzie et al., 2000). In the absence o f this gene in M. tuberculosis it is 

possible that it loses this ability of adaptive mutation with consequent reduced 

survival under conditions limited in nutrients and oxygen as shown in both assays. 

It has been shown in E. coli that functioning xthA can repair DNA damage under 

low iron conditions. This may account for the loss o f viability of the xthA mutant 

strain in M. tuberculosis during nutrient starvation. It is possible that adaptation
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o f some of the mutant strains of M. tuberculosis has occurred through the slow 

‘shift-down’ into a non-replicating state. This has been shown previously by 

Wayne et al whereby bacteria can tolerate and even become resistant to a number 

o f agents that would normally cause extensive damage (Cunningham and 

Spreadbury, 1998; Wayne and Sramek, 1994; Wayne and Lin, 1982; Wayne, 

1976). Another possibility for the variation observed in the microaerophilic 

model experiments is that the inconsistencies observed in loss of decolourisation 

using methylene blue could relate to differences in inoculum size. It appears from 

the data obtained that growth occurred from lower inocula but not the larger 

inocula of the wild-type, and a number o f the mutant strains. Thus, initial oxygen 

availability from a lower starting inoculum may be advantageous for the ‘shift- 

down’ into a non-replicating state.

A small decrease in viability during nutrient limiting conditions was seen in the 

recA and radA mutant strains. Most surprisingly, there was very little effect on 

survival o f either o f these mutant strains in any o f the in vitro models. The recA 

mutant strain exhibited the greatest effect with mitomycin C, showing < 3 %  

viability, but this had no effect on the radA mutant strain. It has been shown from 

the microarray data (Chapter Three) that radA is not regulated by recA as it is still 

differentially expressed in the recA mutant strain. Coupled with the fact that 

neither of these mutant strains show a loss of viability to any of the DNA 

damaging agents, and that a radA/recA double mutant strain could not be 

generated, it suggests that radA could replace recA function or that recA could 

replace radA function in M. tuberculosis. Further investigation is required to 

ascertain if  this is the case.
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It seems that the importance or requirement for these genes in M. tuberculosis is 

not as critical as in E. coli, and it may be that M  tuberculosis has other 

compensatory pathways for repair or avoidance o f oxidative damage when one is 

non-functioning or saturated. These include Catalase (katG) which is important 

for protection against ROI and RNI by breaking down H2O2 (Master et al., 2001), 

and alkylhydroperoxide reductases (ahpC, D  and E) which detoxify organic 

peroxides and other oxidative and nitrosative intermediates (Springer et a l,  2001).

For many o f the M. tuberculosis mutants, adaptation to limited nutrient and 

oxygen availability was possible, as no significant difference in survival was 

observed. This highlights how successful M  tuberculosis is as a pathogenic 

organism, as it can shift its requirement to dormant survival rather than 

replication, in adverse conditions. Many more o f the mutant strains were 

susceptible to the DNA damaging agents in vitro, suggesting that DNA repair is 

important for M. tuberculosis in its ability to survive within the host environment.
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6.0 In vivo characterisation of M, tuberculosis mutant 

strains

6.1 Introduction

As previously discussed in Chapter One, M. tuberculosis can replicate and persist 

inside the macrophage. To do this it uses a variety of strategies to modify its 

intracellular environment within the phagocytic cells, through primarily altering 

macrophage phagosomes (Triccas and Gicquel, 2000). The molecular 

mechanisms by which M. tuberculosis resists antibacterial functions are unknown, 

but the gene expression profile of M  tuberculosis following infection of 

macrophages has been much studied by microarray (Fisher et al., 2002; 

Schnappinger et al., 2003), selective capture o f transcribed sequences (SCOTS) 

(Graham and Clark-Curtiss, 1999), proteomics (Monahan et al., 2001) and RT- 

PCR (Butcher et al., 1997). This has shown that a variety of genes are induced in 

M. tuberculosis in response to infection in macrophages, including genes involved 

in DNA repair and virulence (Graham and Clark-Curtiss, 1999), which are 

important for protection against the production o f ROI and RNI within this 

environment.

Monitoring the course o f M. tuberculosis infection has been possible using a 

number o f animal models, in particular the mouse model. Most commonly, mice 

are infected with potentially attenuated strains of M. tuberculosis and the 

progression o f disease and pathogenesis monitored by cfu counts from target
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organs. In another approach, time to death studies have been performed to assess 

persistence and progression of disease (Hondalus et a l,  2000).

In this study, the effect of the mutations introduced into M. tuberculosis on 

pathogenesis was assessed in these two in vivo systems. Survival o f the mutant 

strains defective in DNA repair was assessed in a human-derived macrophage-like 

cell line, and the progression o f disease was monitored over a period of months 

for ability to survive and persist in a mouse model o f infection.

6.2 Growth of mutants in macrophages

To assess the ability o f the M  tuberculosis mutant strains to survive and replicate 

inside macrophages, an assay was set-up based on the model described by 

Raynaud et al (2002). The mutant strains were assessed as compared to their 

parental wild-type strain, over a period o f seven days. After differentiating the 

human monocytic leukaemic cell line, THP-1 cells, into macrophages by PM A as 

previously described (Basheeruddin et al., 1992), the cells were infected with a 

1:1 ratio o f bacteria to macrophages for four hours. After the extracellular 

bacteria were washed off, at different time intervals over a period o f 7 days, the 

macrophages were lysed, the bacteria recovered, and the number o f viable M. 

tuberculosis was determined. Each mutant strain was compared to their parental 

wild-type strain and significant statistical difference was determined using a t-test 

with a p  value o f < 0.01.
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6.2.1 Rvl956

The Rvl956 mutant strain was as viable as the wild-type strain in its ability to 

survive and replicate inside the macrophage (Figure 28). There was no 

statistically significant difference between the two strains during the course of 

infection.

6.2.2 NER

The uvrA and uvrD mutant strains showed no significant difference during 

infection in macrophages when compared to the wild-type strain (Figure 28). The 

uvrD mutant strain showed a decrease in viability after day 4, a trend which 

continued to day 7 although it was not significantly different from the wild-type 

strain. This indicates that in this system, the NER mutants have no impaired 

ability to survive and replicate inside the macrophage.

6.2.3 BER

The fp g  mutant strain showed no significant difference when compared to the 

wild-type strain in ability to survive inside macrophages (Figure 29). After a lag 

o f 2 days it grew to a similar extent to the wild-type, the fp g  mutant strain then 

showed a decrease in growth from days 4-7. The mutY  mutant strain showed 

reduced growth in macrophages from day 4 when compared to the wild-type 

strain (Figure 29). After day 4 the ability of this mutant strain to survive declined 

substantially, such that the final time-point at day 7 showed a statistically
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Figure 28. Infection o f  macrophages with R v l9 5 6  and NER  mutant
strains
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Figure 28. Graphs of Rvl956 and NER mutant strains with their parental wild- 
type strain infected for 4 hours in macrophages, and cultured over a period of 7 
days. At different time intervals, the macrophages were lysed, the bacteria plated 
out and the colonies counted after 13-15days incubation. * denotes a statistically 
significant difference from the parental wild-type strain as determined by a t-test 
with a p value < 0.01
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Figure 29. Infection o f  macrophages with BER mutant strains
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Figure 29. Graphs of BER mutant strains with their parental wild-type strain 
infected for 4 hours in macrophages, and cultured over a period o f 7 days. At 
different time intervals, the macrophages were lysed, the bacteria plated out and 
the colonies counted after 13-15days incubation. * denotes a statistically 
significant difference from the parental wild-type strain as determined by a t-test 
with a p value <0.01.

160



significant difference from the wild-type strain. Thus, it appears that the ability of 

the mutY  mutant strain to persist inside the macrophage over this time period may 

be impaired.

For the end mutant strain, starting inocula proved a problem. The first experiment 

assayed using this strain had a starting bacterial load of < 1x10^ bacteria as 

compared to -1x10^ for the wild-type strain (data not shown). This experiment 

was repeated, taking this into account, but once again the initial bacterial load was 

lower than that o f the wild-type strain (Figure 29). The ability for the end mutant 

strain to survive and replicate in the macrophage, however, did not seem to have 

been affected over the time-course of the experiment, as by day 4, there was little 

difference between the mutant strain and the wild-type.

The XthA mutant strain starting inoculum was virtually identical to that o f the 

wild-type strain, but there followed a substantial decrease in bacterial numbers 

between day 0 and day 2 (Figure 29). This mutant strain then seemed to go 

through a period o f recovery, where perhaps the bacteria are replicating again 

after adjusting to the internal environment, and it resumed growth similar to that 

o f the wild-type strain. Perhaps surprisingly, the xthA/end double mutant showed 

no significant difference from the wild-type strain in the bacterial numbers 

recovered from the macrophage (Figure 29), indicating that its ability to survive 

under these conditions was not impaired.
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6.2.4 Recombination

Although the recF  mutant strain showed no difference from the wild-type for the 

first 2 days following infection o f macrophages (Figure 30), subsequently, the 

ability o f this mutant strain to persist declined until the last time-point. At day 7 

there was a statistically significant difference between the recF mutant and the 

wild-type strain. This indicates that this strain has an impaired ability to survive 

within the macrophage.

The radA mutant strain was able to persist to the same extent as the wild-type 

strain for the first 4 days of the macrophage infection assay (Figure 30). 

Following this, the wild-type strain started to show reduced bacterial numbers but 

the mutant strain was able to persist, resulting in a statistically significant 

difference between itself and the wild-type. This may be a true representation of 

the ability o f the radA mutant strain to survive better than the wild-type strain. 

However, it should be noted that the wild-type strain assayed in parallel with the 

recF  mutant did not have as great a decline in bacterial numbers at the last time- 

point, so this may be an artefact of this assay. This experiment will need to be 

repeated to obtain a full understanding of the survival of the radA mutant 

following infection o f macrophages.

The recA mutant strain showed no statistically significant difference at any o f the 

time-points when compared to the wild-type strain for ability to grow in 

macrophages (Figure 30). Its pattern of survival was virtually identical to that of 

the wild-type strain, showing very little loss of viability in the macrophage.
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Figure 30. Infection o f  macrophages with recombination repair mutant
strains
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Figure 30. Graphs o f recombination repair mutant strains with their parental 
wild-type strain infected for 4 hours in macrophages, and cultured over a period 
of 7 days. At different time intervals, the macrophages were lysed, the bacteria 
plated out and the colonies counted after 13-15days incubation. * denotes a 
statistically significant difference fi-om the parental wild-type strain as 
determined by a t-test with a p value < 0.01
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6.3 Growth of mutants in intravenously infected mice

The final model used to characterise the mutant strains o f M. tuberculosis was to 

determine whether there was any effect on the progression of disease during the 

course o f infection in vivo. Mice were infected intravenously with either the 

mutant or parental wild-type strain, and the bacterial load in the lungs and spleen 

monitored over a period of months by determining colony forming units in each 

case. The growth o f the mutant strains was compared to the wild-type across the 

time-points by using a t-test with statistical significance o f p < 0.01.

6.3.1 Rvl956

The R vl956 mutant strain showed a reduced ability to grow in the mouse model 

o f infection in both the lungs and the spleen when compared to the wild-type 

strain (Figure 31). Although only the last time-point at day 85 was statistically 

significantly different from the wild-type, it appeared that it had a much lowered 

ability to persist across all the time-points in both organs studied. The 

significance o f the reduced growth in the lungs is o f particular importance, as it is 

here that the bacteria survive and replicate.

6.3.2 NER

The uvrA and uvrD mutant strains showed a similar pattern of growth to that of 

their parental wild-type strain 1424 until day 64 (Figure 31). From this point the 

ability for the uvrA mutant strain to persist continues in line with that of the wild- 

type. However, the uvrD mutant strain subsequently starts to exhibit reduced

164



Figure 31. Rvl956 and NER mutant strain survival in a mouse model o f infection 

Rvl956
Lungs Spleen

1 .OOE+071.00E+07 -I

1.00E+06

1.00E+05

1 OOE+05

Jo  1.00E+04

1.00E+04
20 1000 40 60 80 80 1000 20 40 60

Days

uvrA, uvrD

Lungs

Days

Spleen
1.00E+07 -I

1.00E+06
1 OOE+06

— 1.00E+05

1 .OOE+05
53 1.00E+04-C5

1.00E+03 1 OOE+04
1500 50 100 0 50 Days '00 150Days

O 1424 wild-type 

0  uvrA

□ uvrD

Q H37Rv wild-type

□  Rvl956

Figure 31. Survival o f Rvl956 and NER mutant strains in a mouse model of 
infection over a period of 85 and 130 days respectively. Each strain was 
assayed against its parental wild-type strain. * denotes a statistically significant 
difference from the wild-type strain with a p value <0.01
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ability to persist. The last two time-points in the uvrD mutant strain are 

statistically significantly different from the wild-type strain, indicating that in the 

absence of uvrD, long-term survival of M  tuberculosis in a mouse model of 

infection is dramatically reduced.

6.3.3 BER

The fp g  mutant strain showed an interesting phenotype when compared to the 

wild-type strain when infected in mice (Figure 32). This strain grew better than 

the wild-type in both the lungs and spleen for the first 60 days then its growth 

rapidly declined. It is possible that the wild-type strain assayed with the fp g  

mutant was not a true representation of how wild-type M  tuberculosis normally 

persists, as when compared to that of the other wild-type strains in different 

experiments, it shows dramatically impaired growth (Figure 32). Therefore, it is 

possible that there is no difference between the 2 strains across the initial 2 

months o f the time-course. However, if  the experiment were run for longer, it is 

likely that the fp g  mutant strain may have a late phenotype as its ability to survive 

starts to decline after day 60 in both the lungs and spleen. It is possible that the 

ability o f the fp g  mutant strain to persist over a period longer than 109 days would 

be significantly impaired. This experiment will need to be repeated to further 

clarify this hypothesis.

The infection o f the mutY  mutant strain ran for slightly longer than that o f fpg, to 

130 days (Figure 32). This mutant strain showed little difference in growth from 

the wild-type strain up until day 75 in both the lungs and the spleen. Following
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Figure ^2. fp g  and mutY  mutant strain survival in a m ouse model o f  infection
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this, the bacterial load of the mutant strain then declined in contrast to that o f the 

wild-type strain. There is a statistically significant difference from the wild-type 

in the spleen counts at day 105, and a significant difference in both the lungs and 

the spleen at day 130. This shows that the mutY  mutant strain has a reduced 

ability to persist as suggested for the fp g  mutant strain.

The time-course o f infection for the end mutant strain was the same as that of 

mutY  (Figure 33). Once again, there was a small discrepancy in the starting 

inocula for the mutant strain when compared to the wild-type as seen previously 

with the infection in macrophages (section 6.2.3). This did not affect the ability of 

the end mutant strain to grow, but resulted in slightly lower bacterial numbers 

than the wild-type strain. It was particularly clear in the spleen that the end 

mutant strain showed a decreased ability to grow from day 75 onwards when 

compared to the wild-type. There was a statistically significant difference from 

the wild-type strain in the spleen at both day 105 and day 130, and also in the lung 

at day 130. Thus, the end mutant strain is only able to persist at a lower level than 

that o f the wild-type strain over the course of 130 days.

For the xthA mutant strain, the problem with the growth of the wild-type was the 

same as previously described for fp g  (Figure 33). The xthA mutant strain showed 

an increased ability to persist in both the lungs and the spleen when compared to 

the wild-type strain. For reasons described above, it is possible that there is no 

real difference between the two strains; however, the mutant strain and the wild- 

type do parallel each other in the infection up to day 31 in the lungs and day 60 in 

the spleen. Thus, this may be a true representation of the ability o f the xthA
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Figure 33. end and xthA mutant strain survival in a mouse model of 
infection
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Figure 33. Survival of end and xthA mutant strain in a mouse model of 
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mutant to survive, and that this mutant becomes hyper-virulent after a period of 

low level persistence.

The XthA/end double mutant showed no reduced growth in the mouse model of 

infection when compared to the wild-type strain (Figure 34). Its growth paralleled 

the wild-type strain in both the lungs and the spleen across all time-points, 

indicating that the loss o f these two genes has no effect on the ability of M. 

tuberculosis to survive and replicate intracellularly in the mouse model.

6.3.4 Recom bination

The recF  mutant strain showed the same ability to grow as the wild-type in both 

the lungs and spleen until day 28 (Figure 35). It was clear after this time-point 

that the mutant strain could not survive as well as the wild-type strain. There is a 

statistically significant difference between the two strains for day 63 and day 121 

in both the lungs and the spleen. It is possible that the mutant strain loses its 

ability to survive due to the induction of cell-mediated immunity after 3-4 weeks.

The radA mutant strain cannot grow as well as the wild-type strain in either the 

lungs or the spleen, but shows no statistically significant difference from the wild- 

type strain across the time-points (Figure 35). It may be that this mutant can 

persist at a lower level than that of the wild-type, although by the last time-point 

of day 85 in the spleen, it appears that the radA mutant strain can survive as well 

as the wild-type. It would be interesting to assay this mutant over a longer time
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Figure 34. xthA/end double mutant strain survival in a m ouse model o f  infection
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Figure 35. recF diX\à radA mutant strain survival in a mouse m odel o f  infection
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period to fully determine the ability o f this mutant strain to persist in the mouse 

model. It is possible that the radA mutant strain initially has difficulty in survival 

and replication, but paradoxically as cell-mediated immunity commences, the 

mutant strain’s ability to survive increases.

The ability of the recA mutant to survive in a mouse model of infection has been 

assessed previously in the lab. This showed no attenuation in the mouse model, 

and was able to persist as well as the wild-type strain (Dr M. J. Colston, personal 

communication).

6.4 Discussion

It is clear from this study that for the majority of the mutant strains defective in 

DNA repair there is little effect on survival following infection o f macrophages, 

whilst there is reduced virulence in the whole animal model This may be a 

consequence o f the lack o f prior activation/stimulation of the macrophages, or the 

fact that the cells used were obtained by differentiation of the THP-1 cell line. It 

would be interesting to assess the response of these mutant strains in macrophages 

obtained from different sources such as mouse bone marrow derived 

macrophages, and in macrophages activated using IFN-y. It has been previously 

shown that unactivated mouse bone marrow derived macrophages are less 

permissive for growth than the THP-1 derived macrophages used in this study. 

However, upon activation of mouse derived cells using IFNy or LPS, they are 

bactericidal by means o f a NO-dependent mechanism (Manganelli et a l,  2001). 

Macrophage stimulation may be an important factor in assessing ROI and RNI
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killing o f the M. tuberculosis mutant strains. In this study the macrophages were 

differentiated with PMA, but the infection itself was used to stimulate the 

macrophages. Previous studies have shown that IFNy, PMA and LPS can 

stimulate macrophages making them more powerful phagocytic cells due the 

production of superoxide, hydrogen peroxide, hydroxl radicals and nitric oxide 

(Piddington et a l ,  2001; MacMicking et a l,  1997).

The production of superoxide and nitric oxide formation has been previously 

assessed by Piddington et al (2001) in a variety o f macrophage cell lines, which 

has shown that superoxide production is significantly elevated at 2 hours after 

infection with M. tuberculosis and peaks at 6 hours. This group have also shown 

that PMA stimulated production of superoxide in macrophages was detectable at 2 

hours and remained elevated for the 36 hour assay performed. Finally they 

showed that the production of nitrite peaked later in M. tuberculosis infected cells, 

at 24 hours. This may be due to changes in expression o f other gene products or 

changes in the localisation of ROI products during infection. One would presume 

that the kinetics for production o f ROI and RNI in vivo may be different from 

those in the macrophage system, as activation of both NADPH oxidase and iNOS 

is dependent on the complex cytokine responses generated by M  tuberculosis 

infection as previously suggested (Piddington et al., 2001).

It may be that under more stringent conditions, in a cell line producing larger 

amounts o f reactive oxygen and nitrogen species, that a difference in the mutant 

strains examined in this study would be observed. One would hypothesise that the 

necessity for DNA repair would be o f increasing importance as the production of
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ROI and RNI increases. The only two mutant strains showing a significant 

decrease in ability to survive in the macrophage experiments are mutY  and recF. 

In E. coli, recF has been shown to be important in -dependent post- 

replication recombinational repair (Kowalczykowski et aL, 1994). It is possible 

that as replication occurs within the macrophage in this mutant strain, that the 

absence o f recF is sufficient to alter the efficiency of recombination repair. Thus, 

a decrease in viability is observed as it is subjected to reactive DNA damaging 

species within the macrophage. The decrease in persistence seen in the mutY  

mutant strain could be attributable to an increase in the mutation rate caused by 

lack of mutY. MutY removes misincorporated adenines as a result o f oxidative 

damage, but strains of Pseudomonas putida and E. coli lacking mutY  have shown 

spontaneous mutator phenotypes (Saumaa et a l ,  2002; Friedberg et a l ,  1994). 

This may affect cell viability, and in conjunction with reactive oxygen species 

produced by the macrophage, manifest a detrimental effect on the bacterial 

growth.

It is interesting that the uvrA mutant strain shows no loss o f viability in the 

macrophages as it has been shown by Graham and Clarke-Curtiss (1999) that 

uvrA cDNA is induced at 48 hours in non-activated human macrophages infected 

with M. tuberculosis for 2 hours. This induction suggests that there may be a 

requirement for DNA repair in infected macrophages, but perhaps in the absence 

of uvrA in M. tuberculosis, another repair mechanism can replace this lack of 

function.
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It appears that the induction of cell-mediated immunity plays a large part in the 

survival o f some o f the mutant strains in the mouse model of infection. For a 

number o f the mutant strains; uvrD,fpg, mutY, end, and recF, the response within 

the mouse model is similar to that seen in the wild-type until the host cell- 

mediated immunity is stimulated after a few weeks following infection. It seems 

that uvrD ,fpg  and mutY  can evade or contend with the immune response until day 

60-75 after which they decline in ability to persist, whereas for recF and end, a 

decline in survival is apparent earlier. This is in contrast to S. typhimurium, where 

a recF  mutant strain in mice was virulent, suggesting that functions of the recF 

pathway are not required for systemic infection (Cano et al., 2002).

The initial ability o f these mutant strains to persist in the mouse model could be 

due to the modification o f the intracellular environment of the macrophage, or 

immune system evasion. It is well established that M. tuberculosis inhibits fusion 

o f its phagosome with the lysosome, thus limiting exposure to degradative 

enzymes, and that the vacuoles surrounding M  tuberculosis lack the proton 

pumping ATPase needed for vacuole acidification (Sturgill-Koszycki et al., 

1994). The subsequent decline in persistence for the mutant strains mentioned 

above may be due to the production of iNOS (inducible nitric oxide synthase) 

from activated macrophages and monocytes, following the onset of cell-mediated 

immunity.

The recA mutant strain showed no difference in ability to cause infection in the 

mouse model. This is surprising as the recF mutant strain did exhibit reduced 

virulence indicating an important role in the intracellular survival of M.
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tuberculosis. Furthermore, in S. typhimurium a recA mutant strain was attenuated 

in mice, and could not grow in mouse macrophages unless ROI was missing 

(Buchmeier et a l ,  1993).

Interestingly, the Rvl956 mutant strain persists at a low level during the course of 

infection in mice. It is possible that this mutant strain is exhibiting persistent 

attenuation and immune tolerance due to a decrease in pathogenicity. Once the 

regulatory role this gene plays in M. tuberculosis is more clearly understood, it 

may be possible to explain the loss o f virulence observed.

Further characterisation o f these mutant strains in vivo will give a better 

understanding o f the role of DNA repair in M  tuberculosis. It is likely that time 

to death experiments in mouse models could ascertain the level of persistence of 

the mutant strains when compared to the wild-type. Survival of the mutant strains 

in macrophages with the ability to induce high levels of ROI and RNI, and in the 

absence of ROI and RNI (i.e. derived from phox (phagocyte oxidase) and iNOS 

deficient mice), could be o f interest to fully understand the pathogenicity o f these 

mutant strains.
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7.0 General Discussion

The requirement for DNA repair in M. tuberculosis has been assessed using two 

approaches: construction and characterisation of mutant strains of M. tuberculosis 

defective in various DNA repair pathways, and analysis o f the transcriptional 

response of M. tuberculosis to DNA damage using micro arrays.

7.1 Gene expression following DNA damage

The response to DNA damage was originally examined using mitomycin C, as the 

response to this damaging agent had already been partially characterised in M. 

tuberculosis (Papavinasasundaram et al., 2001; Movahedzadeh et al., 1997; 

Brooks et al., 2001). It had been shown that there are two mechanisms for DNA- 

damage induction of the recA gene in M. tuberculosis, one via LexA/RecA and 

another independent o f LexA/RecA (Davis et a l,  2002b). This study has 

extended these observations to examine the role o f each o f these regulatory 

mechanisms in the overall response o f M. tuberculosis to DNA damage (Rand et 

al, 2003 in press).

Gene expression in the recA mutant strain of M. tuberculosis was compared with 

that in its wild-type parental strain to try to identify DNA-damage inducible genes 

regulated independently of RecA. The three expected patterns of expression were 

obtained. The first o f these consisted of genes which were not inducible in the 

recA mutant, the second of genes which were partially inducible in the recA 

mutant, and the third of genes which remained fully inducible in the recA mutant.
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In addition, a small set o f genes appeared to be induced to a greater extent in the 

recA mutant than in wild-type M. tuberculosis.

Many of the first set o f genes, which were fully dependent on RecA for induction, 

were associated with SOS boxes functional for Lex A binding (Davis et al., 2002a) 

either directly or via co-transcription, indicating that they are solely regulated by 

LexA. Other genes in this category exhibited only low-level induction and may 

be regulated by another factor which is also dependent on RecA. This possibility 

may also explain the high proportion of genes lacking SOS boxes amongst those 

partially induced in the recA mutant. Alternatively, it may be that these genes are 

regulated only by a RecA-independent mechanism but that their expression is 

particularly sensitive to the metabolic status of the cell, such that they are not fully 

induced in the recA mutant strain, the growth o f which is more severely affected 

by the mitomycin C treatment than that of the wild-type. Nevertheless, this set o f 

genes exhibiting partial induction also included the remaining genes with 

identified LexA binding sites, suggesting that these genes at least are subject to 

regulation by both LexA/RecA and by a RecA-independent mechanism.

Interestingly, the genes which remained fully inducible in the recA mutant strain 

formed the largest group and included the majority o f those genes with predicted 

roles in DNA repair or recombination which were inducible in the wild-type 

strain. Thus, it would appear that the RecA-independent mechanism of regulation 

is important for DNA repair in M. tuberculosis. As well as those genes with 

known functions in DNA repair, many genes o f unknown function were also
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induced raising the possibility that some o f these may encode novel proteins with 

repair functions.

This data raised a final question: could the alternative mechanism respond more to 

oxidative stress than the LexA system? Preliminary microarray data analysis was 

performed to examine the response of M. tuberculosis to oxidative and nitrosative 

agents such as paraquat and NaNOz, as these more closely resemble the 

environment inside the macrophage (Garbe et al., 1996). Paraquat induction of 

some genes including nfo has been reported previously in E. coli (Membrillo- 

Hemandez et al., 1997; Yonei et al., 1986), and paraquat has been shown to 

induce the SOS response in E. coli (Brawn and Fridovich, 1985). In M. 

tuberculosis paraquat did induce some of the genes shown to respond to 

mitomycin C, including recA, along with some other genes involved in DNA 

repair {radA and ogt). It is possible that paraquat may induce the alternative 

mechanism of DNA damage induction. However, further characterisation of this 

response is necessary to fully understand the response o f M  tuberculosis to 

superoxide stress. An initial assessment of the response of M. tuberculosis to 

NaNO] showed a large number of genes to be induced, including end and Rvl956. 

However, as this is only very limited data, further analysis is required to gain a 

full insight into the response following this stress.

The reason for two mechanisms of DNA damage induction in M. tuberculosis is 

still unknown. However, one may postulate that each mechanism may respond 

preferentially to different signals or different types o f DNA damage. A number o f
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predicted regulatory proteins and sigma factors which were induced in both strains 

may give a clue to factors involved in the alternative mechanism.

7.2 M. tuberculosis mutants

To investigate the importance of different DNA repair pathways, strains with 

individual genes ‘knocked out’ in each of the pathways under study were 

constructed. A putative regulatory gene was also targeted (see below). All of the 

gene knockouts originally targeted with the exception o f recC  were obtained. The 

knockout constructs were then characterised in a number o f model systems to test 

for any effects on virulence, or indications o f attenuation.

7.2.1 Rvl956

From the microarray data the gene Rvl956, which is in an operon with its 

surrounding genes Rvl955 and Rvl957, was inducible in both the wild-type and 

recA mutant strains o f M. tuberculosis. This gene is annotated as encoding a 

transcriptional regulator, and may therefore play a role in the regulation of the 

DNA-damage inducible genes. To investigate this possibility, as well as any role 

in pathogenesis, a knockout strain of M. tuberculosis with a deletion in Rvl956 

was constructed. Characterisation o f this mutant, using microarrays, indicated 

that this gene may regulate a subset of genes in response to damage following 

exposure to mitomycin C, but that it may also be involved in the response to other 

DNA damage stimuli. Preliminary analysis suggested it may be induced by 

nitroxide stress and the mutant appears to be susceptible to NO. This mutant 

strain also showed a lowered ability to persist in the mouse model of infection, in
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particular growth in the lungs was significantly reduced, indicating that 

pathogenesis is altered in the absence of this gene. It is possible that the 

phenotype observed in this mutant strain may be due to a polar effect on the genes 

downstream. This study has shown Rvl956 to be in an operon with Rvl955 and 

Rvl957, thus creating a deletion in Rvl956 may have a knock on effect on the 

genes its is transcribed with. Further analysis of this mutant strain may allow 

determination of the precise regulatory role this gene has, and its importance for 

M. tuberculosis survival.

7.2.2 NER

As previously mentioned, the microarray data confirmed that both uvrA and uvrD 

are DNA damage inducible, but they are not regulated in a RecA-dependent 

manner in M. tuberculosis. This has also been observed in X. fastidiosa (Campoy 

et al., 2002). In E. coli and B subtilis, uvrA and uvrD are DNA damage inducible 

and are regulated by LexA (Walker, 1984; Smith et al., 2002). The effect o f the 

different DNA damaging agents tested on these two mutant strains was quite 

different, but both mutant strains showed a marked susceptibility to DNA damage 

by mitomycin C. The UvrA protein in M. tuberculosis seems to have the ability to 

recognise a wide variety of damage substrates, as it showed an increase in 

susceptibility to superoxide and acidified nitrosative stress as well as mitomycin 

C. The susceptibility o f this mutant strain observed in response to the nitrosative 

stress is similar to that seen in an E. coli uvrA mutant strain. This uvrA deficient 

strain o f E. coli showed extreme sensitivity to nitrous acid (HNO2) (Sidorkina et 

al., 1997). A uvrA mutant strain of Streptococcus mutans has been shown to be
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sensitive to growth at pH 5.0 (Hanna et al., 2001) although the pH of the media 

did not effect the growth ability o f the uvrA mutant strain in M. tuberculosis (data 

not shown). However, there may be a number o f factors influencing DNA 

damage recognition and repair. Several studies have shown that DNA damage 

can be incised with different efficiencies depending on the sequence context. For 

example when cross-links are buried in a GC run, they are incised less efficiently 

by uvrA (Van Houten and McCullough, 1994). The uvrA mutant strain showed 

growth similar to that of the wild-type in both in vivo experiments performed in 

this study. Thus, it may be that DNA damage occuring in these model systems 

does not require the presence of functioning uvrA for survival.

The uvrD mutant strain showed susceptibility to the nitrosative stress and H2O2, 

and uvrD is known to recognise damage resulting from NO (Friedberg et al., 

1994). UvrD also has a role in mismatch repair as well as NER, which may 

contribute to the sensitivity of this mutant strain to these ROI and RNI. However, 

a uvrD homologue, uvrDII (Rv3198c), has been located in the genome sequence, 

annotated as a probable ATP-dependant DNA helicase II. The protein sequence 

o f uvrDII was used in a Blast comparison against uvrD, and at the protein level 

shows 35% identity to the uvrD protein with 51% positive amino acids (i.e. where 

the amino acid is different from the original sequence but can be substituted for an 

amino acid with similar function). This gene homologue may be able to 

compensate in the absence of functioning uvrD in M. tuberculosis. However, the 

uvrD mutant strain showed a decrease in ability to persist in both of the in vivo 

infection experiments. Thus, it may be that the uvrDII gene can compensate for 

some of the effects in the uvrD mutant strain, but not others.
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These NER genes also have a role in gene- and strand-specific DNA repair (Van 

Houten and McCullough, 1994), which has been implicated to be important 

during nutrient limiting conditions in E. coli. The model that arose in E. coli is 

that any DNA lesion that can block the progression o f RNA polymerase will lead 

to increased repair on the transcribed strand utilising NER, whereas lesions on the 

non-transcribed strand are invisible to the transcription machinery and will not be 

rapidly repaired. Genetic studies on E. coli implicated a gene mfd (transcription 

repair coupling factor), which confers rapid decline in strand-specific mutations in 

the tRNA genes when E. coli is starved for nutrients (Van Houten and 

McCullough, 1994). A homologue of mfd (Rvl020) has been identified in M. 

tuberculosis (Cole et al., 1998) and is annotated as being involved in NER. The 

uvrA mutant strain showed a decreased ability to survive during nutrient starvation 

in M. tuberculosis, indicating that the repair capacity for mfd was reduced in the 

absence o f uvrA, but not uvrD (perhaps due to different damage recognition site 

specificity) following nutrient starvation. It is unlikely that either of the mutations 

in uvrA or uvrD may have a polar effect on downstream genes, due to both genes 

being single transcriptional units.

7.2.3 BER

It appears from the characterisation o f the mutant strains defective in various 

aspects o f BER, that the stimuli to which these genes respond are quite different to 

those observed in E. coli. There is more emphasis on xthA being the major 

endonuclease contributor in E. coli, but this does not seem to be the case in M. 

tuberculosis. From the knockout characterisation studies performed on both xthA,
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end and the xthA/end double mutant, it appears that a functioning end gene is 

more important than xthA for survival following exposure to DNA damage. The 

end mutant strain showed a reduced growth ability when compared to the wild- 

type in the mouse model, and following exposure to peroxides, nitrosative stress 

and ofloxacin in M  tuberculosis. In contrast, the end gene homologue in E. coli, 

nfo, which is regulated by SoxRS and is induced up to 10-fold in response to 

certain superoxide generating compounds and NO, operates to repair specific 

classes o f oxidative damage and as a back-up activity for xthA in repairing other 

oxidative damages at AP sites in E. coli (Demple and Harrison, 1994)

It also appears that following infection of macrophages with the end mutant strain 

the uptake o f this strain may have been reduced, although intuitively it is hard to 

explain such an effect. Successive attempts at inoculating macrophages with the 

correct bacterial load for the end mutant strain, resulted in less colony forming 

units following phagocytosis than obtained with the other strains. To determine if  

this is actually the case it will be necessary to plate out the bacteria pre- and post

phagocytosis to determine the colony forming units, and so assess macrophage 

uptake. It is possible that a polar effect has been observed in this mutant strain, as 

through creating the knockout, subsequent expression o f genes downstream of end 

may have been disrupted.

The paradox with the BER mutant strains is the xthA/end double mutant, which 

showed very little difference from the wild-type strain in most of the 

characterisation models. Whereas mutations in these genes have shown increased 

sensitivity to hydrogen peroxide in E. coli (Galhardo et al., 2000) and S. enterica
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(Suvamapunya et a l, 2003), this effect was not observed in M. tuberculosis. An 

xthA/nfo double mutant strain of S. enterica has been shown to cause attenuation 

in mice, and following infection in activated macrophages (Suvamapunya et a l,  

2003). It is possible that in M. tuberculosis when both xthA and end are inactive 

that this pathway for repair is avoided and another pathway is utilised. It has been 

previously suggested that the formation o f substrates for xthA and nfo in E. coli is 

mediated by DNA glycosylases including fp g  (Galhardo et a l,  2000). It is 

possible that these substrates could be recognised by other AP endonucleases. 

There may be other AP endonucleases within the M. tuberculosis genome, the 

identities of which are yet to be determined.

Another gene o f interest, for its ability to participate in BER, is nei. In E. coli, the 

N+C terminals of nei (endonuclease VIII) are similar to fpg. The Nei protein has 

been shown to excise 8-oxo-G lesions and formamidopyrimidine (Terato et a l,

2002). One possibility for the lack of phenotype observed in the fp g  mutant 

strain, could be due to compensation by another gene such as this. An Nei 

homologue exists in M. tuberculosis (Cole et al., 1998). It has been shown 

through studies in E. coli that nei can accept purine and pyrimidine lesions, as 

well as recognise the deaminated product o f guanine: xanthine. However, 

xanthine is not a substrate for fpg. This could explain why no effect was observed 

during the stress conditions with the fp g  mutant strain as nei may be repairing 

these lesions in the absence o f fpg. An fp g  homologue, Rv0944, has also been 

located in the genome sequence, annotated as a possible formamidopyramidine 

DNA glycosylase. The protein sequence o f Rv0944 was compared to fpg, and at 

the protein level shows 31% identity to the fp g  protein with 46% positive amino 

acids (i.e. where the amino acid is different from the original sequence but can be
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substituted for an amino acid with similar function). This may be another gene 

compensating for lack of fp g  in the mutant strain. One of the physiological 

functions o f fp g  in E. coli may be to repair DNA base damage induced by photo- 

sensitisers and light (Czeczot et al., 1991). It is possible that under the oxidative 

and nitrosative stress conditions utilised in this study, that the substrates generated 

do not require fp g  for repair.

The mutY  mutant strain, showed one of the most interesting phenotypes in this 

study. This mutant strain showed increased susceptibility to peroxide stress when 

compared to the wild-type strain, a reduced ability to grow during nutrient 

starvation and in a microaerophilic model of dormancy, and limited persistence in 

the mouse model. In E. coli, mutY  has been shown to be down-regulated in 

response to oxidative stress (paraquat and H2O2) (Gifford et a l,  2000, Yoon et al.,

2003). This is interesting as the mutY  mutant strain of M. tuberculosis shows 

increased susceptibility to oxidative stress, indicating that under normal 

conditions mutY  would be necessary for the repair o f these lesions. The role of 

mutY  in E. coli is not well understood, and conflicting studies on mutY  regulation 

and response to anaerobic and nutrient starvation conditions have been reported 

(Gifford et al., 2000; Yoon et al., 2003; Notley-McRobb et al., 2002). The role of 

mutY  is to recognise A mispaired against 8-oxo-G lesions during replication, and 

lack of mutY  leads to a mutator phenotype in Pseudomonas putida (Saumaa et al., 

2002) and E.coli (Friedberg et a l,  1994). This may well be the case in M. 

tuberculosis due to the increased susceptibility o f this mutant strain in a number of 

the characterisation models. The phenotype observed in the mutY  mutant strain is 

due to the mutation in this gene alone, as it is not transcribed with other genes.
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indicating that no polar effect has been produced in this mutant strain. Further 

investigation of this mutant strain is necessary to fully understand the impact of 

mutY  on the viability of M. tuberculosis during conditions o f DNA damage.

7.2.4 Recombination

Oxidative damages include at least two classes for which recombination is likely 

to be crucial: interstrand cross-links and double-strand breaks (Demple and 

Harrison, 1994). The role of recombination deficient mutants has been much 

studied in a number o f bacterial systems, both in response to infection and 

oxidative damage (Young and Miller, 1997; Volkert and Landini, 2001; Spek et 

al., 2001; Buchmeier et al., 1993). In this study 3 recombination deficient strains 

have been characterised: recA, recF  and radA. The recA mutant strain o f M. 

tuberculosis has perhaps shown the most surprising results, given that in other 

intracellular pathogens such as Salmonella typhimurium, it shows such dramatic 

attenuation (Buchmeier et al., 1993). Buchmeier et al (1993) showed that a recA 

mutant strain of S. typhimurium was attenuated in mice, and could only grow in 

mouse macrophages if  ROI were absent. In this study, the recA mutant strain of 

M. tuberculosis persisted as well as the wild-type strain in all characterisation 

models studied, with the exception o f an increase in susceptibility to mitomycin 

C. In E. coli, it is postulated that recombination repair is mediated in a RecA- 

dependent manner (Walker, 1984). However, it seems that in the absence of recA 

in M. tuberculosis, the efficiency of DNA repair is unchanged with the exception 

o f mitomycin C. This conclusion is supported by the number of DNA repair 

genes that are differentially expressed in response to mitomycin C in the recA
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mutant strain of M. tuberculosis as discussed previously in relation to the 

microarray data.

Given the lack of attenuation observed in the recA mutant strain of M. 

tuberculosis, the striking effect o f the recF  mutation in M. tuberculosis was quite 

unexpected. In E. coli, recF acts with recO and recR in recombination repair; 

however recO is absent in M  tuberculosis (and B. subtilis) (Muniyappa et al., 

2000; Mizrahi and Andersen, 1998). One might postulate that the lack o f recO in 

the absence o f recF is enough to cause such a strong defect in M  tuberculosis. 

However, it may be that it is not necessary in M. tuberculosis. Recombination 

repair pathways have been shown to be important by way of a number o f mutants 

in E. coli, including that of recF. The recF mutant in E. coli was shown to confer 

a deficiency in recombination (Courcelle et al., 1997). This may be a possible 

explanation for the decrease in viability observed for this mutant strain in M. 

tuberculosis. It has been shown through microarray analysis o f M. tuberculosis 

starved for nutrients, that recF is down-regulated after 96 hours (Betts et al., 

2002). This may indicate a redundant role for this gene during starvation. 

However, the decrease in ability to re-emerge from nutrient starvation observed in 

this study may highlight the necessity for DNA repair upon re-emergence from 

nutrient starvation, as well as the microaerophilic model of dormancy. It is 

possible that a polar effect has been observed in this mutant strain, as through 

creating the knockout, subsequent expression of genes downstream of recF  may 

have been disrupted.
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The radA mutant strain showed very little attenuation in any of the 

characterisation models in this study. It is possible that radA may play a similar 

role to that of recA in M. tuberculosis, as it exhibits many recA-\ik.Q qualities 

(Beam et a l,  2002; Seitz et al., 1998). It is possible that recA can compensate for 

the absence of radA, and perhaps this is the same scenario in the recA mutant 

strain, which is why very little attenuation is observed. The role of these genes 

may be better defined through construction of a double knockout strain of both 

recA and radA, which was attempted in this study but without success. It may be 

that one gene is required in the absence of another. However, this could be 

addressed with manipulation of an integrating plasmid containing another wild- 

type copy o f the gene being targeted, as essential genes can only be disrupted if a 

second functional copy of the gene is provided elsewhere in the genome (Parish 

and Stoker, 2000a).

Comparative analysis o f these DNA repair/recombination genes from bacterial to 

eukaryotic species has shown many to be highly conserved (reviewed by Eisen 

and Hanawalt, 1999). In particular, the presence of the uvr genes and the recA 

gene amongst bacteria, archaea and eukaryotes. The necessity for BER genes is 

highlighted by Eisen and Hanawalt, as mutY, xthA or end/nfo but not fp g  are 

present in most o f the bacteria discussed as well as archaea and eukarya. 

Interestingly, E.coli, B. subtilis and M. tuberculosis have both xthA and end/nfo 

genes in their respective genomes. The recF  gene has been shown to be present in 

bacteria alone (Eisen and Hanawalt, 1999).
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7.3 Other defences

The ability of M. tuberculosis to survive and replicate inside the macrophage 

shows it has many systems for persistence and tolerance of nutrient and oxygen 

limiting conditions. The expression profile of other intracellular pathogens has 

been studied following infection in macrophages. The in vivo induction profile of 

S. typhimurium showed genes involved in aquistion o f metals, synthesis and 

acquisition of nucleotides and cofactors, DNA repair, membrane modification, 

thermo and osmotic tolerance and acid tolerance. (Heithoff et al., 1997a; Heitoff 

et a l,  1997b; Valdivia and Falkow, 1997). It has also been suggested through 

studies in S. enterica that mobilisation o f zinc from metalloproteins can result in 

inhibition of DNA replication, thus aiding survival o f the organism (Schapiro et 

al., 2003). This may be another mechanism that M. tuberculosis can utilise for 

enhancing its survival within the host.

More recently, expression profiling of M. tuberculosis following infection in 

macrophages has been studied (Schnappinger et al., 2003). This showed 

induction o f genes involved in respiration (aerobic to anaerobic shift), the 

dormancy regulon, production of mycolic acids, and a diversion towards fatty acid 

metabolism as a carbon and energy source (Schnappinger et al., 2003). This 

suggests that M. tuberculosis has the ability to sense the changing environment, 

and adapt for survival by diverting its resources.

The stringent response, and the ability to sense the changing environment may 

play an important role in adaptation of M. tuberculosis to hostile environments. 

As previously discussed, the stringent response allows M. tuberculosis to shut
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down metabolism and transcription during conditions in which nutrients become 

scarce (Primm et aL, 2000). Adaptation to changing environment has also been 

observed in response to oxygen depletion (Wayne and Lin, 1982). Thus, it 

appears that the mutant strains studied here can survive during limited nutrients 

and oxygen, but that there is some requirement for DNA repair on re-emergence 

as a decrease in bacterial growth is observed after the period of limitation.

Antioxidants and detoxification enzymes may play an important role in the DNA 

repair mutant strains following exposure to ROI and RNI in these model systems. 

Catalase (encoded by KatG in M  tuberculosis) detoxifies H2O2 to H2O and O2. A 

correlation between catalase activity and virulence has been observed for several 

bacterial species including S. aureus, N. meningitides, L. pneumophilia and M. 

tuberculosis. Catalase activity has been shown to decrease in anaerobic cultures 

in M. tuberculosis (Wayne and Lin, 1982) indicating that this mechanism of 

protection is not available during oxygen limited and possibly nutrient starvation 

conditions. The requirement for DNA repair may thus be greater upon re- 

emergence from these conditions.

7.4 Future perspectives

Further characterisation of the mutant strains constructed in this study will be 

necessary to fully understand the roles of these genes in survival following DNA 

damage in M  tuberculosis. A number of other assays o f interest include further 

studies on viability following exposure to different levels of ROI and RNI, to 

determine the kinetics o f DNA damage repair over a period of time, and to 

determine the differences in defined repair functions in the various mutant strains
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by biochemical assays. These experiments may include AP endonuclease assays 

to assess whether M. tuberculosis possesses additional proteins with such 

activities, and assays to determine which substrates each of the BER mutant 

strains recognise and act upon, and recombination assays on the recA, recF  and 

radA mutant strains as compared to their parental wild-type strain.

Each of the mutant strains made in this study exhibiting a phenotype will need to 

be complemented, to show that the function o f the ‘knocked out’ gene can be 

restored upon insertion of the wild-type gene. Further mouse model work to 

determine the extent of disease caused by these mutant strains, in conjunction with 

lung histology of the infections in the mouse models, would be of interest to 

assess the extent of bacterial damage, the infectious load, and granuloma 

formation. The mutant strains that persist at a lower level in the mouse infections 

would be of particular significance to assess in this way. It would also be of 

interest to assess survival of the mutant strains in activated macrophages with the 

ability to induce high levels of ROI and RNI, and in the absence of ROI and RNI 

(i.e. derived from phox (phagocyte oxidase) or iNOS deficient mice) to fully 

characterise the requirement for DNA repair in an in vivo system.

Analysis of protein/protein interactions of these genes may aid in understanding 

which proteins are acting together in DNA damage repair. This would be 

particularly interesting for recF to ascertain if  it does interact with recA in 

recombination repair in M. tuberculosis, and Rvl956 to find out what genes it is 

regulating and/or what conditions it responds to. Further micro array work would 

enable full characterisation of the response of M. tuberculosis to oxidative and
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nitrosative stresses, and perhaps aid in determining the alternative mechanism for 

DNA damage induction in M  tuberculosis.
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Appendix I -  Growth Media

L-Broth THE buffer (lOx)

For 1 litre:

lOg Bacto Trytone, 

5 g Yeast extract, 

IgN aC l

For 1 litre:

108g Tris base,

55g boric acid,

40ml 0.5M EDTA (pH 8.0)

Modified Dubos Medium

For 1 litre:

l g K H 2 P 0 4 ,

6.25gNa2HP04T2H20,

1.25gNa3-citrate,

0.6g MgS0 4  7 H2O,

2g Asparagine,

2g Casamino acids,

5ml 10% Tween 80,

20ml 10% glycerol 

Adjust to pH 7.2

Autoclave and then mix with 40ml Dubos Medium Albumin (Difco)
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Appendix II - Primers and Probes

Table A 2.1 Primers used in PCR for cloning flanking regions for knockout 

construction

Primer name Sequence

recC F gtcccgtcatacccgagcgtgtg

recC Rxba gctctagatcggccgcagcaagaccaggaacc

recCl R tggcgaagcgggaaaagcagaag

recCl F ecorl gcgaattcgcagccgggcgatggtcttgt

xthA F cctgccacgccgccctgactgag

xthA Rxba gctctagaggctgcggctctaccaccaa

xthAl R catgctccgagtgtgaatcc

xthAl Fecorl gcgaattcccagccgtccagccaggttcgttc

end F gccgcggcgcagatcgttattgg

end Rxba gctctagaggccgccgcagcacaggtctctt

end2 R tgcgtggttgccgagcttgtcctt

end2 Fecorl gcgaattcaaagccgcgaccctgcccatctac

fpgF ccgttcggccagcgcagacagc

fpg Rxba gctctagaccagccggccccgaaagtag

fpgl R tgacccaccgcagctacgcctacg

Q)g Flbam H l gcggatccgcaccgccccgagcagcatct

mut Y Fnew gccttgcgcgggagact

mutY Rxba gctctagactggcggtaagcgaaaca

mutYl R ccaggcggcggggtttca
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mutYl Fecorl gcgaattcattttcggtcgcgctgatggagtt

recF Fnewest acaaaccgcgcacagactcataca

recF Rxba new gctctagaccgctggcgcaacaccctctcat

recFl R accgccggccgagtcaccttctac

recF Fecorl gcgaattctcgccgaactggatgtca

radA F accacagcgttgccgacccgatag

radA Rxba gctctagaagcaccgccacctcgtcta

radAl R catcggcgaggaggtctgagttac

radAl Fecorl gcgaattcgatggtccgcggggtcaagaa

1956 F tggcgcaaatgctcggctatg

1956 Rxba gctctagatccttctcgaaaccgctcac

1956 R gcgcgggctgaacggcaaca

1956 IFecorl gcgaattccgggtgggtgcagacaaggaaatc
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Table A  2.2 Primers used for RT-PCR for co-transcription analysis

Primer name Sequence

Rvl377c Ctrl F atcgggcggcatggcgttggagaa

RvI377c Ctrl R caggtgaccgggttggacat

R vl377cF cggtcgtcagcgcggtgggagag

R vl378cR cggccgtggtcgacgggtatgg

Rvl955 F tcgccgcagggagcatcaaacc

R vl956R atcgaccagcctgcgtgcctcctc

R vl956F cgtggcatcggctctcctcttatc

R vl957R tcgtctgccgcctggttttgaatg

Rv2717c Ctrl F tcgttgatccacaccacctg

Rv2717c Ctrl R aactcgttctcgcccatcca

Rv2717c F ccgccctggtctgctgtgt

Rv2718cR gttttcttccgcggacgatttc

Rv2718cF cgcggtctctacggtggtgaa

Rv2719cR ctgcttgccgcggcgattactctc

Rv3776 F ctgccgcaaacaccaccttctcaa

Rv3777 R tcggggacttcctgccatacca
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Table A 2.3 Primers used for real-time PCR (Tag man)

Gene Sequence (5’-^ 3’)

Forward Primer Reverse Primer Taqman Probe

sigA T C G G T T C G C G C C T A C C T T G G C T A G C T C G A C C T C T T C C T T T G A G C A G C G C T A C C T T G C C G

recA A C C G G C G C G C T G A A T A C G C G G A G C T G G T T G A T G T T C G G G C A C C A C G G C G A T C

uvrA G T C G T A T T A C G C C G A T T T C G A C G G A C T C G G T T T G G G A C A T T G C T G G C G T T C C T G C A A C G C

radA A T C G C T G C T G T G C T G G A A T G G A C A G G T A G A T G T C G T T A A C G T C G C C A G C C G T G C G T G C T

XthA G C T G C A C G C A C G T T T C C T G A A T T G C G C G T C G A C A A A C C C G A G C G C A A G G C G T T C A A

ogt C C C C A T C G G G C C A T T A A T C C G C A G G T T C G T C A A C A C G A G C C A T G C C C G G C C A G
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Table A 2.4 Primers used in PCR to make probes for Southern blotting

Primer name Sequence

pLR lZ 5’ probe F gccgccgcgaaagccgtaga

pLRlZ 5’ probe R cgacccgtgcgcccaactg

pLR3C 5’ probe F gatactcttcgggcgttgtcac

pLR3C5’ probe R tgccagttcgaggatgctttcac

pLRTB 5’ probe F gtcgatgcgcatgccctgtttctt

pLR7B 5’ probe R cgctccgaccgatgatgatgt

pLR8D 5’ probe F gagtttgcgcagagctttttcctt

pLR8D 5’ probe R agcggtaatctggcccctcgtgta

pLRlOC 5’ probe F tgcccagttgtaccacgagattgt

pLRlOc 5’ probe R cgtggcccgctacctaccgagat

pLRl 1C 5’ probe F ttcgccgaggcaaatcagtcag

pLRl 1C 5’ probe R cttcctcggctcgtccaacatcat

pLR14D 5’ F cttcgcccgcttccctgaccacta

pLR14D 5’ probe R tcccgctgaaaacgccgaatacg

pLR14D 3’ probe F ctcgcaaccccgccctcacattcc

pLR14D 3’ probe R cgaggcgttgcaccaccgtcatca

pLR14D deleted probe F gggtgctaggtggcggtatcgttc

pLR14D deleted probe R tgcggtccccttcaaaat

pLR16C 5’ probe F agccgctacctgttggata

pLR16c 5’ probe R gtaccggcatggggacttc
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Appendix III -  Microarray data tables

Table A 3.1 PCR array data comparing wild-type M. tuberculosis and the 

recA mutant strain

Rv number Common name Induction ratio 
wild-type "

Induction ratio recA 
mutant “

t-test *

Rv0044c Rv0044c 2.22±0.38 2.38 ±0.52 0.512497
Rv0054 ssb 5.03±0.88 3.44 ±0.16 0.000558
Rv0055 rpsR 3.58+0.68 3.02 ±0.88 0.162144
Rv0056 rpll 3.93±0.53 3.00 ±0.72 0.013762
Rv0057 Rv0057 2.51±0.36 2.01 ±0.60 0.050482
Rv0058 dnaB 4.50 ±0.65 3.04 ±0.37 6.19E-05
Rv0059 Rv0059 2.63±0.74 1.69 ±0.33 0.004995
Rv0061 Rv0061 2.13 ±0.37 1.84 ±0.41 0.143006
Rv0071 Rv0071 3.23 ±0.59 1.17 ±0.07 4.91E-06
Rv0088 Rv0088 2.10± 0 .14 1.72 ±0.39 0.046593
Rv0089 Rv0089 2.07 ±0.38 1.68 ±0.42 0.06434
Rv0091 Rv0091 2.42 ±0.34 2.99±1.11 0.179949
Rv0094c Rv0094c 5.62 ±1.03 4.18 ±0.64 0.004361
Rv0095c Rv0095c 8.71 ±2.40 2.33 ±0.50 0.001039
Rv0097 Rv0097 2.57 ±0.30 0.91 ±0.24 8.19E-09
Rv0098 Rv0098 2.28 ±0.29 0.87 ±0.07 8.28E-07
Rv0099 fadDlO 2.08 ±0.28 0.92 ±0.20 1.74E-05
Rv0180c Rv0180c 2 .19± 0 .29 1.92 ±0.34 0.123422
Rv0181c Rv0181c 3.74 ±0.83 2.80 ±0.82 0.028085
Rv0182c sigG 4.83 ±0.57 3.42 ±0.53 5.8E-05
Rv0184 Rv0184 7.12±1.11 4.48 ±0.59 3.71E-05
Rv0185 Rv0185 4.76 ±0.74 3.69 ±0.48 0.016084
Rv0186 3.09 ±0.59 1.84 ±0.14 0.000169
Rv0190 Rv0190 2.75 ±0.62 1.72 ±0.40 0.000997
Rv0211 pckA 2.79 ±0.66 2.75 ±0.28 0.879523
Rv0251c hsp 2.56 ±0.57 3.29 ±1.37 0.166328
Rv0308 Rv0308 2.15±0.11 1.82 ±0.33 0.01926
Rv0336 Rv0336 10.74 ±1.97 0.84 ±0.15 3.4E-07
Rv0347 Rv0347 2.19±0.31 2.15 ±0.35 0.773501
Rv0350 dnaK 2.77 ±0.84 2.84±1.10 0.892726
Rv0351 grpE 2.45 ±0.87 2.49 ±1.25 0.939463
Rv0427c XthA 3.22 ±0.57 3.23 ±0.36 0.983754
Rv0440 groEL2 4.23 ±1.64 8.38 ±6.71 0.130703
Rv0483 Rv0483 2.34 ±0.55 2.08 ±0.42 0.264887
Rv0515 Rv0515 10.21 ±1.15 0.95 ±0.11 6.67E-08
Rv0516c Rv0516c 9.35 ±1.31 1.72 ±0.44 1.72E-08
Rv0586 Rv0586 2.16± 0 .16 2.20 ±0.42 0.788592
Rv0605 Rv0605 8.0 ±1.89 3.11 ±1.56 2.03E-05
Rv0606 Rv0606 6.43 ±0.86 4.61 ±0.58 0.000151
Rv0607 Rv0607 5.29 ±1.06 3.94 ±0.56 0.007254
Rv0608 Rv0608 2.09 ±0.45 1.84 ±0.29 0.271796
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Rv number Common name Induction ratio Induction ratio recA t-test *
wild-type " mutant “

Rv0621 Rv0621 2.07+ 0 .36 2.52 ±0.78 0.142423
Rv0766c Rv0766c 1.94±0.13 1.95 ±0.59 0.950452
Rv0829 Rv0829 5.82+0.88 4.57 ±0.65 0.004519
Rv0847 IpqS 2.64 ±0.22 1.86 ±0.54 0.002198
Rv0848 cysM 3.00 ±0.44 1.93 ±0.32 4.12E-05
Rv0849 Rv0849 2.32 ±0.28 1.52 ±0.32 4.05E-05
Rv0850 Rv0850 1.96 ± 0.20 1.58 ±0.73 0.163716
Rv0861c Rv0861c 2.12 ±  0.19 2.30 ±0.29 0.136204
Rv0921 Rv0921 4.84 ±  0.87 4.92 ±1.28 0.871811
Rv0922 Rv0922 4.81 ±  0.72 4.03 ±0.75 0.037914
Rv0923c Rv0923c 2.51 ±  0.48 2.69 ±0.63 0.50512
Rv0949 uvrD 2.29 ±  0.25 3.01 ±0.40 0.000524
Rv0967 Rv0967 2.87 ±  0.46 1.43 ±0.26 2.05E-06
Rv0991c Rv0991c 4.11 ±  1.39 5.18±1.75 0.174179
Rv0997 Rv0997 2.20 ± 0.35 2.72 ±0.63 0.047147
RvlOOO RvlOOO 8.43 ± 1.41 0.96 ±0.11 2.25E-07
Rvl052 R v l052 1.86 ±  0.45 2.37 ±0.34 0.01991
Rvl073 R vl073 2.28 ±  0.27 3.14 ±0.33 4.95E-05
Rvl078 pra 2.02 ±  0.36 2.52 ±0.24 0.005572
R vll28c Rvl128c 4.32 ±  0.99 5.63 ±2.83 0.218596
R vll47 R v l147 2.23 ±  0.48 3.45 ±0.45 4.81E-05
Rvl148c Rvl148c 10.26 ±  1.79 7.85 ±1.57 0.00806
Rvl168c PPE 2.31 ± 0.32 2.63 ±0.36 0.084243
Rvl169c PE 3.41 ± 0.57 3.73 ±1.66 0.61724
R v l202 dapE 2.39 ± 0.27 2.78 ±0.39 0.026928
R vl209 R vl209 2.73 ±  0.64 3.48 ±0.91 0.074103
Rvl210 tagA 2.36 ±  0.25 3.17 ±0.66 0.006438
Rvl221 sigE 2.56 0.32 2.63 ±0.57 0.749951
R v l277 R vl277 8.18 ± 1.03 7.57 ±1.82 0.397516
R v l278 R vl278 5.94 ±  0.99 5.86 ±1.50 0.903083
R v l279 R vl279 5.15 ±  0.80 6.82 ±1.38 0.007737
R v l284 R vl284 1.94 ±  0.33 2.65 ±0.54 0.005025
Rvl 3 16c ogt 2.15 ± 0.45 3.23 ±1.01 0.013504
R v l369c R vl369c 2.43 ±  0.63 3.72 ±0.72 0.011268
R v l376 Rvl376 7 .17±  1.39 1.02 ±0.11 9.33E-07
Rvl377c Rvl377c 13.47 ± 2.80 1.60 ±0.29 1.2E-06
Rvl378c Rvl378c 19.51 ± 5.83 1.37 ±0.23 1.39E-05
R vl406 fmt 4.01 ±  0.56 4.82 ±1.52 0.165668
R vl407 fmu 3.02 ±  0.70 3.85 ±1.16 0.130289
R vl463 R vl463 2.04 ±  0.22 2.28 ±0.32 0.078096
Rvl471 trxB 2.93 ±  0.33 3.27 ±1.96 0.619737
Rvl535 Rvl535 2.80 ±  0.53 3.67 ±1.34 0.102259
R v l547 dnaEl 2.19 ± 0.27 3.15 ±0.43 6.85E-05
R v l587c R vl587c 3.59 0.80 2.50 ±0.64 0.005962
Rvl588c Rvl588c 11.22 ±  2.04 6.97±0.35 0.000534
Rvl592c Rvl592c 2.41 ±  0.23 2.21 ±0.67 0.421427
R v l629 polA 2.39 ±  0.26 2.85 ±0.55 0.041767
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Rv number Common name Induction ratio Induction ratio recA t-test *
wild-type " mutant “

R v l633 uvrB 3.31 ±  0.47 3.97+0.58 0.024255
Rvl638 uvrA 3.11 ±  0.56 3.69 ±0.45 0.029807
R v l652 argC 2.25 ±  0.26 3.15 ±1.29 0.070491
Rvl653 argJ 2.69 ±  0.46 2.86 ±0.68 0.539671
R v l654 argB 2.44 ±  0.73 2.61 ±0.75 0.627197
R v l655 argD 2.40 ±  0.63 2.91 ±0.96 0.206151
Rvl656 argF 2.21 ±  0.47 2.39 ±0.51 0.481188
RvlVOl Rvl701 2.23 ±  0.58 1.13 ±0.18 0.000344
Rvl702c Rvl702c 3.58 ±  0.91 1.21 ±0.15 4.42E-05
R v l764 Rvl764 2.07 ±  0.52 2.96 ±0.65 0.008424
Rvl765c Rvl765c 8.59 ±  1.56 6.78 ±1.47 0.026528
Rvl779c Rvl779c 1.98 ±  0.30 2.28 ±0.34 0.091956
Rvl805c Rvl805c 2.89 ±  0.83 3.32 ±0.70 0.243875
R v l806 PE 2.47 ± 0.31 2.56 ±0.82 0.796742
Rvl833c Rvl833c 6.71 ± 1.13 7.41 ±0.75 0.151018
Rvl907c Rvl907c 7.00 ±  0.73 9.11 ±1.60 0.004149
Rvl936 Rvl936 1.97± 0.18 2.12 ±0.29 0.253589
R vl945 R vl945 9.46 ±  1.41 6.69 ±0.82 0.000233
Rvl946c IppG 6.02 ±  1.35 11.48 ±2.53 9.15E-05
Rvl948c Rvl948c 3.36 ±  0.64 3.99 ±0.44 0.051719
Rvl954c Rvl954c 2.12 ±  0.35 3.36 ±0.95 0.004132
Rvl955 R vl955 5.97 ±  0.93 10.61 ±1.93 3.52E-05
R vl956 Rvl956 6.95 ±  0.34 9.43 ±0.86 0.000114
R v l957 R vl957 7.73 ± 1.42 11.16±1.64 0.001026
Rvl959c Rvl959c 1.88 ±  0.39 2.19 ±0.80 0.317736
Rvl961 Rvl961 4.16 ± 0.91 4.88 ±1.05 0.138256
Rvl985c Rvl985c 2.86 ± 0.43 5.23 ±1.01 0.000466
Rv2013 Rv2013 4.20 ±  1.00 7.08 ±2.83 0.016729
Rv2014 Rv2014 8.78 ±  1.71 9.87 ±2.21 0.257339
Rv2015c Rv2015c 8.93 ± 1.81 6.83 ±1.55 0.017705
Rv2016 Rv2016 4.35 ± 0.49 5.60 ±0.97 0.008549
Rv2017 Rv2017 3.36 ± 0.65 4.37 ±1.21 0.05949
Rv2018 Rv2018 2.14 ± 0.23 2.80 ±0.48 0.002946
Rv2024c Rv2024c 3.30 ± 0.46 4.52 ±1.05 0.013687
Rv2049c Rv2049c 2.18 ±  0.28 2.56 ±0.45 0.065475
Rv2100 Rv2100 6.77 ±  1.96 2.48 ±0.61 0.000306
Rv2119 Rv2119 4.41 ±  0.26 5.99±1.53 0.014398
Rv2167c Rv2167c 2.04 ±  0.42 3.15 ±0.88 0.009044
Rv2191 Rv2191 8.71 ±  2.13 9.37 ±2.49 0.56899
Rv2237 Rv2237 2.38 ±  0.41 3.45 ±0.55 0.000324
Rv2279 Rv2279 2.18 ± 0.53 2.90 ±0.65 0.035278
Rv2355 Rv2355 2.23 ± 0.57 3.19 ±0.92 0.028319
Rv2362c Rv2362c 2.54 ±  0.35 3.65 ±0.70 0.001137
Rv2416c Rv2416c 2.71 ±  0.44 2.72 ±0.80 0.972469
Rv2428 ahpC 8.32 ±  1.10 12.50 ±2.82 0.001839
Rv2429 ahpD 2.90 ±  0.51 2.91 ±1.07 0.989483
Rv2450c Rv2450c 2.48 ±  0.27 2.77 ±0.75 0.303264
Rv2453c Rv2453c 2.18 ±  0.32 2.73 ±0.68 0.049918
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Rv number Common name Induction ratio Induction ratio recA t-test *
wild-type “ mutant “

Rv2454c Rv2454c 2.25 ±  0.31 2.45 ±0.42 0.275477
Rv2455c Rv2455c 2 .05+  0.29 1.99 ±0.45 0.738186
Rv2466c Rv2466c 3.62+  0.44 5.30 ±0.56 3.99E-05
Rv2479c Rv2479c 1.97+ 0.47 2.53 ±0.60 0.052148
Rv2518c IppS 2.67 ±  0.43 3.81 ±0.49 7.79E-05
Rv2559c Rv2559c 2.80 ±  0.43 3.77 ±0.46 0.000523
Rv2578c Rv2578c 4.64 ±  0.71 0.85 ±0.20 5.72E-08
Rv2579 linB 9.96 ±  1.34 1.52 ±0.28 2.51E-08
Rv2592c ruvB 3.09 ±  0.34 1.31 ±0.39 4.83E-08
Rv2593c ruvA 4.09 ±  0.09 1.49 ±0.18 1.02E-10
Rv2594c ruvC 5.29 ±  0.82 2.15 ±0.30 7.59E-07
Rv2649 Rv2649 2.04 ±  0.48 2.74 ±0.70 0.034508
Rv2660c Rv2660c 4.84 ±  1.29 5.05 ±0.83 0.697321
Rv2699c Rv2699c 2.19 ±  0.23 3.51 ±0.57 0.000161
Rv2717c Rv2717c 6.81 ±  0.91 4.54 ±0.90 6.7E-05
Rv2718c Rv2718c 8.25 ± 1.49 5.10 ±0.83 0.000119
Rv2719c Rv2719c 13.50 ±  1.89 8.42 ±2.40 0.000212
Rv2720 lexA 6.37 ±  0.37 0.66 ±0.10 3.96E-09
Rv2721c Rv2721c 2.89 ±  0.58 0.37 ±0.06 1.04E-06
Rv2734 Rv2734 12.68 ±  2.22 17.55 ±3.46 0.003301
Rv2735c Rv2735c 12.46 ± 4.20 13.75 ±2.44 0.448204
Rv2736c recX 4.91+  3.90 1.89 ±0.45 0.048924
Rv2737c recA 11.37 ±  3.45 4.35 ±0.88 0.000209
Rv2789c fadE21 2.60 ±  0.31 2.66 ±0.58 0.802407
Rv2790c Itpl 3.75 ±  0.91 3.31 ±0.89 0.310148
Rv2791c Rv2791c 4.46 ±  0.54 4.19 ±0.95 0.487095
Rv2792c Rv2792c 4.97 ±  0.96 4.44 ±0.77 0.218435
Rv2884 Rv2884 4.62+  0.97 6.20 ±1.43 0.015822
Rv2885c Rv2885c 7.85 ±  1.32 6.53 ±1.86 0.103548
Rv2930 fadD26 2.34+  0.34 2.49 ±0.60 0.540144
Rv2975c Rv2975c 3.17 ±  0.90 3.15 ±0.82 0.975012
Rv2976c ung 3.69 ±  0.79 3.39 ±0.37 0.324977
Rv2977c thiL 4.23 ±  0.78 3.78 ±0.94 0.285212
Rv2978c Rv2978c 6.24 ±  0.98 5.31 ±1.66 0.191559
Rv2979c Rv2979c 6.96 ±  0.89 5.01 ±0.91 0.000481
Rv3009c gatB 2.26 ±  0.16 3.02 ±0.32 3.82E-05
Rv3047c Rv3047c 2.80 ± 0.56 2.75 ±0.44 0.821824
Rv3048c nrdG 3.08 ±  0.50 2.50 ±0.30 0.010543
Rv3051c nrdE 2.07 ±  0.34 1.75 ±0.48 0.136462
Rv3052c nrdi 2.86 ±  0.55 2.27 ±0.48 0.028872
Rv3053c nrdH 2.69 ±  0.62 2.01 ±0.52 0.021953
Rv3062 ligB 2.79 ±  0.16 3.36 ±0.35 0.001062
Rv3074 Rv3074 28.48 ±  6.52 1.21 ±0.13 1.52E-06
Rv3075c Rv3075c 2 .92+  0.44 0.64 ±0.11 1.12E-07
Rv3136 PPE 2.39 ± 0.62 2.41 ±0.52 0.952205
Rv3185 Rv3185 2.04 ±  0.46 2.83 ±0.65 0.013773
Rv3187 Rv3187 2.12 ±  0.52 2.00 ±0.74 0.707062
Rv3188 Rv3188 2.11 ± 0.31 2.91 ±1.08 0.07815
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Rv number Common name Induction ratio Induction ratio recA t-test *
wild-type “ mutant "

Rv3190c Rv3190c 2.22 ±  0.33 2.81 ±0.44 0.009197
Rv3191c Rv3191c 6.71 ±  1.44 5.47 ±0.67 0.041377
Rv3198c uvrD2 3.07 ±  0.56 3.59 ±0.37 0.036399
Rv3201c Rv3201c 8.77 ±  1.33 6.52 ±2.26 0.023118
Rv3202c Rv3202c 8.52 ±  1.61 6.70 ±2.09 0.055917
Rv3222c Rv3222c 2.17 ±  0.27 2.54 ±0.52 0.089893
Rv3223c sigH 2.71 ±  0.33 2.46 ±0.16 0.059942
Rv3226c Rv3226c 6.11 ± 0.98 5.79 ±0.91 0.485369
Rv3242c Rv3242c 2 .34+  0.34 3.29 ±0.38 0.001892
Rv3263 Rv3263 3.56 ±  0.56 4.72 ±0.44 0.000238
Rv3290c lat 2.38 ±  0.38 1.56 ±0.29 0.000128
Rv3296 I hr 4.60 ±  0.82 4.41 ±0.71 0.619598
Rv3297 nei 3.20 ±  0.42 3.27 ±0.36 0.718567
Rv3368c Rv3368c 1.99 ±  0.46 1.39 ±0.25 0.005325
Rv3369 Rv3369 2.67+  0.62 1.72 ±0.25 0.001485
Rv3370c dnaE2 14.64 ±  2.35 1.38 ±0.37 6.48E-07
Rv3380c Rv3380c 2 .10±  0.51 2.94 ±0.70 0.015146
Rv3393 iunH 5.85 ±  0.71 0.89 ±0.08 2.15E-08
Rv3394c Rv3394c 9.74+  0.93 1.05 ±0.32 2.76E-08
Rv3395c Rv3395c 18.32 ± 4.58 0.85 ±0.20 3E-06
Rv3417c groELl 2.77+  0.91 3.20 ±1.22 0.401225
Rv3418c groES 3.86 ±  1.87 7.29 ±4.11 0.043695
Rv3463 Rv3463 2.98 ±  0.50 3.50 ±0.73 0.09607
Rv3466 Rv3466 8.42+  2.08 5.94 ±1.21 0.008777
Rv3467 Rv3467 5.55 ±  0.88 4.05 ±1.08 0.005578
Rv3517 Rv3517 7.97 ±  1.44 6.91 ±0.93 0.082977
Rv3524 Rv3524 2.62 ± 0.27 1.92 ±0.24 0.0001
Rv3554 fdxB 3.57 ±  0.83 3.22 ±0.22 0.249813
Rv3555c Rv3555c 3.56 ±  0.60 2.78 ±0.82 0.079525
Rv3585 radA 6.89 ±  1.54 4.46 ±0.83 0.001257
Rv3586 Rv3586 2.54 ±  0.43 2.20 ±0.12 0.048011
Rv3613c Rv3613c 2 .19±  0.17 2.01 ±0.39 0.243674
Rv3614c Rv3614c 2.65 ± 0.18 2.53 ±0.48 0.51299
Rv3615c Rv3615c 2.48 ±  0.20 2.48 ±0.31 0.970781
Rv3616c Rv3616c 2.14 ±  0.31 1.90 ±0.16 0.063351
Rv3628 ppa 2.39 ±  0.36 2.59 ±0.51 0.360141
Rv3642c Rv3642c 2.55 ±  0.26 2.27 ±0.52 0.189137
Rv3643 Rv3643 2.45 ±  0.65 2.55 ±0.81 0.784237
Rv3644c Rv3644c 4.68 ±  0.70 3.89 ±0.76 0.048269
Rv3645 Rv3645 2.22 ±  0.41 1.67 ±0.16 0.003581
Rv3651 Rv3651 2.05 ±  0.44 1.51 ±0.37 0.012445
Rv3713 cobQ2 2.21 ±  0.31 2.64 ±0.34 0.013239
Rv3714c Rv3714c 4.77 ± 0.52 4.37 ±0.49 0.131358
Rv3776 Rv3776 15.95+ 2 .50 1.24 ±0.61 3.7E-08
Rv3777 Rv3777 10.72 ±  2.15 0.94 ±0.22 6.9E-07
Rv3818 Rv3818 1.99+ 0.18 2.14 ±0.36 0.292239
Rv3819 Rv3819 2.20+  0.30 2.33 ±0.58 0.55146
Rv3827c Rv3827c 5.35 ±  0.41 4.27 ±1.02 0.014232
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Rv number Common name Induction ratio Induction ratio recA t-test *
wild-type “ mutant “

Rv3828c Rv3828c 5.68 ±  1.02 4.09 ±0.51 0.002549
Rv3846 sodA 2.75 ±  0.55 2.77 ±0.84 0.955589
Rv3913 trxBl 2.49 ±  0.26 2.34 ±1.00 0.682444
Rv3914 trxC 3.06+  0.11 2.83 ±0.79 0.407258

A DNA microarray was used to measure the increase in gene-specific mRNA 

levels in 1424 wild-type and isogenic recA mutant strains o fM  tuberculosis, after 

24 hour exposure to 0.2pg ml mitomycin C during exponential phase.

Average mean value of expression, comparing M  tuberculosis 1424 wild- 

type strain induced with mitomycin C and uninduced, or recA mutant M. 

tuberculosis induced with mitomycin C and uninduced. The plus and minus 

values represent the standard deviation as for each strain, 3 slides from three 

separate cultures were measured for gene expression.

Student’s t-test comparing uninduced and induced values with statistical 

significance o f p <0.01.
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Table A 3.2 PCR array data of genes >3-fold down regulated wild-type M. 

tuberculosis

Rv

number

Gene

name
Predicted  function

Fold decrease in 

wild-type ®

Rv0196 Possible transcriptional regulatory protein 3.3 ± 0 .6

Rv0197 Possible oxidoreductase 3.0 ± 0 .2

Rv0693 pqqE Probable coenzyme PQQ (pyrrolo- 

quinoline-quinone) synthesis protein E 

PqqE

4.6 ±  0.6

Rv0694 lldDl Possible 1-lactate dehydrogenase 

(cytochrome) LldDl
6.0 ±  0.6

Rv0695 Conserved hypothetical protein 3.9 ± 0 .9

Rv0823c Possible transcriptional regulatory protein 3.2 ± 0 .6

Rv0824c desAl Probable acyl-(acyl-carrier protein) 

desaturase DesAl
3.4 ± 0 .7

R v l047 Probable transposase for IS 1081 4.0 ±0.5

R v l095 phoH2 Probable PhoH2, Pho-like protein 

(phosphate starvation-induced protein)
3.8 ± 0 .7

R v l195 PE Pe family protein 6.4 ±  1.1

Rvl199c Possible transposase for IS 1081 3.8 ±0.3

Rvl435c Probable conserved proline, glycine, valine- 

rich secreted protein
3.7 ±0 .5

R vl477 Hypothetical invasion protein 4.0 ±0 .3

R v l478 Hypothetical invasion protein 3.3 ±0 .5

R v l497 lipL Probable esterase LipL 3.3 ± 0 .6

R v l697 Conserved hypothetical protein 4.2 ±0.3

Rvl815 Conserved hypothetical protein 7.0 ± 3 .2

Rvl883c Conserved hypothetical protein 3.3 ±0 .5

Rvl884c Probable resuscitation-promoting factor 

RpfC
4.6 ±  1.4

Rv2512c Transposase for IS 1081 4.0 ±0 .3

Rv2666 Probable transposase for IS 1081 (fragment) 3.6 ±0 .5

Rv2817c Conserved hypothetical protein 3.8 ±0 .5

Rv2985 mutTl Possible hydrolase MutTl 4.0 ±  1.2
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Rv2986c hupB Probable DNA-binding protein HU 

homolog HupB
6.2 ± 2 .0

Rv2987c leuD Probable 3-isopropylmalate dehydratase 

(small subunit) LeuD
11.4±3.5

Rv2988c leuC Probable 3-isopropylmalate dehydratase 

(large subunit) LeuC
10.7 + 0.8

Rv2989 Probable transcriptional regulatory protein 6.6 + 0.8

Rv3023c Probable IS 1081 transposase 3.7 ± 0 .6

Rv3093c Hypothetical oxidoreductase 4.1 ± 0 .9

Rv3094c Conserved hypothetical protein 3.2 ±0.3

Rv3115 Probable IS 1081 transposase 3.7 ±0.5

Rv3727 Possible oxidoreductase 3.9 ± 0 .4

A DNA microarray was used to measure the decrease in gene-specific mRNA 

levels in 1424 wild-type strain of M  tuberculosis, after 24 hour exposure to 0.2pg 

ml mitomycin C during exponential phase.

Average mean value of expression, comparing M. tuberculosis 1424 wild- 

type strain induced with mitomycin C and uninduced. The plus and minus values 

represent the standard deviation as for each strain, 3 slides from three separate 

cultures were measured for gene expression.
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Table A 3.3 Oligonucleotide array data for wild-type M. tuberculosis 

following exposure to mitomycin C

Rv Common Induction Rv Common Induction
number name Ratio “ number name Ratio =
Rv0044c Rv0044c 1.46 ±0.58 Rv0847 IpqS 2.43 ±1.09
Rv0054 ssb 4.86 ±1.55 Rv0848 cysM3 2.48 ±0.58
Rv0055 rpsR 5.53 ±1.78 Rv0849 Rv0849 2.34 ±0.89
Rv0056 rpll 3.52 ±1.34 Rv0850 Rv0850 2.39 ±0.65
Rv0057 Rv0057 3.16 ±0.77 Rv0861c Rv0861c 1.65 ±0.44
Rv0058 dnaB 4.52 ±1.86 R v 0 9 2 f Rv0921 1.81 ±1.20
Rv0059 Rv0059 3.05 ±1.57 Rv0922 Rv0922 6.45 ±2.23
Rv0061 Rv0061 1.38 ±0.32 Rv0923c Rv0923c 1.03 ±0.20
Rv0071 Rv0071 2.75 ±1.30 Rv0949 uvrD 1.71 ±0.57
Rv0088 Rv0088 1.26 ±0.46 Rv0967 Rv0967 2.60 ±2.07
Rv0089 Rv0089 2.48 ±0.49 Rv0991c'' Rv0991c 2.39 ±2.49
Rv0091 Rv0091 2.36 ±0.75 Rv0997 Rv0997 1.41 ±0.97
Rv0094c^ Rv0094c 1.08 ±0.61 RvlOOO'' RvlOOO 1.32 ±1.07
Rv0095c Rv0095c 2.39±1.18 R v l052 Rvl052 1.11 ±0.61
Rv0097 Rv0097 1.71±0.42 R v l073 R vl073 2.87 ±0.50
Rv0098 Rv0098 2.00 ±0.54 Rvl078 pra 1.82 ±0.89
Rv0099 fadDlO 1.72 ±0.41 R vl128c Rvl128c 7.25 ±1.44
Rv0180c Rv0180c 2.14 ±0.41 R v l147 R v l147 1.29 ±0.89
Rv0181c Rv0181c 3.30 ±1.27 Rvl 148c" Rvl148c 1.33 ±0.80
Rv0182c'' sigG 1.23 ±0.99 R vl168c PPE 4.73 ±2.30
Rv0184 Rv0184 7.39 ±1.87 R vl169c PE 3.37 ±1.58
Rv0185 Rv0185 4.58 ±1.74 R v l202 dapE 2.43 ±0.73
Rv0186 2.61 ±0.87 R v l209 R vl209 2.17 ±0.97
Rv0190 Rv0190 2.40 ±0.98 Rvl210 tagA 3.32 ±0.27
Rv0211 pckA 2.60 ±1.33 Rvl221 sigE 1.31 ±0.88
Rv0251c hsp 3.12±1.26 R vl277 R vl277 9.32 ±1.75
Rv0308 Rv0308 1.75 ±0.64 R v l278 R vl278 7.11 ±1.30
Rv0336 Rv0336 15.83 ±0.83 R vl279 R vl279 4.17 ±2.65
Rv0347 Rv0347 1.67±1.15 R vl284 R vl284 1.13 ±0.10
Rv0350 dnaK 2.43 ±1.31 R v l3 16c ogt 6.47 ±1.75
Rv0351 grpE 2.54 ±1.37 R vl369c R vl369c 1.25 ±0.35
Rv0427c XthA 3.24 ±1.08 Rvl 376" R v l376" 1.02 ±0.23
Rv0440 groEL2 4.09 ±2.84 Rvl377c Rvl377c 15.97 ±0.58
Rv0483 Rv0483 2.46_±1.21 R vl378c Rvl 378c" 1.26 ±8.25
Rv0515 Rv0515 16.72±2.06 R vl406 fmt 7.90 ±0.34
Rv0516c^ Rv0516c 1.52 ±0.22 R vl407 fmu 4.57 ±2.92
Rv0586 Rv0586 2.08 ±0.39 Rvl463 R vl463 1.82 ±0.98
Rv0605 Rv0605 8.51 ±2.02 Rvl471 trxB - -

Rv0606 Rv0606 8.25 ±2.93 Rvl535 Rvl535 2.17 ±0.23
Rv0607 Rv0607 6.58 ±4.13 R v l547 dnaEl 2.20 ±1.35
Rv0608 Rv0608 2.09 ± - R v l587c Rvl587c 3.76 ±0.74
Rv0621 Rv0621 1.22 + 1.00
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Rv Common Induction Rv Common Induction
number name Ratio " number name Ratio "

Rv0829 Rv0829 8.68 ±0.60 Rvl592c Rvl592c 2.52±1.82
R v l629 polA 2.04+0.86 Rv2454c Rv2454c 2.28 ±  0.82
R v l633 uvrB 3.78 ±0.24 Rv2455c Rv2455c 2.01 ±0.95
Rvl638 uvrA 4.01 ±0.81 Rv2466c Rv2466c 3.23 ±0.62
R v l652 argC 2.43 ±1.10 Rv2479c Rv2479c 1.18±1.38
R v l653 argJ 2.47 ±0.97 Rv2518c IppS 2.27 ±0.14
R v l654 argB 2.26 ±0.93 Rv2559c Rv2559c 2.74 ±0.51
R v l655 argD 2.22 ±0.78 Rv2578c Rv2578c 8.27 ±0.47
R v l656 argF 2.55 ±1.04 Rv2579 linB 7.27 ±2.87
R v l701 Rvl701 0.76 ±0.02 Rv2592c ruvB 3.79 ±2.05
Rvl702c Rvl702c 12.40 ±8.34 Rv2593c ruvA 3.58 ±1.59
R vl764 R vl764 1.08 ±0.36 Rv2594c ruvC 3.99 ±1.04
Rvl765c Rvl765c 7.50±1.51 Rv2649 Rv2649 1.18 ±0.42
Rvl779c Rvl779c 2.99 ±0.96 Rv2660c Rv2660c 2.22 ±0.14
Rvl805c Rvl805c 1.93 ±1.32 Rv2699c Rv2699c 2.70 ±0.47
R v l806 PE 3.00 ±1.36 Rv2717c Rv2717c 8.25 ±1.97
Rvl833c Rvl833c 9.35 ±1.81 Rv2718c Rv2718c 5.98 ±2.42
Rvl907c Rvl907c 3.51 ±0.21 Rv2719c Rv2719c 7.33 ±1.26
Rvl936 Rvl936 1.77 ±0.71 Rv2720 lexA 1.91 ±4.17
R v l945 R vl945 5.87±4.58 Rv2721c Rv2721c 0.26 ±0.30
Rvl 946c'' IppG 2.25 ±1.28 Rv2734 Rv2734 13.8 ±0.09
Rvl 948c" Rvl948c 1.34±0.31 Rv2735c Rv2735c 14.32 ±3.70
Rvl954c Rvl954c 1.95 ±0.48 Rv2736c recX 11.26 ±3.06
Rvl955 Rvl955 5.69 ± - Rv2737c recA 13.02 ±0.98
R v l956 Rvl956 9.03 ±0.40 Rv2789c fadE21 3.11 ±1.51
R v l957 R vl957 6.94 ±2.51 Rv2790c Itpl 4.75 ±0.26
Rvl959c R vl959 1.15 ±0.20 Rv2791c Rv2791c 5.16±1.16
Rvl961 Rvl961 2.29 ±1.08 Rv2792c Rv2792c 5.63 ±0.83
Rvl985c Rvl985c 2.34 ±2.03 Rv2884 Rv2884 1.17 ±2.45
Rv2013 Rv2013 1.56±1.39 Rv2885c Rv2885c 8.32 ±0.03
Rv2014" Rv2014 1.30 ±0.58 Rv2930 fadD26 3.66 ±5.51
Rv2015c Rv2015c 9.11 ±0.83 Rv2975c Rv2975c 2.88±1.11
Rv2016 Rv2016 2.99 ±1.23 Rv2976c ung 3.89±1.13
Rv2017 Rv2017 2.22 ±0.76 Rv2977c thiL 6.52 ±0.34
Rv2018 Rv2018 2.36 ±0.69 Rv2978c Rv2978c 10.39 ±0.95
Rv2024c Rv2024c 4.67 ±0.77 Rv2979c Rv2979c 11.24 ±2.35
Rv2049c Rv2049c 1.13 ±0.18 Rv3009c gatB 2.40±1.91
Rv2100 Rv2100 8.99 ±2.64 Rv3047c Rv3047c 4.80 ±0.56
Rv2119 Rv2119 5.16±1.30 Rv3048c nrdG 4.06 ±0.28
Rv2167c Rv2167c 1.22 ±0.17 Rv3051c nrdE 1.83 ±0.86
Rv2191 Rv2191 7.01 ±4.30 Rv3052c nrdI 2.42 ±0.85
Rv2237 Rv2237 1.61 ±0.85 Rv3053c nrdH 2.69 ±0.85
Rv2279 Rv2279 1.15 ±0.38 Rv3062 ligB 4.02 ±0.96
Rv2355 Rv2355 1.17±0.12 Rv3074 Rv3074 33.63 ±1.10
Rv2362c Rv2362c 3.53 ±0.65 Rv3075c Rv3075c 1.09 ±21.60
Rv2416c Rv2416c 1.89 ±0.33 Rv3136 PPE 2.13 ±0.53
Rv2428 ahpC 9.45 ±5.28 Rv3185 Rv3185 1.28 ±0.91
Rv2450c Rv2450c 2.02 ±0.40 Rv3188 Rv3188 3.28 ±0.10
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Rv number Common
name Induction ratio

Rv2453c Rv2453c 2.57 ±0.70
Rv3191c Rv3191c 2.86 ±0.39
Rv3198c uvrD2 3.37±0.42
Rv3201c Rv3201c 6.93 ±5.46
Rv3202c Rv3202c 10.17±5.14
Rv3222c Rv3222c 3.47 ±1.22
Rv3223c SigH 2.61 ±0.47
Rv3226c Rv3226c 7.72 ±0.91
Rv3242c Rv3242c 3.25 ±0.53
Rv3263 Rv3263 3.22 ±1.49
Rv3290c lat 2.76 ±1.28
Rv3296 Ihr 5.44 ±1.42
Rv3297 nei 3.92 ±1.52
Rv3368c Rv3368c 1.65 ±0.28
Rv3369 Rv3369 1.60 ±0.24
Rv3370c dnaE2 22.55 ±5.47
Rv3380c Rv3380c 1.07 ±0.22
RV3393'' iunH 1.91 ±1.07
Rv3394c Rv3394c 13.94 ±8.23
Rv3395c Rv3395c 20.03 ±4.60
Rv3417c groELJ 3.47 ±2.20
Rv3418c groES 3.68 ±2.97
Rv3463 Rv3463 3.33±1.18
Rv3466 Rv3466 11.47 ±7.46
Rv3467'' Rv3467 1.38 ±0.53
Rv3517 Rv3517 6.15 ±3.99
Rv3524 Rv3524 2.12 ±0.75
Rv3554^ fdxB 0.75 ±0.18
Rv3555c Rv3555c 6.23 ±1.71
Rv3585 radA 12.83 ±4.43
Rv3586 Rv3586 5.56 ±2.13
Rv3613c Rv3613c 2.48 ±0.86
Rv3614c Rv3614c 2.54±1.11
Rv3615c Rv3615c 2.28 ±0.84
Rv3616c Rv3616c 2.09 ±0.65
Rv3628 ppa 1.91 ±0.72
Rv3642c Rv3642c 3.58 ±2.09
Rv3643 Rv3643 1.65 ±1.06
Rv3644c Rv3644c 3.44 ±1.22
Rv3645 Rv3645 2.43 ±0.65
Rv3651 Rv3651 1.52 ±0.32
Rv3713 cobQ2 1.38 ±0.61
Rv3714c Rv3714c 4.73 ±0.81
Rv3776 Rv3776 28.03 ±14.02
Rv3777 Rv3777 17.96 ±2.86
Rv3818 Rv3818 2.07 ±0.48
Rv3819 Rv3819 1.57+0.48

Rv number

Rv3190c
Rv3828c
Rv3818
Rv3819
Rv3827c
Rv3846
Rv3913
Rv3914

Common
name

Rv3190c
Rv3828c
Rv3818
Rv3819
Rv3827c
sodA
trxB2
trxC

Induction ratio “

2.74 ±1.66 
6.00 ±0.71 
2.07 ±0.40  
1.57 ±0.48 
9.03 ±0.48 
2.36 ±0.53 
2.78 ±1.21 
2.61 +1.07
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A DNA oligonucleotide array was used to confirm the PCR product microarray 

data, and address the issue of transcriptional read-through. This method again 

was used to measure the increase in gene-specific mRNA levels in 1424 wild-type 

strain o f M. tuberculosis after 24 hour exposure to 0.2pg ml mitomycin C 

during exponential phase. Blank cells indicate no data was available for that gene.

Average mean value o f expression, comparing M. tuberculosis 1424 wild-type 

strain induced with mitomycin C and uninduced. The plus and minus values 

represent the standard deviation, the data is from 5 slides from three independent 

cultures to measure gene expression.

^ Genes not induced when analysed using the single-stranded oligonucleotide 

array. Some of these genes are genuinely not induced and some are thought to 

result from the combination of an amino-terminally located probe and incorrectly 

predicted orf initiation point.
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Tables A3.4 PCR array data of genes > 3 fold induced analysed using SAM 

comparing wild-type and recA mutant M. tuberculosis.

Table A3.4.1 Genes induced more in recA mutant than wild-type.

Rv

number Gene name Score(d)  ̂ Numerator(r) ^

Denominator

(s+sO) '

Fold

Change FDR (%y

Rvl279 Rvl279 (7M9) 2.31 1.67 0.72 1.32480 0.97

Rvl907c Rvl 907c (611) 2.86 2.27 0.79 1.33252 0.42

Rvl946c IppG (10L18) 4.75 5.46 1.15 1.90846 0.42

Rvl955 Rvl955 (9J7) 5.12 4.65 0.91 1.77895 0.42

Rvl956 Rvl956 (604) 5.16 2.98 0.58 1.45364 0.42

Rvl957 Rvl957 (9K7) 3.99 3.49 0.88 1.45598 0.42

Rv2013 Rv2013 (9N9) 2.20 2.66 1.21 1.60258 0.97

Rv2428 ahpC (6C10) 3.50 4.17 1.19 1.50103 0.42

Rv2466c Rv2466c (6G13) 3.70 1.57 0.43 1.43450 0.42

Rv2734 Rv2734 (2G1) 3.12 4.88 1.57 1.38462 0.42

Rv3263 Rv3263 (4F1) 2.84 1.22 0.43 1.34275 0.42

The relative difference in gene expression.

Average level o f expression for a gene

Standard deviation o f gene specific scatter plus a small positive constant to minimise

gene specific variation.

This is the lowest false discovery rate (FDR) at which the gene is called significant. It is 

similar to the ‘p-value’, adapted to the analysis o f a large number o f genes. The FDR or q-value 

measures how significant the gene is. An FDR o f < 1, is significant.

A = 1.2, with the threshold of delta (A) set to 1.2, the permutated data sets generated an average of

4.6 falsely significant genes, compared with 62 genes called significant.
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Table A3.4.2 Genes not induced in recA mutant M  tuberculosis

Rv Denominator Fold

number Gene name Score(d) * Numerator(r) ^ (s+sO) Change FDR (%)

Rv0071 Rv0071 (109) -2.27 -1.46 0.64 0.54844 0.42

Rv0336 Rv0336(8Ill) -11.62 -9.91 0.85 0.07773 0.42

Rv0515 Rv0515 (4J14) -13.41 -8.95 0.67 0.09634 0.42

Rv0516c Rv0516c(4K14) -11.71 -7.63 0.65 0.18403 0.42

RvlOOO RvlOOO (5F4) -8.73 -7.07 0.81 0.16140 0.42

Rvl376 Rvl376 (5P1) -9.32 -6.14 0.66 0.14295 0.42

Rvl377c Rvl377c (9F9) -10.49 -11.88 1.13 0.11843 0.42

Rvl378c Rvl378c (909) -8.49 -18.14 2.14 0.07015 0.42

Rv1702c Rvl702c (913) -4.73 -2.37 0.50 0.33750 0.42

Rv2578c Rv2578c (6A24) -4.78 -3.35 0.70 0.27909 0.42

Rv2579 linB (6B24) -10.79 -8.11 0.75 0.18565 0.42

Rv2592c ruvB (1M13) -3.35 -2.22 0.66 0.37054 0.42

Rv2593c ruvA (1N13) -3.43 -2.67 0.78 0.44625 0.42

Rv2720 lexA (ÎJ24) -12.46 -5.39 0.43 0.10925 0.42

Rv3074 Rv3074 (10P5) -10.96 -26.70 2.44 0.06222 0.42

Rv3370c dnaE2 (4F10) -9.84 -12.48 1.27 0.09978 0.42

Rv3393 iunH (4C12) -11.49 -4.96 0.43 0.15198 0.42

Rv3394c Rv3394c (9D23) -14.08 -8.19 0.58 0.15862 0.42

Rv3395c Rv3395c (9E23) -10.15 -17.48 1.72 0.04620 0.42

Rv3776 Rv3776(llH6) -14.01 -14.71 1.05 0.07756 0.42

Rv3777 Rv3777 (3F10) -10.70 -9.78 0.91 0.08755 0.42

The relative difference in gene expression.
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: Average level o f  expression for a gene

Standard deviation of gene specific scatter plus a small positive constant to minimise 

gene specific variation.

This is the lowest false discovery rate (FDR) at which the gene is called significant. It is 

similar to the ‘p-value’, adapted to the analysis o f a large number o f genes. The FDR or q-value 

measures how significant the gene is. An FDR o f < 1, is significant.

A = 1.2, with the threshold of delta (A) set to 1.2, the permutated data sets generated an average of

4.6 falsely significant genes, compared with 62 genes called significant.
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Table A3.4.3 Genes induced less in recA mutant M. tuberculosis

Rv Denominator Fold

number Gene name Score(d)* Numerator(r)‘’ (s+sO)' Change FDR (%)

Rv0054 ssb (1F7) -2.84 -1.45 0.51 0.71140 0.42

Rv0058 dnaB (1B8) -2.28 -1.22 0.54 0.72873 0.42

Rv0094c Rv0094c (1F12) -2.61 -1.55 0.60 0.72350 0.42

Rv0095c Rv0095c(lG12) -5.01 -5.08 1.01 0.38689 0.42

RvO182c sigG (1M5) -3.11 -1.41 0.45 0.70801 0.42

Rv0184 Rv0184(lN5) -4.32 -2.62 0.61 0.63169 0.42

RvO186 -1.53 -0.83 0.54 0.73283 0.71

Rv0605 Rv0605 (9P19) -4.88 -4.92 1.01 0.38724 0.42

Rv0606 Rv0606 (9120) -2.82 -1.63 0.58 0.74618 0.42

Rv0607 Rv0607 (9J20) -1.58 -0.98 0.62 0.81463 0.71

Rv0829 Rv0829(10F13) -1.91 -1.10 0.58 0.81056 0.71

Rv0848 cysMS (4L 3) -1.67 -0.83 0.49 0.72403 0.71

Rvl148c Rvl 148c (7L5) -2.44 -2.41 0.99 0.76535 0.42

Rvl587c Rvl587c(10B24) -2.04 -1.09 0.53 0.69636 0.42

Rvl588c Rvl588c (5019) -3.97 -3.99 1.01 0.62940 0.42

R vl945 Rvl945 (10K18) -3.88 -2.85 0.73 0.69884 0.42

Rv2100 Rv2100 (9013) -5.18 -4.35 0.84 0.36299 0.42

Rv2594c ruvC (1013) -6.48 -3.14 0.49 0.40566 0.42

Rv2717c Rv2717c (1023) -3.67 -2.27 0.62 0.66667 0.42

Rv2718c Rv2718c (1P23) -4.25 -3.22 0.76 0.60972 0.42

Rv2719c Rv2719c (1124) -3.47 -4.56 1.31 0.64905 0.42

Rv2737c recA (2B2) -4.64 -6.56 1.41 0.42343 0.42

Rv2979c Rv2979c (1002) -2.96 -1.83 0.62 0.73259 0.42
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Rv3048c nrdG (1004) -1.49 -0.57 0.39 0.81347 0.71

Rv3466 Rv3466 (10019) -2.49 -2.47 0.99 0.70606 0.42

Rv3467 Rv3467 (4A19) -228 -1.50 0.66 0.72999 0.42

Rv3585 radA (2B17) -3.13 -2.43 0.78 0.64704 0.42

Rv3828c Rv3828c(llG8) -2.49 -1.42 0.57 0.74687 0.42

The relative difference in gene expression.

Average level o f expression for a gene

Standard deviation of gene specific scatter plus a small positive constant to minimise 

gene specific variation.

This is the lowest false discovery rate (FDR) at which the gene is called significant. It is 

similar to the ‘p-value’, adapted to the analysis o f a large number o f genes. The FDR or q-value 

measures how significant the gene is. An FDR of < 1, is significant.

A = 1.2, with the threshold of delta (A) set to 1.2, the permutated data sets generated an average of

4.6 falsely significant genes, compared with 62 genes called significant.
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A 4.1 Poster presented at Keystone symposium; Tuberculosis: integrating 

host and pathogen biology. Taos, New Mexico, Jan ‘03

Oxidative damage in Mycobacterium tuberculosis

Lucinda Rand and Elaine O. Davis, Mycobacterial Research, National Institute

for Medical Research, The Ridgeway, Mill Hill, London NW7 1AA, UK.

Mycobacterium tuberculosis is an intracellular pathogen, able to survive and 

replicate in macrophages. Here the bacilli encounter host defences including the 

production of reactive oxygen species (ROS) and reactive nitrogen species (RNS). 

This is part o f the antimicrobial response, which amongst other targets can 

damage DNA. The ability of M. tuberculosis to resist such reactive species may 

hold an important key in understanding its pathogenicity. DNA is amongst the 

targets of oxidative damage, and it is therefore highly important for the bacillus to 

maintain a number of mechanisms with which to repair damaged DNA. 

Oxidatively damaged DNA bases are removed by one of three mechanisms; 

nucleotide excision repair (NER), base excision repair (BER) or recombination 

repair. Based on studies made in E. coli, these systems have identified genes that 

function within these pathways respectively. M. tuberculosis homologues have 

been identified from the genome sequence, and in this study we are examining the 

importance of a number o f DNA repair genes within these three repair systems to 

M. tuberculosis pathogenicity. The approach being taken is to construct strains 

with individual genes ‘knocked-out’ resulting in loss o f function. The mutant 

strains will then be compared with wild-type M. tuberculosis for survival 

following exposure to oxidative stresses in vitro, and following infection of 

macrophages and mice.

This work is funded by the MRC

Lucinda Rand, +442088162712, B3, Poster session 2
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The global response to DNA damage in Mycobacterium 

tuberculosis.

Lucinda Rand and Elaine O. Davis, Mycobacterial Research, National Institute 

for Medical Research, The Ridgeway, Mill Hill, London NW7 1 AA, UK.

Mycobacterium tuberculosis is an intracellular pathogen, able to survive and 

replicate in macrophages. Here the bacilli encounter host defences including 

reactive oxygen and nitrogen species, which amongst other targets can damage 

DNA. Thus, the response to DNA damage may be important for M. tuberculosis.

In this study we have examined global gene expression in wild type M. 

tuberculosis and a recA mutant strain following DNA damage by mitomycin C 

using microarrays. While a number of known DNA repair genes were induced in 

the wild type strain, the majority o f the induced genes were o f unknown function. 

Generally, in bacteria DNA-damage inducible genes are regulated by the repressor 

protein LexA. Following DNA damage, LexA is cleaved and no longer binds to 

its operator sites resulting in increased expression o f the genes it regulates. 

Cleavage is dependant on its interaction with RecA bound to single-stranded 

regions o f DNA formed due to the damage. Thus, LexA regulated genes are not 

induced in recA mutant strains. Analysis of the recA mutant of M. tuberculosis 

indicated that only 20 genes were no longer inducible, implying regulation by 

LexA. The majority of DNA damage inducible genes, including some known 

DNA repair genes, were equally induced in the recA mutant and wild type strains, 

suggesting regulation independent of RecA and LexA, while some genes appeared 

to be subject to dual regulation.
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