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Abstract

There is a pressing need to identify virulence genes of Mycobacterium 

tuberculosis to develop new vaccine strains and antibiotic therapies. I have used 

post-genomic approaches to generate M. tuberculosis global regulatory mutants to 

identify such virulence determinants. Using DNA microarrays, global gene 

transcription has been analysed in the mutants, and after exposure to oxidative 

stress.

The ability to survive oxidative stress is thought to be important for intracellular 

pathogens. M. tuberculosis is challenged by this type of stress when it is 

phagocytosed by the macrophage during the initial stages of infection but the 

importance of this stress in infection has been called into question by the natural 

mutation of the M. tuberculosis oxyR gene.

I have discovered a two-component signal transduction system that responds to 

peroxide stress. The sensor protein, SenX3, contains an atypical PAS domain, 

found in other oxygen and redox sensors. A null mutation of the accompanying 

regulator gene regX3 results in reduced transcription of ahpC and ahpD alkyl 

hydroperoxidase reductases in vitro, and attenuation of virulence in mice. The 

transcription of these and other genes is up-regulated in the wild type after 

peroxide stress. These results suggest that oxidative stress is indeed important in 

the macrophage response to M. tuberculosis infection, and implicates the SenX3 

and RegX3 proteins as important players in the bacterium’s defence to this stress.

I have also identified the M. tuberculosis orthologue of the Crp protein that in E. 

coli, in complex with cAMP, regulates the expression of catabolite-sensitive 

opérons. A null mutation of crp results in very poor growth in vitro and 

attenuation of virulence in mice. This gene may have functions other than 

catabolite repression in M. tuberculosis and signficantly I have found that 

transcription of two genes coding for resuscitation promoting factors (Rpf) was 

altered in this mutant.
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îF Microfarad

Iig Microgram

mg Milligram

mJ Millijoule

Fl Microlitre

ml Millilitre

|iM Micromolar

mM Millimolar

mRNA Messenger RNA

M. leprae Mycobacterium leprae

M. tuberculosis Mycobacterium tuberculosis

Mb Mega base

NaAc Sodium acetate

14



NaCl

NaOH

ng

O2

OD

OH

ORF

PBS

PCR

pmol

r.p.m.

RNA

RNase

RNI

ROI

ROS

SCO

SDS

SSC

Suc’*̂

TBE

TE

TEMED

Tm

TNE

UV

V

v/v

WHO

w/v

WT

X-Gal

Sodium chloride 

Sodium hydroxide 

Nanogram 

Superoxide 

Optical density 

Hydroxyl radical 

Open reading frame 

Phosphate-buffered saline 

Polymerase chain reaction 

Picomole

Revolutions per minute 

Ribonucleic acid 

Ribonuclease

Reactive nitrogen intermediate

Reactive oxygen intermediate

Reactive oxygen species

Single crossover

Sodium dodecyl sulphate

Sodium chloride/sodium citrate solution

Sucrose resistance

Tris (hydroxylmethyl) aminomethane-boric acid-

ethylenediaminetetraacetic acid buffer

Tris (hydroxylmethyl) aminomethane-

ethylenediaminetetraacetic acid buffer

N,N,N’,N’-tetramethylene-ethylene-diamine

Melting temperature

Tris-NaCl-EDTA

Ultra violet

Volt

Volume/volume ratio 

World Health Organisation 

Weight/volume ratio 

Wild type

5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside

15



Chapter One: Introduction

1.1 The Mycobacteria

1.1.1 Characteristics of the genus Mycobacterium

’’Consumption,” the old and more descriptive name for tuberculosis was described 

by the 17̂  ̂century writer John Bunyan in a much quoted phrase as ’The captain of 

all these men of death.” Today, estimated figures provided by the World Health 

Organisation (WHO) regarding the expected spread of this disease make 

depressing reading. If control over tuberculosis is not further strengthened, it is 

estimated that between the years 2000-2020, approximately one billion people will 

become newly infected with the tubercle bacillus, 200 million will become sick 

and 35 million will die from tuberculosis (www.who.int/gtb).

The threat of tuberculosis remains despite the administration of the controversial 

BCG vaccine for over 70 years (Fine, 1988), and the advent of antibiotic therapy 

to treat infection since the Second World War (Somoskovi et a l, 2001a). With 

approximately one-third of the world’s population estimated to be currently 

infected with this disease (Kochi, 1991), the need for a more universally effective 

vaccine and novel antibiotic therapies is imperative. The twin dangers of the 

recent emergence of multi drug-resistant strains of the bacterium (Zumia & 

Grange, 2001), and the deadly synergy between the human immunodeficiency 

virus (HIV) and tuberculosis (Hopewell, 1992) are potentially catastrophic.
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In March 1882, Robert Koch presented his groundbreaking lecture on the 

aetiology of tuberculosis to the Physiological Society of Berlin, in which he 

announced that he had identified Mycobacterium tuberculosis as the causative 

agent of tuberculosis. During his lecture, Koch presented experiments which 

showed that M. tuberculosis fulfilled all the criteria of his postulates, which state 

that to prove tuberculosis was caused by the invasion of the bacilli, and the growth 

and multiplication of the bacilli, it was necessary to: (i) isolate the bacilli from the 

body; (ii) grow the bacilli in pure culture and (Hi) by administering the isolated 

bacilli to animals, reproduce the original illness. To summarise this part of his 

talk, Koch stated ’’All these factors together allow me to note that the bacilli 

present in the tuberculosis lesions do not only accompany tuberculosis, but in fact 

cause it. These bacilli are the true agents of tuberculosis.”

Robert Koch was one of the first people to envisage a vaccine for the control of 

tuberculosis, and eight years after his original discovery, he announced the means 

for curing tuberculosis. However, despite his early reports of a remedy for 

tuberculosis studied in the guinea pig model, clinical trials soon demonstrated the 

ineffectiveness of tuberculin in both the prevention and treatment of this disease 

(Koch, 1882); (Koch, 1932).

Tuberculosis, caused by the M. tuberculosis bacillus is usually transmitted from 

person to person as an aerosol, a mode of transmission which is particularly 

insidious because the tiny droplets generated by coughing not only bypass the 

defences of the upper airway but stay in the air much longer than larger particles. 

Symptoms of the disease include fever, coughing, weight loss and lack of energy
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(malaise). Progressive, irreversible lung damage occurs and the bacteria may 

escape from the lungs and enter the blood stream. M. tuberculosis is capable of 

infecting any area of the body including bones, joints, liver, spleen, 

gastrointestinal tract and brain, and the systemic form of the disease is almost 

always fatal. Transmission is most likely to occur where there is prolonged, but 

not necessarily intimate contact between a susceptible person and a person with an 

active case of tuberculosis. An individual is considered infected with M. 

tuberculosis if they convert from negative to positive in a tuberculin skin test, 

which indicates that the bacterium has been inhaled and survived long enough in 

the host to attract the attention of the immune system. Fortunately, only a small 

percentage of individuals who become skin test positive actually go on to develop 

the active disease, although this percentage may dramatically increase if the 

population has underlying conditions, such as human immunodeficiency (HIV) 

infection (Salyers & Whitt, 2002).

The genus Mycobacterium is comprised of more than 85 species (Rastogi et a l, 

2001), a small minority of which are pathogenic to humans, including M. 

tuberculosis and Mycobacterium leprae which cause tuberculosis and leprosy 

respectively. However, the majority of the genus are harmless saprophytes and are 

found in soil and water (Brosch et a l, 2000). All mycobacteria are non-motile and 

non-spore-forming, rod-shaped bacteria and share a common property of a 

complex, lipid-rich cell envelope (Draper, 1998) that avidly retains Carbol fuchsin 

dye even in the presence of acidic alcohol (acid fast staining). The cell wall 

provides protection against desiccation, as well as against numerous antibiotics 

and antimicrobial agents. The genus can be conveniently divided into two
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categories based on growth rate. Fast-growing species including Mycobacterium 

smegmatis are rarely pathogenic and generally have generation times of between 3 

to 4 hours under optimal culture conditions (Grange, 1996), whereas slow- 

growing species such as M. tuberculosis usually have generation times of 

approximately 24 hours. It is still not possible to grow M. leprae in in vitro 

culture, although, the bacterium may be cultivated in the laboratory in mouse 

footpads (Shepard, 1960) or in the nine-banded armadillo, which itself does not 

breed in captivity (Kirchheimer & Storrs, 1971).

The important M. tuberculosis complex includes four close relatives of the 

tubercle bacillus {Mycobacterium africanum, Mycobacterium bovis and its 

derivative Mycobacterium bovis BCG, and Mycobacterium microti), all of which 

are obligate pathogens but differ widely in their host range (Brosch et a l, 2000). 

Infection with Mycobacterium africanum leads to tuberculosis in humans and 

occurs mainly in Africa (Haas et al, 1997), whereas Mycobacterium bovis is 

responsible for the disease in cattle but can also infect a number of other mammals 

including man. The attenuated derivative of Mycobacterium bovis, BCG is widely 

used as a vaccination against human tuberculosis (Fine, 1995). Mycobacterium 

microti is pathogenic for voles, field mice and hamsters among others, and has 

been used with some success as a live vaccine in controlled, human clinical trials, 

conferring a similar level of protection as BCG in European trials (Hart & 

Sutherland, 1967).

Members of the mycobacteria were among the first bacteria to be recognised as 

the transmissible agents causing disease in humans, with M. tuberculosis and M.
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leprae being identified as the causative agents of tuberculosis and leprosy 

(Hansen’s disease) respectively more than 100 years ago. In fact, M. leprae was 

the first bacterium to be associated with a human disease by Hansen (1874). 

Despite this, detailed knowledge of the bacteria at the molecular level has lagged 

far behind that of other microorganisms due to several unique properties of 

members of the genus. The ability to apply common genetic manipulation 

techniques to M. tuberculosis has been hampered by the slow growth of the 

bacterium which necessitates that excellent aseptic techniques must be followed, 

as most contaminants will probably outgrow the organism. The tendency of 

members of the genus to form clumps prevents the isolation of colonies derived 

from a single cell. Due to the pathogenic nature of this organism and its easy 

transmission by aerosols, the bacterium must be handled under expensive 

biosafety level III conditions. M. tuberculosis possesses a tough lipid and 

carbohydrate-rich cell wall which makes the disruption of cells to obtain 

macromolecules extremely inefficient by commonly employed methods. All of 

these factors resulted in the delay of methods for gene transfer into the 

mycobacteria and when they did arrive, a new set of problems were uncovered, 

such as the preference of the organism to undergo illegitimate rather than 

homologous recombination. Despite these problems, recent years have seen an 

explosion in new methods and techniques for the genetic manipulation of 

mycobacteria and as a result, much has been learned about this important human 

pathogen (Jacobs et a l, 1991).

20



1.1.2 The genome of Mycobacterium tuberculosis H37Rv 

The completion in 1998 of the entire genome sequence of the virulent strain of 

Mycobacterium tuberculosis, H37Rv, and its detailed bioinformatic analysis has 

provided a wealth of new information that can be utilised to gain a greater 

understanding of the biology of this important human pathogen (Cole et a l, 1998). 

This event was closely followed by the recent publication of the genome sequence 

of Mycobacterium leprae, a close relative of the tubercle bacillus and the 

causative agent of leprosy (Cole et a l, 2001). M. leprae has a considerably 

smaller genome, with numerous open-reading frames being absent or multiply 

mutated, and appears to represent the minimal gene set required by a pathogenic 

mycobacterium. It is therefore hoped that the comparison of the M. tuberculosis 

and the considerably smaller M. leprae genomes will permit the identification of 

the M. tuberculosis genes most required for pathogenesis (Brosch et a l, 2000).

The genome of M. tuberculosis H37Rv consists of a circular chromosome of 

4,411,532 base pairs (bp) and has a very high guanine + cytosine (G + C) content, 

averaging 65.6%. Approximately 4000 protein-coding genes were identified, 40% 

of which could be assigned precise functions. A further 44% showed some 

similarity to other known proteins, whilst the remaining 16% resembled no known 

proteins. All coding sequences were given an Rv number, and if a function could 

be assigned to the sequence, a specific gene name was also given. Functional 

information about the protein-coding genes was inferred by database comparisons 

and the genes classified into 11 functional groups (Domenech et a l, 2001); (Cole 

et a l, 1998).
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An unusual feature of the M. tuberculosis genome is the presence of a single 

ribosomal RNA operon (rrn) 1,500 kilobases (Kb) from the putative origin of 

replication (oriC) (Gonzalez Rico & Narvaez, 2001). Many microorganisms have 

multiple rrn opérons, for example, Escherichia coli has 7 non-contiguous rm  

opérons distributed asymmetrically around the origin of replication (Ellwood & 

Nomura, 1982). Members of the M. tuberculosis family possess only a single rm  

operon (Suzuki et a i, 1988), the arrangement of which in M. tuberculosis may be 

related to its slow growth rate (Cole et a l, 1998). By comparison, most rapid- 

growing mycobacteria including Mycobacterium smegmatis have a second rm  

operon (Gonzalez-y-Merchand et a l, 1996).

A substantial proportion (3.4%) of the M. tuberculosis genome is composed of 

insertion sequences (IS), the most abundant of which being IS6110 with 16 copies 

in H37Rv, and prophages (phiRvl and PhiRv2) (Cole et a l, 1998). There are 56 

copies of IS elements belonging to nine different families, including the new IS 

elements IS 1552', IS1557 and IS1561’. The potential mobility of IS elements 

constitutes a source of genome plasticity as it is likely they can promote a variety 

of chromosomal rearrangements as well as deletions (Mahillon & Chandler, 

1998).

Another distinctive feature of the M. tuberculosis genome is the presence of more 

than 250 genes coding for enzymes involved in fatty acid metabolism, compared 

to only 50 in Escherichia coli (Cole et a l, 1998). This is consistent with the 

presence in the cell envelope of the bacterium of a wide diversity of lipophilic
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molecules, ranging from simple fatty acids to long-chain, highly complex 

molecules such as mycolic acids (Daffe & Draper, 1998).

Approximately 10% of the coding capacity of the M. tuberculosis genome is 

devoted to two large, unrelated families of acidic, glycine-rich proteins named PE 

(Pro-Glu), and the PE subfamily PGRS (polymorphic GC-rich sequence), and PPE 

(Pro-Pro-Glu), due to motifs found near to the N terminus of the protein (Cole et 

a l, 1998). There is currently very little evidence available regarding the function 

of the PE, PE PGRS and PPE proteins, although it has been suggested that they 

could be involved in antigenic variation (Domenech et a l, 2001).

1.1.3 Control of tuberculosis

1.1.3.1 BCG and vaccination against tuberculosis

The vaccine strain that is currently used against tuberculosis, bacille Calmette- 

Guérin (BCG), was developed by the French scientists Calmette and Guerin in the 

first decade of the last century (Calmette & Guerin, 1908). Starting in 1908 with a 

virulent isolate of Mycobacterium bovis, they carried out a series of subcultures 

over 13 years, using a glycerin-bile-potato medium. The resulting culture had lost 

its ability to cause disease in calves and guinea pigs and was first applied as a 

human vaccine by oral administration to the child of a tuberculous mother in 1921 

(Calmette, 1927). BCG has been delivered for more than 70 years and has been 

given to more people than any other vaccine (approximately 3 billion individuals 

and around 100 million newborns annually) (Kaufmann, 2000). However, the 

efficacy of the BCG vaccine in protecting against pulmonary tuberculosis in adults 

is variable and may range from 0% in Southern India to 80% in the United
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Kingdom (Hart & Sutherland, 1967); (Brewer, 2000). The reasons for the 

variation in efficacy may be dependent on several factors. It has been suggested 

by Behr, (2001) that differences in efficacy may have arisen as a result of genetic 

changes in the vaccine strain over time, suggesting the ongoing evolution of BCG 

strains since their original derivation. Other possible explanations for the variation 

of efficacy of BCG include genetic differences in susceptibility of different human 

populations, and exposure to environmental mycobacteria which may influence 

the results of vaccine trials (Grange, 2000).

There is an obvious need for a new vaccine which provides greater universal 

protection against tuberculosis. Currently, two main vaccine strategies are being 

pursued (Kaufmann, 2001). The first strategy uses subunit vaccines in the form of 

protein-adjuvant formulations, naked DNA or recombinant bacterial or viral 

carriers that express defined antigens (Doherty et a l, 2002); (Barrios et a l, 1992). 

Although promising results have been obtained, no vaccine candidate tested in 

animal models of tuberculosis infection has proven to be better than BCG. The 

second strategy, comprising viable mycobacterial vaccines, either attenuated, 

viable M. tuberculosis (Hondalus et a l, 2000) or BCG (Jackson et a l, 1999), or 

recombinant BCG overexpressing certain antigens is also being pursued (Hess & 

Kaufmann, 2001).

1.1.3.2 Drug resistance in Mycobacterium tuberculosis

The recent emergence of multidrug-resistant strains of Mycobacterium 

tuberculosis is proving to be a serious public health problem and poses a threat to 

the control of the disease (Pablos-Mendez et a l,  1998). Poorly implemented
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tuberculosis control programmes along with the use and misuse of antibiotics are 

likely to make the current situation even worse. In the 1990s, a multidrug-resistant 

strain of M. tuberculosis called the W strain emerged in New York City (Moss et 

a l, 1997). It was resistant to most of the anti-tuberculosis drugs including 

isoniazid, rifampin, streptomycin, ethambutol, rifabutin and kanamycin, and was 

also highly virulent and infectious, and has now spread to other parts of the United 

States (Agerton et a l, 1999). Of those infected in the New York City outbreak of 

the W strain, 74% died, and in many of those cases death occurred within months 

of the initial infection. Multidrug-resistant M. tuberculosis has also emerged as a 

huge threat in Eastern Europe, particularly in the prisons of Russia (Nunn, 2001). 

Tuberculosis control programmes such as DOTS (Directly Observed Therapy 

Short-course) have been introduced by the WHO, with the aim of controlling the 

disease by treating sputum-smear positive tuberculosis cases with short-course 

intensive chemotherapy and careful monitoring of compliance with the treatment 

(www.who.int/gtb).

Attention has been focused on the need for an improved understanding of the 

molecular basis of resistance to the important anti-tuberculosis drugs isoniazid, 

rifampin and pyrazinamide, and the identification of novel targets for 

antimycobacterial drugs. Genetic studies have shown that resistance of M. 

tuberculosis to antimycobacterial drugs may be the consequence of spontaneous 

mutations in genes that encode the target of the drug such as rpoB and rifampin 

resistance (Telenti et a l, 1993), enzymes involved in drug activation including 

katG and isoniazid resistance (Pym et a l, 2002), or drug target amplification such 

as inhA and isoniazid resistance (Schroeder et a l, 2002). Resistance-associated
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point mutations, deletions or insertions have now been described for all the first- 

line drugs and for several of the second-line and newer drugs (Somoskovi et a l, 

2001a).

1.1.4 Tuberculosis and HIV

A major factor that has contributed to the recent increase in the number of cases of 

tuberculosis and is accelerating the spread of this disease is a high rate of co- 

infection with Mycobacterium tuberculosis and the human immunodeficiency 

virus (HIV). Tuberculosis and HIV form a lethal combination, each speeding the 

other’s progression. In individuals co-infected with M. tuberculosis and HIV, HIV 

serves to weaken the immune system and increase the risk of reactivation of a 

latent M. tuberculosis infection. In non-HIV-infected individuals infected with M. 

tuberculosis, there is approximately a 10% chance that the individual will develop 

active tuberculosis in their lifetime, and in those with co-infections, the risk of 

developing active tuberculosis increases to 10% per year. An adverse effect of 

tuberculosis on HIV is suggested by studies that show that the host’s immune 

response to M. tuberculosis may enhance HIV replication and might accelerate the 

natural progression of HIV infection. Tuberculosis is presently the leading cause 

of death among people who are HIV-positive and accounts for approximately 11% 

of AIDS deaths worldwide. In sub-Saharan Africa, HIV is the single most 

important factor determining the increased incidence of tuberculosis in the last 

decade (World Health Organisation [WHO], www.who.int/gtb). The emergence 

of multidrug-resistant strains of M. tuberculosis has also contributed to the high 

mortality and morbidity rates among individuals who are co-infected with HIV. In 

the New York City outbreak of the multidrug-resistant W strain, many of the
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people infected with the W strain had a concurrent HIV infection which may have 

hastened the progression of tuberculosis (Moss et a l, 1997).

1.2 Molecular biological tools for the genetic manipulation of M.

tuberculosis

1.2.1 General

To gain an insight into the life cycle, virulence and pathogenicity of such an 

important human pathogen as Mycobacterium tuberculosis, genetic tools are 

required which permit targeted manipulation of its genome, allowing deletion, 

mutation and expression of specific genes. However, the adaptation of many 

commonly used molecular genetic tools to mycobacteria, particularly the slow- 

growing, pathogenic species has not proved to be straightforward.

A recent turning point in the use of molecular biology in tuberculosis research was 

the determination in 1998 of the entire genome sequence of a virulent strain of M. 

tuberculosis, H37Rv by Cole et a l, (1998). This information has enabled us to 

identify approximately 4000 ORF’s (Fig. 1) but provides minimal insight into the 

precise function of individual genes. The latter can be addressed in two ways, 

firstly, making use of the genome sequence through the use of the newly 

developed technique of fabricating DNA microarrays to analyse gene expression, 

and secondly, taking advantage of the significant advances in the application of 

modem molecular and genetic techniques to mycobacteria through the production 

of gene-specific knockout strains and thereby to analyse the metabolic function of 

individual genes both in vitro and in vivo in animal infection models.
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Figure 1: The circular map of the chromosome of M. tuberculosis H37Rv [Cole, 

1998 #1]. The outer circle shows the scale in Mb (0 represents the origin of 

replication). From the exterior ring, ring 1 denotes the position of stable RNA 

genes, ring 2 shows the coding sequence by strand, ring 3 depicts repetitive DNA, 

rings 4, 5 and 6 show positions of the PPE, PE and PGRS genes respectively. The 

centre represents G + C content (<65% G + C in yellow, >65% G + C in red).
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1.2.2 Recombination as a genetic tool

Recombination is the rearrangement of DNA sequences to generate new genetic 

linkage relationships and may result in the exchange, deletion, duplication, 

insertion or translocation of genetic information. Recombination may occur 

illegitimately, by the random integration of DNA fragments with very little 

homology into the chromosome, or by homologous recombination between 

identical or very closely related DNA sequences.

The generation of targeted gene knockouts can be achieved by homologous 

recombination and was first demonstrated in the mycobacteria by Husson et a l, 

(1990) using the fast growing, non-pathogenic Mycobacterium smegmatis. Husson 

showed that mutants could be readily obtained using a non-replicating vector 

carrying the gene of interest, disrupted with a gene conferring kanamycin 

resistance. In comparison, progress with M. tuberculosis was much slower, 

although success has now been achieved using both suicide and replicating 

vectors. Progress with the slow growing mycobacterial species was hampered by 

the occurrence of high levels of illegitimate recombination, compared to levels of 

homologous recombination (Kalpana et a l, 1991). The isolation of mutant strains 

in such organisms is a problem when rates of illegitimate recombination exceed 

that of homologous recombination. Recent advances come particularly from work 

by Hinds et a l, (1999), who showed that targeted gene replacement in both the 

slow and fast growing mycobacteria could be dramatically enhanced by the pre

treatment of transforming DNA with UV irradiation or by alkali dénaturation. 

This serves to increase rates of homologous recombination and makes the 

isolation of gene knockout strains a more tractable possibility.
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1.2.3 Production of gene knockouts

1.2.3.1 Introduction

The ability to generate defined mutants of M. tuberculosis has only recently 

achieved success, with progress being hampered by the lack of tools to manipulate 

the genome of this bacterium. The creation of gene-specific knockouts provides a 

key to understanding the precise function of individual genes and may reveal 

potential candidates for the production of rationally attenuated vaccine strains and 

targets for novel antibiotic therapies to decrease the global incidence of 

tuberculosis. The combination of producing defined gene knockouts and then 

using downstream techniques such as DNA microarrays to analyse gene 

expression in the resultant strains provides molecular biologists with a set of 

powerful tools to gain a greater understanding of the life cycle, metabolic 

pathways, and pathogenicity of this bacterium and may permit us to identify key 

virulence determinants which are required for the complex interaction of M. 

tuberculosis with its human host.

1.2.3.2 Allelic exchange mutants

One technique which has recently proved successful for the generation of defined 

gene knockouts of both fast and slow growing mycobacterial species is the use of 

suicide delivery vectors to generate allelic exchange mutants (Parish & Stoker, 

2000). The targeted gene may be mutated, deleted or disrupted using, for example, 

a gene conferring antibiotic resistance, by the process of homologous 

recombination. The approach uses a two-step strategy whereby single crossover 

events (SCO) are first selected by screening colonies for expression of a positive 

selection marker, followed by the selection of double crossover (DCO) events
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using a counterselectable marker such as the sacB (Pelicic et a l, 1996) or rpsL 

(Sander et a l, 1995) genes (Fig. 2). A further advantage of this two-step strategy 

is that when screening for DCO events using both positive and counterselectable 

markers, the growth of single crossover mutants is prohibited. Importantly, the 

generation of unmarked mutants made possible using this strategy may prove 

important for the generation of potential novel vaccine strains where antibiotic 

resistance markers cannot be left in the chromosome (Parish & Stoker, 2000).

1.2.3.3 Replicating vectors

In addition to suicide delivery vectors, conditionally replicative vectors have also 

proved to be successful for the generation of M. tuberculosis gene knockout 

strains. A system which utilises both a counterselectable marker and a 

conditionally replicative origin of replication was developed by Pelicic et a l, 

(1997) to efficiently isolate allelic exchange mutants. The system utilises a vector 

which contains the sacB gene as a counterselectable marker and a thermosensitive 

mycobacterial origin of replication to enable the positive selection of insertion 

mutants. Following transformation of the vector containing a disrupted copy of a 

gene of interest, transformants containing the replicating construct are selected by 

their ability to grow at a permissive temperature of 32°C on plates containing 

kanamycin. Selected colonies are then grown in liquid culture, during which time 

allelic exchange mutants can accumulate, overcoming problems caused by low 

frequencies of allelic exchange. The culture is then plated at a non-permissive 

temperature of 39°C on plates containing sucrose, the only clones being able to 

grow being allelic exchange mutants from which the vector has been conditionally
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Figure 2: Two-step strategy for the production of allelic exchange mutants by 

homologous recombination. A’ and B’ represent the regions of homology cloned 

into the suicide delivery vector, A and B represent the same regions on the 

chromosome.
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lost. In the study by Pelicic et a l, (1997), the vector carried a disrupted copy of 

the purC gene and was used to generate an M. tuberculosis purine auxotroph.

1.2.3.4 Transposon mutants

A third strategy which has been used to generate mutants of mycobacterial species 

is transposon mutagenesis. One advantage to this approach of mutant generation is 

that prior assumptions do not need to be made about the identity of the gene 

responsible for a particular virulence trait. A transposon mutagenesis system 

requires a delivery vector which may be a suicide or replicative vector, and an 

insertion element which ideally should have a high frequence of transposition, be 

absent from the targeted mycobacterial strain and transpose randomly into any 

part of the bacterial chromosome (Pelicic et a l, 1998). Derivatives of IS6100 from 

Mycobacterium fortuitum were first used to demonstrate transposition in 

Mycobacterium smegmatis using a thermosensitive vector and and led to the 

production of the first mycobacterial insertion mutant library (Guilhot et a l, 

1994). This was later adapted for use in Mycobacterium bovis BCG by using a 

suicide delivery vector rather than a replicating vector (McAdam et a l, 1995).

Transposon mutagenesis in Mycobacterium tuberculosis was also achieved using 

the 1S6100 mobile element from Mycobacterium fortuitum but utilised a different 

approach (Bardarov et a l, 1997). This approach used a conditionally replicating 

phage system which had proven valuable in Escherichia coli, to deliver the 

transposon to the M. tuberculosis chromosome. Using this system, several 

thousand mutants were obtained, resulting from the transposition of the mobile

33



element into the chromosome and the mutant libraries were shown to be 

representative.

The approach of isolating M. tuberculosis mutants by the generation of transposon 

libraries was further adapted by Camacho et a l, (1999) who constructed and 

screened a library of signature-tagged transposon mutants for this bacterium to 

identify mutants exhibiting an attenuated phenotype. Briefly, each mutant is 

generated and identified by the insertion of a transposable element carrying a 

unique DNA sequence tag, allowing one clone to be distinguished from another. A 

pool of tagged mutants is then inoculated into an appropriate host and allowed to 

multiply. Following infection they are then recovered and those with an attenuated 

phenotype screened by hybridisation with the tags. This system generated 1927 

mutants, 16 of which showed attenuation of virulence within the lungs of mice 

and provides us with a powerful tool for the identification of genes important for 

the virulence of M. tuberculosis.

1.3 DNA microarrays

1.3.1 General

DNA microarrays are essentially an extension of hybridisation based methods, 

such as the Southern (Southern, 1975) and Northern (Alwine et a l, 1977) blots 

which are used for the identification and quantification of nucleic acids. DNA 

sequences (PCR products or synthetic oligonucleotides) are immobilised onto 

suitably coated glass microscope slides and are then made available for the 

hybridisation of labeled samples of interest. mRNA isolated under experimentally
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controlled conditions is converted to cDNA, during which, one of the two 

different fluorophores, usually Cy3-dCTP or Cy5-dCTP is incorporated. Two 

different samples are then simultaneously hybridised against one array (Fig. 3). 

The ratio of the fluorescence of the two fluorophores for each immobilised DNA 

sequence may be calculated to give the relative representation of each mRNA 

species. This enables the analysis of gene expression, not for one single gene, but 

for the complete array of genes represented on the microarray (Wilson et al, 

1999); (Spellman et a l, 1998). The determination of the complete genome 

sequence of M. tuberculosis in 1998 (Cole et a l, 1998) has permitted the analysis 

of gene expression of this important human pathogen using DNA microarrays.

1.3.2 Choice of microarray probes

To analyse gene expression on a global scale for a given organism, a specific 

DNA sequence (probe) is required for each gene to be represented on the 

microarray. The choice of probe to be used is usually determined by cost and by 

the genome sequence data which is readily available for the organism. In the case 

of genomes such as Mycobacterium tuberculosis, Campylobacter jejuni (Parkhill 

et a l, 2000) and Yersinia pestis (Parkhill et a l, 2001) which have been fully 

sequenced, the easiest approaches are to design unique primer pairs for each 

identified ORF and to amplify representative PCR products, or to design 

oligonucleotide primers of approximately 70 nucleotides in length which represent 

each individual gene to be included on the microarray.

In the case of genomes which are unsequenced, partially sequenced or contain 

large and numerous introns, a different approach may be taken to obtain a set of
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Figure 3: DNA microarray hybridisation. Test and reference samples labeled with 

the fluorophores Cy3-dCTP (green) or Cy5-dCTP (red) are competitively 

hybridised against a single DNA microarray.
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probes for that organism. For many organisms, in particular mouse and human, 

extensive resources have been taken to determine partial sequences of clones from 

cDNA libraries that have been generated from a poly-dT primed reverse 

transcribed mRNA. These expressed sequence tags (EST) can be used to identify 

distinct mRNA transcripts, and individual cDNA clones which correspond to each 

of these transcripts can be used as the source of probes in a microarray (Eisen & 

Brown, 1999).

1.3.3 High-density oligonucleotide and cDNA microarrays 

The two most commonly used methods for the production of microarrays are 

high-density oligonucletide technology and mechanical gridding. Largely 

pioneered by Affymetrix Inc. (Santa Clara, CA, USA), high-density 

oligonucleotide microarrays employ a process called photolithography which 

utilises an ultraviolet light source that passes through a mask that directs in a step

wise manner where a photochemical reaction (oligonucleotide synthesis) takes 

place on a siliconised glass surface (Pease et a l, 1994). This method permits a 

density of several hundred thousand probes per square centimetre of glass and 

allows the use of multiple probes per gene. A restriction with this technology is 

that in situ synthesis of oligonucleotide probes restricts the length of the probe to 

approximately 25 nucleotides (Celis et a l, 2000).

An example of an application of high-density oligonucleotide microarrays and 

their use in tuberculosis research is demonstrated by Salamon et a l, (2000). In this 

study, the microarrays used had a total of 236,360 probes representing M. 

tuberculosis sequence synthesised on the array and were used to analyse genomic
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DNA isolated from a clinical strain and a vaccine strain of the organism. In 

particular, the microarrays were used to detect deletions in the strains and to 

define the boundaries of the deletions to the extent that the density of the probes 

permitted. In this case, individual gene probes would not have proved reliable 

enough to identify the boundaries of such deletions.

In the second method for the construction of microarrays, mechanical gridding 

machines deposit the probes onto a suitably coated (poly-L-lysine, aminosilane) 

glass slide using pins manufactured with very high precision. As essentially any 

double stranded DNA sample can be printed onto a coated glass surface, the 

choice of arrayed probes is often dictated by the resources available for obtaining 

representations of the genes to be studied but are usually oligos or PCR products 

(cDNAs) (Eisen & Brown, 1999).

1.3.4 Analysis of mycobacteria using DNA microarrays

Since the determination of the entire genome sequence of M. tuberculosis H37Rv 

in 1998 (Cole et a l, 1998), DNA microarrays have been used extensively in 

tuberculosis research to gain a greater understanding of the biology and 

pathogenicity of this bacterium. The use of microarrays in mycobacterial research 

includes: {Ï) comparative genomics of closely related mycobacterial species such 

as M. tuberculosis H37Rv and the tuberculosis vaccine strain M. bovis BCG (Behr 

et a l, 1999); {ii) comparison of gene expression of regulatory mutants and their 

parental wild type strains to identify putative régulons (Manganelli et a l, 2002); 

{in) analysis of gene expression under in vitro induced stress conditions to gain an 

understanding of how the bacterium may respond to conditions encountered
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within its natural environment and to identify conditionally expressed genes 

(Wilson et a l, 1999), and (iv) to gain an understanding of pathogenicity by the 

identification of genes differentially regulated in response to host-specific signals 

(Schoolnik, 2002),

1.4 Immunology of tuberculosis

1.4.1 Host infection by mycobacteria

Current estimates provided by the World Health Organisation (WHO) suggest that 

approximately one third of the world’s population is infected with Mycobacterium 

tuberculosis, although fortunately, this does not lead to active disease in the 

majority of individuals (Flynn & Chan, 2001a). The immune response of the host 

that is mounted against infection by M. tuberculosis is generally successful in 

containing the bacilli within granulomatous lesions (Raupach & Kaufmann, 2001), 

although often not eliminating the pathogen completely. In a small number of 

cases acute active tuberculosis can result, probably due to the lack of initiation of 

an appropriate immune response (Manca et a l, 2001). However, in most cases of 

M. tuberculosis infection, the individual remains asymptomatic and non- 

infectious, and this clinical latency often extends for the lifetime of the individual 

(Parrish et a l, 1998), and may provide the host with immunity against reinfection 

(Collins, 1998). Reactivation of the endogenously persisting infection and the 

onset of active disease are required for the bacilli to successfully spread to a new 

host. In approximately 10% of infected individuals (Flynn & Ernst, 2000), 

reactivation of the latent infection occurs, usually in response to perturbations of 

the immune response and active tuberculosis ensues. In many cases of active
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tuberculosis an obvious immunodeficiency is not found, however, infection with 

human immunodeficiency virus (HIV), treatment with corticosteroids, ageing, and 

alcohol or drug abuse increase the potential for reactivation of latent tuberculosis 

(Flynn & Chan, 2001b).

Mycobacterium tuberculosis has developed a number of successful mechanisms 

for evading elimination by a strong, cell-mediated host immune response (Ulrichs 

& Kaufmann, 2002). Therefore, a more complete understanding of the roles each 

component of the immune system plays in protection or exacerbation of 

tuberculosis, as well as of the bacterium’s weapons to evade those components 

will enhance development of preventive and therapeutic strategies against this 

enormously successful pathogen.

1.4.2 Macrophage infection by Mycobacterium tuberculosis 

Mycobacterium tuberculosis is usually acquired by the inhalation of small 

numbers of the aerosolised bacterium. Once inhaled, most of the M. tuberculosis 

organisms will settle in the upper respiratory epithelium where they are most 

likely to be expelled from the host by the mucociliary escalator (Fenton & 

Vermeulen, 1996). However, a small number of the bacteria (approximately 10%) 

will reach the respiratory bronchioles and alveoli of the deep lung, where they are 

phagocytosed by alveolar macrophages and are either killed, or else survive as 

intracellular pathogens to initiate an infection (Dannenberg, 1993). In a minority 

of individuals, the immune response to M. tuberculosis is suboptimal. This allows 

the organism to multiply to large numbers, kill their host macrophages, and spread 

to other organs and into the blood, leading to primary active disease, a condition
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characterised by persistent fatigue, anorexia, progressive weight loss, low-grade 

fever, production of a chronic, often contagious cough and death (Zahrt & Deretic, 

2002). However, in the majority of immunocompetent individuals, macrophages 

become activated following the emergence of a productive TrI-type-cell-mediated 

immune response, initiating a broad spectrum of host defences against the 

bacterium, and are proficient in killing the bacilli (Russell, 1995). Therefore, most 

cases actually resolve without clinical tuberculosis. More commonly, the host’s 

immune response serves to contain the infection rather that eliminating the 

infection entirely. The organisms may persist in low numbers inside a 

granulomatous containment in a poorly understood dormant or quiescent state 

termed latency (Murray, 1999), from which they may emerge at a later date when 

host conditions are more favourable, such as suppression of the host’s immune 

system, and this may result in active tuberculosis (Fig. 4).

1.4.3 Macrophage activation: TrI response

Mycobacterium tuberculosis and Mycobacterium leprae survive and replicate 

primarily within the phagosomes of macrophages (Russell, 2001). Within the 

macrophage they are shielded from the effects of both antibodies and cytotoxic T 

cells. It is thus ironic that these bacteria infect the very cells that have evolved to 

destroy intracellular pathogens. Such pathogens may be eliminated from the host 

however, when the macrophage becomes activated by a T rI cell (Mitsuyama, 

1998). It is the action of these cells that leads to the red, swollen and potentially 

painful lesions caused by the delayed type hypersensitivity (DTK) response due to 

the administration of tuberculin (a mixture of peptides and carbohydrates) in the 

Mantoux test for tuberculosis infection used prior to a BCG vaccination. Armed
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Figure 4: Infective life cycle of Mycobacterium tuberculosis. M. tuberculosis 

acquired by inhalation resides and multiplies in lung macrophages. Bacteria 

replicate during the innate stages of immunity and reach high numbers in the 

macrophages of immunodeficient hosts where they cause active disease. If 

untreated, organisms spread to other parts of the body and can cause death of the 

host. Bacteria infecting immunocompetent hosts are usually controlled by cell- 

mediated immunity and are either eliminated or else persist in low numbers in a 

latent infection. Suppression of the immune system at a later date can result in 

reactivation of bacterial multiplication and the continuation of the infectious cycle.
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ThI cells act by synthesising membrane-associated proteins and a range of soluble 

cytokines whose local and distant actions coordinate the immune response against 

these intracellular pathogens (Sharma & Bose, 2001).

Upon activation, naive CD4^ T cells are able to differentiate into either ThI or 

Th2 cells, which differ in function due to the cytokines they produce (Fenton & 

Vermeulen, 1996). IL-12 (interleukin-12) is the cytokine that is the major inducer 

of ThI cells, whereas IL-4 induces Th2 lymphocytes. It is believed that the 

bacteria themselves and factors secreted by them (eg. LAM, LPS) are capable of 

inducing myeloid cells to secrete IL-12. Endocytosis of bacteria by macrophages 

is also a stimulus for IL-12 synthesis. The selective production of ThI cells leads 

to cell-mediated immunity, and is the preferred response against intracellular 

pathogens such as M. tuberculosis and M. leprae, whereas the production of 

predominantly Th2 cells leads to the production of antibodies and provides 

humoral immunity (Beyers et a l, 1998), and is mainly responsible for 

antiparasitic responses. An example of the difference this can make to the 

outcome of infection is seen in leprosy, a disease caused by infection with M. 

leprae (Modlin, 1994); (Britton, 1993). If a ThI cell response is preferentially 

induced in patients infected with M. leprae, little antibody is produced and 

although some skin and peripheral nerve damage occurs due to the inflammatory 

responses associated with macrophage activation, the patient develops tuberculoid 

leprosy, a disease which is slow to progress. By contrast however, the preferential 

induction of a Th2 cell response results in a humoral response in which the 

antibodies produced cannot reach the intracellular bacteria and the patient 

develops lepromatous leprosy. In this from of leprosy, M. leprae is able to
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multiply abundantly within macrophages and peripheral nerves causing 

widespread tissue damage.

Recognition of the macrophage by the ThI cell results in two signals being 

transmitted to the macrophage, interferon y (IFN-y), the macrophage-activating 

cytokine and the cell surface ligand CD40 (CD40L), which binds to CD40 on the 

macrophage. The activation of macrophages by armed ThI cells expressing 

CD40L and secreting IFN-y is central to the host response to intracellular 

pathogens (Zahrt & Deretic, 2002), and is essential in stopping the progression of 

the disease early, following the initial infection. In mice in which targeted gene 

disruption has been employed to knockout the function of the IFN- y gene (Flynn 

et a l, 1993) it has been demonstrated that the production of microbial agents by 

macrophages is impaired and the animals succumb to sublethal doses of 

Mycobacterium species. Also, inherited disorders of CD40L are associated with 

severe deficiency in immune responses to intracellular infections. The activation 

of macrophages serves to promote microbial killing by a number of different 

mechanisms. Activated macrophages fuse their lysosomes more efficiently to 

phagosomes, exposing intracellular pathogens to a variety of microbial lysosomal 

enzymes and acidic pH. One mechanism by which M. tuberculosis ensures its 

survival within macrophages is by inhibiting the fusion of the phagosome and 

lysosome (Goren et a l, 1976). In addition to this, immunologically activated 

macrophages are capable of producing high levels of nitric oxide and reactive 

oxygen intermediates which play a significant role in the control of mycobacterial 

infection (Zahrt & Deretic, 2002).
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When microbes effectively resist the effects of macrophage activation, chronic 

infection with inflammation can develop. This often has a characteristic pattern, 

consisting of a central core of infected macrophages surrounded by activated 

lymphocytes. In tuberculosis, the centre of the large granulomas can become 

isolated and the cells there die, probably from a combination of lack of oxygen 

and the cytotoxic effects of activated macrophages (Raupach & Kaufmann, 2001). 

Thus, the activation of ThI cells can cause significant pathology; however, their 

nonactivation leads to the more serious consequence of death from disseminated 

infection.

1.5 The oxidative stress response

1.5.1 Response to environmental stress

The ability of a bacterium to tightly regulate gene expression in response to 

continuously changing conditions in the external environment is an adaptive 

response which is essential for both replication and survival. Within the natural 

environment of the bacterial cell, nutrients and water are usually limited and 

conditions such as pH and temperature may fluctuate regularly. In addition to this, 

for intracellular pathogens such as Mycobacterium tuberculosis, regulation of 

gene expression during the course of an infection is necessary for the bacterium to 

survive the altering conditions of the host cell, including low pH, and the 

generation of potentially damaging agents such as reactive oxygen intermediates 

(ROI) and reactive nitrogen intermediates (RNI).

Bacteria have developed a diverse range of control mechanisms for the regulation 

of gene expression in response to environmental assaults, including sigma factors,
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anti-sigma factors and two-component phosphorelay systems, such as the phoP/Q 

two-component system of Yersinia pestis which has been shown to be important 

under conditions of macrophage induced stress by Oyston et ah, (2000). Although 

response to a particular stress may result in the over expression of a defined sub

set of proteins unique to that condition, the expression of many genes may be 

common to a variety of different stress conditions. In M. tuberculosis, expression 

of the extracytoplasmic sigma factor (o^) has been shown to play an important 

role in the response of the bacterium to heat shock, oxidative stress (Fernandes et 

a l, 1999), acidic pH, detergent (Wu et a l, 1997) and for survival in macrophages 

(Manganelli et a l, 2001). Therefore, the ability to investigate the response of a 

bacterium to defined stress conditions in vitro in the laboratory is physiologically 

more relevant than studying growth of the bacterium in rich media.

1.5.2 Host cell generation of reactive oxygen intermediates (ROl)

Oxidative stress has been defined as ”An imbalance between oxidants and 

antioxidants in favour of the oxidants, leading to damage” by Sies, (1997). Such 

oxidants are produced at low levels by aerobic organisms as a normal product of 

aerobic metabolism, but may be produced at increased rates under specialised 

conditions. Macrophages use such mechanisms to control infection by bacterial 

pathogens and have evolved specialised systems allowing them to be potent 

generators of reactive oxygen intermediates (ROl) when required. ROl are capable 

of causing vast amounts of damage to the bacterial cell including damaging DNA 

bases and lipids, and disruption of important cellular proteins such as those 

containing Fe-S clusters, haemes and thioethers (Nathan & Shiloh, 2000).
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The generation of ROl by the reduction of molecular oxygen O2 by NADPH 

phagocyte oxidase (Phox) gives rise to superoxide O2 , and its various dismutation 

and decomposition products which include hydrogen peroxide H2 O2 and the 

hydroxyl radical OH (Fig, 5) (Zahrt & Deretic, 2002). In addition, ROl in the 

form of organic peroxides and hydroperoxides are produced as a result of lipid 

peroxidation, a stress condition which may be modelled in the laboratory using 

cumene hydroperoxide (Asad et a i, 2000). The lethal effects caused by cumene 

hydroperoxide are attributed to the production of alkoxy radicals which are highly 

reactive species and are produced by the reduction of hydroperoxides.

1.5.3 Oxidative stress response in E. coli

Much of what we have learned about bacterial defence mechanisms against 

oxidative stress comes from studies of the enteric bacteria Escherichia coli and 

Salmonella typhimurium, and in recent years, from studies of strains carrying 

mutations in important regulators of oxidative stress genes (Storz & Tartaglia, 

1992).

In E. coli, regulation of genes required for a response against peroxide induced 

stress is largely governed by the global transcription factor encoded by the oxyR 

gene (Storz et a l, 1990). Induction of E. coli by low doses of hydrogen peroxide 

has been shown by proteomic studies to lead to the synthesis of approximately 40 

proteins (VanBogelen et a l, 1987). More recently, microarray analysis has 

demonstrated increased expression of approximately 30 genes in response to 

treatment of cultures with hydrogen peroxide, and has identified several new 

members of the OxyR regulon. Several genes shown to be regulated by the OxyR
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Figure 5: Generation of reactive oxygen intermediates (ROl). ROl including 

superoxide (O2 hydrogen peroxide (H2 O2 ) and hydroxyl radical (OH) are 

generated by NADPH phagocyte oxidase (Phox) in the presence of iron and upon 

superoxide dismutation

48



0 2  Oxygen
NADPH 

phagocyte oxidase

Superoxide
Dismutase

O 2* Superoxide

H2O2 Hydrogen Peroxide

OH Hydroxyl Radical

H2O Water



regulon in response to treatment with hydrogen peroxide have defined antioxidant 

roles and include genes such as hydroperoxidase I (katG) and alkyl hydroperoxide 

reductase (ahpCF) which eliminate oxidants from the cell, and fur, a global 

repressor of ferric iron uptake which prevents damage caused by the formation of 

the hydroxyl radical which is generated by the Fenton reaction when H2 O2 

interacts with intracellular iron (Zheng et a l, 1999).

In contrast, a second global transcription factor soxRS, has been shown to induce 

genes in response to superoxide stress, including sodA, a Mn-containing 

superoxide dismutase whose antioxidant activity is the dismutation of superoxide 

to water, and nfo (endonuclease IV), which is involved in the repair of DNA 

damage. In addition to OxyR and SoxRS regulated genes, many genes that clearly 

protect against attack by ROl have been identified and include the DNA repair 

genes recA (Konola et a l, 2000) and hydroperoxidase II {katE).

1.5.4 The role of ROl in the control of Mycobacterium tuberculosis 

The ability of intracellular pathogens such as Mycobacterium tuberculosis to 

survive and establish an infection within human macrophages, evading the 

antimicrobial products generated by such host cells is critical for the virulence of 

the bacterium. One of the primary defences which enables microbial pathogens to 

survive within phagocytic host cells is protection against damage and killing by 

ROl. Activated macrophages are potent generators of toxic ROl, producing 

approximately 50% of that of polymorphonuclear leukocytes, the leading 

producers of ROl (Nathan & Shiloh, 2000). Despite this, M. tuberculosis is 

capable of long-term persistent infection within human macrophages, indicating
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that the bacterium is capable of mounting a stubborn defence against oxidative 

stress and the detoxification of ROL

1.5.5 The mycobacterial oxidative stress response

The response of mycobacteria to oxidative stress differs greatly to that of the 

enteric paradigm due, in part, to mutations in key genes that render parts of the 

oxidative stress response dysfunctional. In all species of mycobacteria studied, the 

SoxRS regulon, the global regulator of response to superoxide stress in E. coli is 

absent from the genome (Garbe et a l, 1996), whereas the regulator of response to 

peroxide stress encoded by the oxyR gene is inactive in Mycobacterium 

tuberculosis due to multiple frameshift mutations (Deretic et a l, 1997). In 

contrast, the oxyR gene has been shown to be intact in the second major 

mycobacterial human pathogen Mycobacterium leprae (Dhandayuthapani et a l, 

1997).

Despite the loss of the OxyR and SoxRS régulons in M. tuberculosis, many other 

components of the oxidative stress response remain intact. The catalase- 

peroxidase gene katG has been identified in M. tuberculosis and shown to be 

negatively regulated by the furA gene, a mycobacterial homologue of the E. coli 

ferric uptake regulator fur, which is located immediately upstream of katG (Zahrt 

et a l, 2001). The katG gene, although present in M. leprae has been inactivated by 

multiple mutations (Master et a l, 2001) (Fig. 6). Inactivation of furA has has 

been shown to increase levels of expression of katG and decrease the 

susceptibility of an M. smegmatis furA mutant to H2 O2 , suggesting that the role of
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Figure 6: Components of the oxidative stress response in mycobacteria. Two 

branches of oxidative stress response exist in mycobacterial species. A The central 

regulator of the peroxide stress response is dysfunctional in the major human 

pathogen M. tuberculosis due to the presence of multiple mutations and frameshift 

insertions. B The other branch of oxidative stress response encoded by the 

regulator furA and catalase-peroxidase katG is dysfunctional in the other major 

human pathogen M. leprae. Arrows, direction of transcription; yellow triangles 

below red segments, large deletions; yellow triangles below black lines, frameshift 

mutations; black circles, frameshift insertions; yellow squares, start codon 

mutations; black squares, nonsense mutations.
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katG in the detoxification of ROl produced by peroxide stress has been conserved 

in the mycobacteria (Zahrt et a l, 2001).

Alkyl hydroperoxide reductase (ahpC), a further component of the oxidative stress 

response has been shown to be important in the antioxidant activity of many 

mycobacterial species, catalysing the reduction of alkyl hydroperoxidases to 

alcohols (Nunn et a l, 2002). In enteric bacteria, as with the katG gene, regulation 

of ahpC is under the control of OxyR. It has been shown by Dhandayuthapani et 

a l, (1996) in studies of Mycobacterium smegmatis that the expression of ahpC is 

induced by both H2 O2 and by organic peroxides and by Sherman et a l,  (1999), 

that over expression of ahpC protects against damage by cumene hydroperoxide. 

However, despite demonstrating the role of ahpC in the reduction of H2O2 and 

organic peroxides, the importance of ahpC in the virulence of M. tuberculosis 

could not be demonstrated. Recent studies of an M. tuberculosis ahpC mutant, 

showed an increased sensitivity compared to the parental strain to cumene 

hydroperoxide but did not show sensitivity to H2 O2 and significantly did not show 

decreased virulence during acute infection of mice (Springer et a l, 2001); (Master 

et a l, 2002).

The study of putative oxidative stress mutants has further enabled identification of 

genes with roles in the mycobacterial oxidative stress response. In M. 

tuberculosis, a mutant of the Cu,Zn superoxide dismutase (sodC) showed 

increased sensitivity to superoxide generated stress and impaired survival in 

macrophages generating an oxidative burst (Piddington et a l, 2001). Studies of an 

M. tuberculosis ideR mutant, a regulator of genes responding to iron.
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demonstrated increased sensitivity to H2 O2 and plumbagin, a generator of 

superoxide stress. The role of ideR in responding not only to oxidative stress but 

also to iron levels demonstrates the interplay of a gene in more than one stress 

condition.

1.6 Global control genes

1.6.1 Global regulators of gene expression in Mycobacterium tuberculosis 

The ability of Mycobacterium tuberculosis to adapt to different environments 

within an infected host is essential for its pathogenicity, and is dependent on the 

organism being able to modulate gene expression to respond to the changing 

conditions encountered during an infection. Given the complexity of the 

environment in which the bacterium resides, genome sequencing was expected to 

reveal an extensive regulatory system. Sequencing of the M. tuberculosis H37Rv 

genome revealed more than 100 predicted regulatory proteins, including 11 

complete two-component signal transduction systems and a few isolated sensor 

histidine kinase and response regulator genes. By comparison, the genomes of 

Escherichia coli (Verhamme et a l, 2002) and Bacillus subtilis (Kunst et a l, 1997) 

have been identified as containing more than 30 complete two-component 

systems. In addition, the M. tuberculosis genome was shown to code for 13 

putative sigma factors that have been named to (Gomez et a l, 1997); (Cole 

et a l, 1998), only 5 of which have been partially characterised. Sigma factors are 

global regulators of gene transcription and contribute specificity to transcription 

initiation by the recognition of specific promoter sequences of different genes. In 

exponential phase growth, primary sigma factors in the holoenzyme recognise
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housekeeping genes, whereas changes in environmental conditions lead to the 

replacement of sigma factors in the holoenzyme and the transcriptional regulation 

of different genes in response to the altered conditions (Hu & Coates, 1999).

The primary sigma factor of M. tuberculosis is a sigma 70-like sigma factor 

encoded by the sigA gene, and is similar to the protein of Escherichia coli. 

SigA controls the transcription of housekeeping genes and has been shown by Hu 

& Coates, (1999) to be unresponsive to a range of environmental stresses. In 

Mycobacterium smegmatis, the sigA gene could not be insertionally inactivated, 

suggesting that it is essential for the survival of the bacterium (Manganelli et a l, 

1999), and a sigA missense mutation was shown to be responsible for attenuation 

of virulence in a Mycobacterium bovis strain (Collins et a l, 1995). SigB is closely 

related to SigA, and is localised in the same genomic locus in all mycobacterial 

species analysed (Doukhan et a l, 1995). However, sigB is not an essential gene in 

M. smegmatis, although mutants did show increased sensitivity to oxidative stress 

generated by both hydrogen peroxide and superoxide generating compounds.

The ECF (extracytoplasmic function) sigma factor encoded by the sigE gene has 

been shown to be involved in the response of M. smegmatis to a number of in vitro 

stresses, including heat shock, acidic pH, exposure to detergent, and oxidative 

stress (Wu et a l, 1997). An M. tuberculosis sigE mutant strain was also more 

sensitive than the wild type strain to heat shock, SDS and various oxidative 

stresses. It was also defective in the ability to grow inside both human and murine 

resting macrophages and was more sensitive than the wild type strain to the killing 

activity of activated murine macrophages (Manganelli et a l, 2001). SigH is an

54



alternative sigma factor and like SigE has been shown to play a role in the 

response of M. tuberculosis and M, smegmatis in responding to heat shock and 

oxidative stress (Raman et a l, 2001); (Fernandes et a l, 1999). An M. tuberculosis 

sigH mutant was more sensitive than the wild type to heat shock and to various 

oxidative stresses, but unlike the sigE mutant, it did not show decreased ability to 

grow inside macrophages (Manganelli et a l, 2002). SigF is only present in slow 

growing mycobacterial species and is similar to the sporulation-specific sigma 

factor of Bacillus subtilis, SigF (DeMaio et a l, 1996). Weak expression of M. 

tuberculosis sigF was detected during late exponential phase, oxidative stress, 

anaerobic conditions, and alcohol shock.

1.6.2 Two-component signal transduction systems

1.6.2.1 Mechanism of two-component signal transduction

Two-component signal transduction systems are used by many bacteria to allow 

them to respond rapidly to changes in their environment such as pH and 

temperature, and control a variety of bacterial processes including sporulation in 

Bacillus subtilis (Burbulys et a l, 1991) and chemotaxis in Escherichia coli 

(Bourret et a l, 1989). In the simplest form, the two-component signal transduction 

system consists of a membrane bound sensor histidine kinase, which in response 

to a defined environmental stimulus undergoes autophosphorylation on a 

conserved histidine residue, using ATP as the phosphodonor. The phosphoryl 

group is then transferred to a conserved aspartate residue on the downstream 

response regulator altering its activity, for example, enhancing its DNA binding 

properties and resulting in the appropriate adaptive cellular response (Fig. 7)
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Figure 7: Two-component signal transduction. External stimuli are recognised by 

the bacterium and stimulate the histidine protein kinase (HPK) to 

autophosphorylate (HPK-P). The phosphoryl group is transferred to the response 

regulator (RR-P), altering its DNA binding capacity and resulting in transcription 

and expression of genes that it controls.
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(Alex & Simon, 1994). Two-component signal tranduction systems are 

mechanisms of regulating gene expression which appear nearly ubiquitous in 

bacteria, but have also been identified in some lower eukaryotes (Bilwes et a l, 

1999) and plants (Hwang et a l, 2002).

1.6.2.2 Two-component signal transduction systems and M. tuberculosis 

The genome of Mycobacterium tuberculosis has been shown to have the potential 

to encode 11 complete pairs of two-component signal transduction systems (Cole 

et a l, 1998), six of which, MtrA-MtrB, SenX3-RegX3, TrcS-TrcR, PrrA-PrrB, 

PhoP-PhoR and DevR-DevS have been partially characterised. The first signal 

transduction system to be characterised in the tubercle bacillus was MtrA-MtrB, 

but attempts to disrupt the system by generating an MtrA response regulator 

mutant proved unsuccessful, suggesting that the system was essential for growth 

of the organism in vitro (Zahrt & Deretic, 2000). A PhoP response regulator 

mutant strain exhibited impaired multiplication when cultured in mouse bone 

marrow-derived macrophages but did not appear to be affected in survival of the 

organisms inside macrophages. The mutant strain was also attenuated in vivo in a 

mouse infection model, with impaired growth observed in the lungs, liver and 

spleen (Perez et a l, 2001). The DevR-DevS two-component system was identified 

by subtractive hybridisation as being expressed at higher levels in the virulent 

Mycobacterium tuberculosis H37Rv strain in comparison to its avirulent 

counterpart H37Ra (Dasgupta et a l, 2000). A PrrA transposon response regulator 

mutant showed a defect in intracellular growth in mouse bone marrow-derived 

macrophages during the early phase of infection. The mutant phenotype was
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transient, as after 1 week this strain recovered full growth capacity to reach levels 

similar to that of the wild type at day 9 (Ewann et a l, 2002).

1.6.2.3 Two-component signal transduction systems as targets for new 

antibacterial agents

The bacterial two-component family of histidine kinases and response regulators 

provides us with a potential new target for novel drug therapies against microbial 

infection, largely due to the following features of such systems: (/) significant 

homology is shared among histidine kinase and response regulator proteins of 

different genera of bacteria, particularly in those amino acid residues located near 

active sites, therefore a single drug therapy may prove effective against a range of 

bacterial species; {ii) many pathogenic bacteria use two-component signal 

transduction systems to regulate expression of essential virulence factors that are 

required for survival within the host; {in) bacteria contain many two-component 

systems, some of which are essential for viability, and (/v) signal transduction in 

mammals occurs by a different mechanism (Stephenson et a l, 2000); (Barrett et 

a l, 1998).

1.7 SenX3-RegX3 two-component signal transduction system

1.7.1 General

The lack of a functional oxyR gene in Mycobacterium tuberculosis, the central 

regulator of the peroxide stress response in enteric bacteria has prompted the 

suggestion that modulation of peroxide resistance could be unimportant for the 

survival of the bacterium within macrophages and during other stages of infection
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in the host. However, the known examples seen in other pathogens such as 

Salmonella spp., which has a functional oxyR gene despite the fact that it is not 

essential for resistance to killing by phagocytic cells (Papp-Szabo et a l, 1994) 

argues against this suggestion. It is also known that many other mycobacterial 

species have a functional oxyR gene including Mycobacterium leprae. Therefore, 

this suggests the possibility that either a novel oxidative defence system may have 

evolved in M. tuberculosis, or that a different regulatory mechanism may have 

taken over the role of oxyR to provide a protective response against peroxide stress 

(Deretic et a i, 1997). This hypothesis has led us to search for other regulatory 

systems which may be required for the protective response to oxidative stress in 

M. tuberculosis.

In this study, we have identified the SenX3-RegX3 signal transduction of M. 

tuberculosis as a putative regulator of oxidative stress due to its high degree of 

sequence homology with the ArcA-ArcB two-component system of E. coli which 

is involved in the global regulation of aerobic genes (Drury & Buxton, 1985); 

(luchi & Lin, 1988), and with the Mak2p protein of Schizosaccharomyces pombe, 

a sensor histidine kinase which is specifically involved in sensing peroxide stress 

(Buck et a l, 2001). A further reason for this assumption is due to the presence of a 

PAS domain in the SenX3 protein (J. W. Saldanha, Division of Mathematical 

Biology, NIMR, personal communication), a domain which has been identified in 

a variety of prokaryotic sensors of oxygen or redox (Zhulin et a l, 1997).

The senX3 (Rv0490) and regX3 (Rv0491) genes which are adjacent in the genome 

code respectively for the sensor histidine kinase and response regulator of one of
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eleven complete two-component signal transduction systems of M. tuberculosis 

H37Rv. A report by Himpens et a l, (2000) demonstrates that the SenX3-RegX3 

system does actively function as a two-component signal transduction system in 

vitro by the same mechanism already discussed in section 1.6.2.1, although there 

is no suggestion in the report as to the signal sensed by the SenX3 protein. 

Himpens et al, provide evidence of autophosphorylation of the cytoplasmic 

portion of SenX3 at a conserved His-167 and phosphotransfer from SenX3 to the 

Asp-52 residue of RegX3. Recombinant RegX3 was shown to bind to the 

promoter region of senX3 and positively autoegulate the senX3/regX3 operon.

1.7.2 Yeast two-component signal transduction systems sensing oxidative stress 

The identification of orthologous genes between genetically well characterised, 

simple eukaryotic species of yeast and higher eukoryotes has proved a profitable 

way of identifying genes in conserved aspects of the cell cycle (Lee & Nurse, 

1987). It could therefore be reasoned that the identification of prokaryotic 

orthologues to yeast genes could also be profitably used to identify genes as 

virulence determinants. We have used this approach to identify the SenX3-RegX3 

two-component signal transduction system as a putative regulatory system 

responding to oxidative stress in M. tuberculosis.

In the budding yeast Saccharomyces cerevisiae, a two-component system 

consisting of the proteins Slnlp-Ssklp was identified by Singh, (2000), who 

showed that the system was involved in sensing oxidative stress specifically 

induced by hydrogen peroxide and the thiol-specific oxidising agent, diamide. In 

addition to this, a two-component system has also been identified in the fission
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yeast Saccharomyces pombe which is capable of specifically sensing peroxide 

stress induced by hydrogen peroxide in a similar manner to that of the S. 

cerevisiae Ssklp response regulator (Buck et a l, 2001). The S. pombe two- 

component system has three histidine kinases, Maklp, Mak2p and Mak3p that are 

involved in the specific sensing of peroxide stress. Adjacent to the histidine kinase 

domain in these proteins are two (in the case of Maklp) or one (in the case of 

Mak2p and Mak3p) copies of the input module that senses oxidative stress. The 

input module of Mak2p contains a PAS domain also identified in a variety of 

prokaryotic sensors of oxygen or redox, including other members of the histidine 

kinase superfamily such as the E. coli ArcB and Aer and the Rhizobium meliloti 

FixL proteins (Zhulin et a l, 1997). The PAS domain in Mak2p is required for 

peroxide sensing (J. Quinn, B. A. Morgan and J. B. A. Millar, personal 

communication). Searching the M. tuberculosis proteome with the S. pombe 

Mak2p protein sequence identifies the SenX3 protein, the sensor histidine kinase 

in the SenX3-RegX3 linked two-component system as a possible orthologue.

1.7.3 The Escherichia coli ArcA-ArcB two-component signal transduction 

system

The ArcA and ArcB proteins of Escherichia coli form a two-component signal 

transduction system that functions mainly as a global repressor of aerobic 

respiratory pathways in response to conditions of oxygen deprivation (Guest, 

1995). Several of the genes that are repressed by this system encode important 

enzymes that function in the citric acid cycle that is only operative in E. coli under 

aerobic conditions. The role of the ArcA-ArcB two-component system was first 

characterised by luchi & Lin, (1988) and luchi et a l, (1990) who isolated two
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classes of mutants that failed to repress the TCA cycle enzyme succinate 

dehydrogenase, as well as other aerobic enzymes under anaerobic conditions. The 

corresponding genes were given the arc designation to denote their lack of aerobic 

respiration control. ArcB is a sensor histidine kinase protein that resides within the 

cellular membrane of the bacterium, and ArcA is the DNA-binding response 

regulator that functions to both positively and negatively regulate transcription of 

target genes. Upon oxygen deprivation ArcB undergoes autophosphorylation at 

the conserved histidine in its transmitter domain, and via a complex phosphorelay 

process involving a central receiver domain and a secondary transmitter domain, 

transphosphorylates ArcA, thereby enabling it to function as a DNA-binding 

protein.

The precise mechanism by which the ArcB protein senses oxygen deprivation 

remains to be identified, although molecular oxygen itself has been excluded as a 

direct signal for inhibiting ArcB autophosphorylation. The reason for this is that 

during anaerobic respiratory growth, it has been demonstrated that the 

phosphorylated ArcA dependent repression of a target gene or operon can be lifted 

by a supplemented electron acceptor in accordance with its oxidising power (luchi 

& Lin, 1988). In addition, several fermentation metabolites (e.g., pyruvate and 

acetate) have been shown to enhance the autophosphorylation rate of ArcB in 

vitro (luchi, 1993), although it is likely that such compounds act as allosteric 

activators rather than direct signals of the state of oxygen deprivation of the cell. 

A recent report by Georgellis et al., (2001a) suggests that the redox signal 

recognised by the ArcA-ArcB system are quinones which are membrane
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associated electron carriers that function as adapters between various electron- 

donating and electron-accepting enzyme complexes.

E. coli ArcB has recently been identified as a member of the PAS domain 

containing superfamily of proteins. The PAS domain lies between a 

transmembrane anchoring region and a N-terminal transmitter domain, which is 

most probably an input domain for the redox signal (Taylor & Zhulin, 1999). 

However, the presence of a PAS domain does not appear to always be essential for 

redox sensing as it has been demonstrated that the ArcB protein of Haemophilus 

influenzae is able to mediate signal transduction in response to redox conditions of 

growth despite the absence of a PAS domain in the sensing protein (Georgellis et 

a l, 2001b).

In addition to the role of the E. coli ArcA-ArcB two-component signal 

transduction system as a repressor of genes of aerobic respiratory pathways in 

response to conditions of oxygen deprivation, the ArcA protein has also been 

shown to repress the expression of the manganese-containing superoxide 

dismutase, encoded by the sodA gene during anaerobic growth. The mechanism by 

which ArcA is able to regulate expression of the sodA gene is independent of 

regulation by the superoxide response regulon SoxRS (Hassan & Sun, 1992). The 

expression of sodA is induced by aerobiosis due to the production of reactive 

oxygen intermediates (ROl) as a byproduct of aerobic respiration, and by 

superoxide generators such as paraquat, and is under the positive control of the 

SoxRS regulon which regulates the expression of a number of genes in response to 

superoxide generated stress. This is a protective response of the bacterium against
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cellular damage caused by the generation of ROl. Further to this, the ArcA global 

regulator of Salmonella enterica serovar Enteritidis has been shown to have a role 

in the resistance of the bacterium to both reactive nitrogen (RNI) and oxygen 

intermediates. In a study by Lu et a l, (2002), disruption of the arcA gene in an 

ROI/RNI resistant isolate made the isolate more susceptible to hydrogen peroxide 

and nitrosative stress induced by S-nitrosoglutathione (GSNO). This report 

provides evidence for the first time that ArcA may be important for ROI/RNI 

resistance under aerobic conditions.

By searching the genome of Mycobacterium tuberculosis with the E, coli DNA 

sequence of either arc A or arcB, we were able to identify the adjacent genes 

Rv0491 (regX3) and Rv0490 (senXS) respectively as putative homologues, 

suggesting the possibility that the SenX3-RegX3 two-component signal 

transduction system may have a similar role in M. tuberculosis as the ArcA-ArcB 

system of E. coli in controlling the response to oxidative stress.

1.7.4 PAS domains and oxygen sensing

PAS domains are newly recognised signaling domains that are widely distributed 

in proteins from members of the Archaea and Bacteria and from fungi, plants, 

insects and vertebrates. They function as input modules in proteins that sense 

oxygen, redox potential, light and several other stimuli, the specificity in sensing 

arising, in part, from different cofactors that may be associated with the PAS fold. 

PAS proteins are always located intracellularly but may monitor the external as 

well as the internal environment, and in prokaryotes, PAS domains are found 

almost exclusively in the input domain of sensors of two-component signal
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transduction systems (Taylor & Zhulin, 1999). The identification of highly 

conserved sensory regions (Si and S2 boxes) by Zhulin et a l, (1997) in a large 

family of sensor proteins enabled the identification of many well-known sensory 

proteins as PAS containing proteins that were previously not recognised as 

members of the PAS domain superfamily. Many of the newly identified PAS 

containing proteins have been shown to specifically sense oxygen or redox 

potential and include the Aer protein, an Escherichia coli signal transducer that 

responds to changes in the concentration of oxygen, redox carriers and carbon 

sources (Rebbapragada et a l, 1997), and FixL from Rhizobium meliloti which has 

been shown to be an oxygen sensing protein (Gilles-Gonzalez et a l, 1995).

Using three-dimensional structure prediction and modelling, the sensor region of 

the SenX3 protein has been identified as containing an atypical PAS domain (J. 

W. Saldanha, Division of Mathematical Biology, NIMR, unpublished data), and as 

a consequence, suggests a role for the SenX3-RegX3 two-component signal 

transduction system in oxygen-sensing. The PAS domain of SenX3 is atypical in 

that although its structure is similar to PAS domains found in the FixL protein 

from Rhizobium meliloti and also in the nitrogen fixation regulatory protein NifL 

from Azotobacter vinelandii which is a redox-dependent sensor (Blanco et a l, 

1993), it lacks two helices leading to a more open structure (Fig. 8). Notably, a 

similar PAS domain could not be found in the other 10 M. tuberculosis sensor 

histidine kinase proteins.
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Figure 8: Ribbon diagrams of the PAS domain from Rhizobium meliloti (FixL, 

left) and the modeled PAS domain from M. tuberculosis (SenXS, right). 

Secondary structure is coloured red for helices and yellow for strands. Note the 

SenXS PAS domain loses helices aD and aE leading to a more open structure.
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1.8 Cyclic AMP receptor protein (Crp)

1.8.1 Global regulation of carbon utilisation by the cAMP-Crp complex 

Many bacteria will grow preferentially on glucose when presented with a mixture 

of glucose and other carbon sources. This results in diauxic growth since growth 

on the second carbon source does not proceed until the glucose is exhausted. The 

phenomenon which came to be known as the glucose effect was used to describe 

the observation that the presence of a readily metabolisable carbon source present 

in the growth medium of a microorganism could inhibit the synthesis of enzymes 

required for the utilisation of other carbon-containing compounds. This 

observation was named the glucose effect as glucose was often the most effective 

carbohydrate causing repression of the synthesis of target catabolic enzymes. It 

was shown that the glucose effect occurred when growth conditions were such 

that degradation (catabolism) exceeded biosynthesis (anabolism), and led to the 

postulation that the accumulation of one or more cytoplasmic catabolites, derived 

from the repressing carbohydrate gave rise to this effect. Therefore, this concept 

became known as catabolite repression (Botsford & Harman, 1992); (Kolb et a l, 

1993); (Pastan & Adhya, 1976).

Working with Escherichia coli, Makman and Sutherland in 1965 demonstrated 

that the cytoplasmic concentration of cyclic adenosine monophosphate (cAMP) 

varied inversely with growth rate when the carbon source was varied (Makman & 

Sutherland, 1965). Subsequently, the identification of the cAMP receptor protein 

(Crp), also known as the catabolite activator protein (CAP), and the analysis of 

mutants lacking either adenylate cyclase, the cAMP biosynthetic enzyme (cya
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mutants) or Crp {crp mutants), led to the acceptance that cAMP acting together 

with Crp provided the principal means of effecting catabolite repression (Emmer 

et a l, 1970). When intracellular levels of cAMP are sufficient, binding of the 

nucleotide to Crp induces a conformational change in the protein and promotes 

sequence specific DNA binding. Depending on the position of the complex 

relative to the promoter, binding of the cAMP-Crp complex may serve to either 

activate or inhibit gene transcription. When glucose is catabolised the level of 

cAMP decreases, which reduces the ability of Crp to bind to the promoters, and to 

enhance transcription of, catabolite-sensitive genes. When the glucose is used up, 

the level of cAMP rises and these genes can then be transcribed. It has since been 

demonstrated that the cAMP-Crp regulatory complex is not only involved in the 

regulation of catabolic functions but is also required for many other functions not 

related to catabolism, including flagellum synthesis (Komeda et a l, 1976); (Lai et 

a l, 1997), toxin production (Skorupski & Taylor, 1997) and virulence (Petersen & 

Young, 2002).

The synthesis of cAMP is catalysed by the enzyme adenylate cyclase, of which 

there appear to be 15 different genes in M. tuberculosis, some of which are 

eukaryotic-like enzymes (Guo et a l, 2001); (Reddy et a l, 2001). In E. coli, 

glucose is thought to reduce cAMP levels by decreasing the level of the 

phosphorylated form of the component of the sugar phosphotransferase system 

(PTS), P-IIA^'^, which stimulates the membrane bound adenylate cyclase. An 

orthologue of P-IIA^^  ̂appears to be absent in M. tuberculosis so this system may 

not function in exactly the same way as in E. coli.
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Two early reports have described the presence of cAMP in M. tuberculosis (Padh 

& Venkitasubramanian, 1976); (Padh & Venkitasubramanian, 1980). In fact, the 

content of cAMP appears higher in M. tuberculosis than in E. coli. Moreover, the 

addition of glucose did in fact lead to a rapid decrease in intracellular cAMP 

content, but it appeared that not many enzymes were inducible in mycobacteria 

and most of those which were inducible were not affected by glucose. Attempts to 

detect the presence of Crp by direct binding assays of cAMP were however 

unsuccessful, leading to the conclusion that this protein was not present in M. 

tuberculosis.

Nevertheless, homology searching of the M. tuberculosis genome sequence has 

identified an ORF coding for a protein with sequence similarity to the E. coli Crp 

and Fnr proteins.

1.8.2 Identification of an M. tuberculosis Crp orthologue

After performing homology searches comparing the E. coli and M. tuberculosis 

genomes, I was able to identify a gene (Rv3676) which appeared to be a crp 

orthologue. The M. tuberculosis protein showed sequence similarity to the E. coli 

Crp and Fnr proteins, both of which are members of the Crp-Fnr family of 

transcriptional regulators (Anjum et a l, 2000). Whereas the Crp protein regulates 

catabolite-sensitive genes in response to glucose starvation as signaled by cAMP, 

the Fnr (fumarate and nitrate reduction) transcriptional regulator ensures that 

oxygen is used in preference to alternative electron acceptors, acting as a switch 

between aerobic and anaerobic respiration (Gunsalus & Park, 1994). We identified 

the Rv3676 gene as coding for a putative crp orthologue due to the conservation
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of residues in the M. tuberculosis protein which are known to be involved in 

binding the cAMP nucleotide in E. coli, and also due to the conservation of 

residues known to be involved in DNA binding (Fig. 9).

Infection by some other pathogens, such as Bordetella pertussis, results in 

unregulated conversion of ATP to cAMP, which plays a pivotal role in 

pathogenesis, resulting in profound effects on the metabolism and immune 

function of the host cell. One way this is achieved is by the production of an 

invasive adenylate cyclase which enters eukaryotic cells and produces cAMP 

directly. Another way is through the production of pertussis toxin, also leading to 

an increase in adenylate cyclase activity. Pathogenesis of Mycobacterium 

tuberculosis is, however, not attributable to any single gene product. Nevertheless, 

the level of cAMP may affect the M. tuberculosis infection. Thus the increased 

cAMP level seen in infection of phagosomes by M. microti (Lowrie et a l, 1975), 

which was thought to have a bacterial origin, may prevent fusion between 

phagosomes and lysosomes and thus prevent bacterial lysis by lysosomal 

enzymes.

I have therefore constructed a knockout mutation of the crp-like gene in M. 

tuberculosis in order, firstly, to ascertain whether it is required for virulence, and 

secondly, to attempt to identify from in vitro DNA microarray experiments 

whether there are other gene systems that are regulated by Crp which could 

explain the presence of this gene in M. tuberculosis.
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Figure 9: Comparison of the amino acid sequences of the E. coli and M. 

tuberculosis Crp proteins. Residues known to be involved in binding cAMP in E. 

coli are highlighted in green, whereas residues known to be involved in DNA 

binding are highlighted in red. Residues proposed as being involved in cAMP and 

DNA binding in M. tuberculosis are also highlighted in green and red 

respectively.
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1.9 Aims

The broad aim of this project was to identify putative global regulatory genes in 

Mycobacterium tuberculosis H37Rv, and to utilise both in vitro and in vivo 

techniques, including whole genome DNA microarrays and mouse models of M. 

tuberculosis infection to analyse gene expression and virulence in the resultant 

strains.

The specific aims of this project are as follows:

(i) Global gene expression analysis of Mycobacterium tuberculosis H37Rv 

subjected to oxidative stress in vitro

The analysis of global gene expression of Mycobacterium tuberculosis H37Rv, 

subjected to conditions of peroxide stress induced by either hydrogen peroxide or 

cumene hydroperoxide in vitro was carried out using whole genome DNA 

microarrays. The purpose of these experiments were aimed at gaining a greater 

understanding of the mechanisms utilised by the bacterium to protect itself against 

damage by reactive oxygen intermediates, a defence mechanism thought to be 

important following host infection.

(ii) Construction of putative global regulatory gene knockouts of 

Mycobacterium tuberculosis
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The putative global regulatory genes Rv0491 (regXS), a two-component response 

regulator showing homology to genes of E. coli and S. pombe involved in the 

response to oxidative stress, and Rv3676 {crp), a homologue of the E. coli cyclic 

AMP receptor protein encoded by the crp gene, were targeted for gene deletion by 

homologous recombination using the suicide delivery vector p2NIL.

(iii) In vitro and in vivo analysis of gene-specific knockout strains

DNA microarrays were utilised to analyse gene expression of the resultant 

knockout strains compared to their parental wild type strain, and under conditions 

of oxidative stress to gain an understanding of the function of the individual 

genes. The in vivo phenotype of the knockout strains was also assessed using a 

mouse model of M. tuberculosis infection to assess virulence, and by analysing 

the growth characteristics of the mutants.
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Chapter Two: Materials and Methods

2.1 Bacterial strains and growth conditions

2.1.1 M. tuberculosis,

The well-characterised, virulent strain of M. tuberculosis, H37Rv, (Kubica et a l, 

1972) was grown in a containment 3 facility, cultured in Dubos broth 

supplemented with 0.2% (v/v) glycerol (Merck) and 0.04% (v/v) Dubos medium 

albumin (Difco). Liquid cultures were grown in a rolling incubator (2 r.p.m) in 1 

litre polycarbonate rolling culture bottles (Techmate) at 37°C until the appropriate 

optical density was achieved. Optical density readings (Aeoo) were taken to 

monitor growth using a Cecil CE 1010 spectrophotometer. To test cultures for 

purity, the Kinyoun (cold) acid fast staining procedure was used (Somoskovi et 

a l, 2001b).

M. tuberculosis was grown on Middlebrook 7H11 agar plates (Difco), also 

supplemented with Dubos medium albumin, at 37°C for approximately 3-4 weeks. 

The composition of both Dubos broth and Middlebrook 7H11 agar are given in 

Appendix I.

Where appropriate, kanamycin (Sigma) was used at 20|ig m l'\ hygromycin 

(Sigma) at 100 pg m l'\ 5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside 

(X-Gal, Melford) at 50pg ml'^ and sucrose at 2% (w/v).
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Cultures were stored at -80°C in an equal volume of freezing medium (see 

Appendix I).

2.1.2 Escherichia coli (TOPIO, Invitrogen)

E. coli One Shot TOPIO chemically competent cells (F‘ mcrA A{mrr-hsdBMS- 

mcrBC) OSG/acZAMlS ISlacXlA recAl deoK araD139 A{ara-leu)1691 gall] 

galK rpsL (Str^) endAl nupG, Invitrogen) were grown in Luria-Bertani broth or 

agar (See Appendix I) supplemented where appropriate with 25pg ml'^ 

kanamycin, 50pg ml'^ ampicillin (Sigma), 40pg ml'^ X-Gal and 0.2mM isopropyl- 

p-D-thiogalactopyranoside (IPTG, Sigma). Liquid cultures were grown in a 

shaking incubator (250 r.p.m) at 37°C. Cultures were stored in 15% glycerol at 

-80°C.

2.2 Construction of M. tuberculosis gene knockout vectors

2.2.1 Introduction

The vector used for the production of gene specific M. tuberculosis knockout 

strains is a suicide gene delivery vector, p2NIL, which is capable of replication 

within E. coli to allow DNA cloning and manipulation, but lacks a mycobacterial 

origin of replication and cannot therefore replicate within M. tuberculosis as 

demonstrated by Parish & Stoker (2000). The plasmid contains the sacB gene 

from Bacillus subtilis, encoding the secreted enzyme levansucrase, which, when 

expressed in the presence of sucrose causes lethality due to its conversion to 

levans (Gay et a l, 1983). Although the biochemical basis for this lethality is 

poorly understood, the sacB gene, first shown to be an effective counterselectable
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marker in Gram-negative bacteria (Quandt & Hynes, 1993) has since been shown 

to be effective as a counterselectable marker in Gram-positive bacteria, including 

mycobacteria (Pelicic et a l, 1996). The plasmid also utilises the lacZ gene which 

encodes the enzyme (3-galactosidase. The conversion of the substrate X-Gal by 

this enzyme, leads to the formation of blue colonies and allows identification of 

rare single and double crossover events in M. tuberculosis due to homologous 

recombination by the identification of either blue (single crossover) or white 

(double crossover) colonies (Fig. 10).

2.2.2 Identification of global regulatory genes in M. tuberculosis by homology 

searching

The DNA sequences of the E. coli cyclic AMP receptor protein {crp) and the two- 

component system responsible for the global regulation of aerobic/anaerobic 

respiration in E. coli, comprising of the genes arcA/arcB, were retrieved from the 

Colibri database, http://genolist.pasteur.fr/Colibri and used to search the genome 

of M. tuberculosis at http://genolist.pasteur.fr/Tuberculist using the search tool 

NCBI BLAST (Basic Local Alignment Search Tool) ver 2 (translated DNA v 

protein, blastX). The fission yeast Schizosaccharomyces pombe Mak2p protein 

which has been shown to respond specifically to peroxide stress (Buck et a l, 

2001) was also used to search Tuberculist, the M. tuberculosis database. When 

searched with E. coli crp, one M. tuberculosis gene was identified (Rv3676) and 

when searched respectively with E. coli arcA/arcB, the genes Rv0491 {regX3) and 

Rv0490 (senX3) showed significant sequence homology suggesting the possibility 

of a similar role in M. tuberculosis. Searching the database with Mak2p also 

identified Rv0490 (senX3).
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Figure 10: Suicide delivery vector p2NIL containing the E. coli origin of 

replication (oriE), the kanamycin resistance gene (kan^), the fl origin (fl ori) and 

the P ad  cassette containing the sacB and lacZ genes. The 5’ and 3’ flanking 

sequences of the gene targeted for deletion were cloned into the BamHl and Natl 

restriction sites respectively.
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2.2.3 Polymerase Chain Reaction (PGR)

PCR of M. tuberculosis DNA was largely unsuccessful and variable using Taq 

polymerases such as AmpliTaq Gold DNA polymerase (Applied Biosystems) 

which I had previously used to PCR human DNA. It is presumed that the high GC 

content of M. tuberculosis DNA largely accounts for this. Other enzymes were 

therefore tried including HotStar Taq DNA polymerase (Qiagen) and ProofStart 

DNA polymerase (Qiagen) which proved to be more successful.

PCR was carried out on an MWG-Biotech Primus 96 plus thermocycler using 2.5 

units HotStarTaq DNA polymerase in the manufacturer’s recommended buffer. 

To each 50jil reaction, 200|iM dNTP’s, 3% DMSG, lO-lOOng M. tuberculosis 

genomic DNA and 50pmol of each forward and reverse oligonucleotide primer 

were added. Cycling conditions included an initial dénaturation of 95°C for 15 

minutes followed by 40 cycles of 94°C for 1 minute, 55°C for 1 minute and 72°C 

for 1-4 minutes depending on product size.

Where required, a high-fidelity PCR enzyme (ProofStart DNA polymerase, 

Qiagen) was used for the amplification of mycobacterial genomic DNA. 2.5 units 

Proof Start DNA polymerase, 200|xM dNTP’s, 50pmol of each primer and 10- 

lOOng DNA was added to each 50p.l reaction and the reaction carried out in Ix the 

recommended manufacturer’s buffer. The cycling conditions are similar to those 

used for HotStar Taq, the only alteration being an initial dénaturation of 5 

minutes. Sequences of primers used and specific PCR cycling conditions are 

detailed in Appendix II.
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2.2.4 DNA ligations

PCR products generated using HotStarTaq (Qiagen) were ligated into pCR2.1 

TOPO (Invitrogen). Approximately 5-20ng of PCR product were ligated into the 

vector for 1 hour at room temperature as recommended in the manufacturer’s 

handbook (TOPO TA Cloning Version M).

Blunt PCR products generated using ProofStart Taq (Qiagen) were ligated into 

pCR Blunt (Invitrogen) as detailed in the manufacturer’s handbook (ZeroBlunt 

PCR Cloning Kit Version H).

Alternatively, double stranded DNA (dsDNA) fragments possessing cohesive 

termini were ligated into an appropriately restricted vector pre-treated with I unit 

SAP (shrimp alkaline phosphatase, Amersham Biosciences) for I hour at 37°C, 

followed by 15 minutes at 65°C. DNA and vector were mixed in the ratio 5:1 

respectively and incubated with 2-3 units T4 DNA ligase (Promega) in Ix the 

supplied buffer at I 6 °C overnight.

2.2.5 Transformation of chemically competent E. coli

2\\X of a ligation reaction previously described was added to 50]Li 1 of OneShot 

TOPIO Chemically Competent Cells (Invitrogen) and incubated on ice for 30 

minutes. Cells were subjected to heat shock at 42°C for 45 seconds and then 

returned to ice for a further 2 minutes. The transformation reaction was incubated 

at 37°C for 1 hour with the addition of 250ml L-broth. 200|il of the transformation 

reaction was plated onto L-agar plates containing the appropriate antibiotic 

selection and incubated overnight at 37°C.
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2.2.6 Plasmid DNA isolation from E. coli

Plasmid DNA was isolated from E. coli cultures grown overnight in 3ml L-broth 

supplemented with the appropriate antibiotic, using a QIAprep Miniprep Kit 

(Qiagen). The principle of the QIAprep kit is based on the modified alkaline lysis 

method of Bimboim & Doly (1979) in which bacteria are lysed under alkaline 

conditions, and the lysate is subsequently neutralised and adjusted to high-salt 

binding conditions in one step, ready for purification on the QIAprep silica-gel 

membrane. The procedure for the isolation of plasmid DNA consists of three basic 

steps: the preparation and clearing of a bacterial lysate; adsorption of DNA onto 

the QIAprep membrane and the washing and elution of plasmid DNA. For larger 

scale preparations, plasmid DNA was isolated using a Plasmid Maxi Kit (Qiagen) 

from 500ml (low copy number plasmid) or 200ml (high copy number plasmid) of 

an overnight culture.

2.2.7 Restriction digestion of DNA

Plasmid DNA was digested with one unit restriction enzyme (New England 

Biolabs) per p-g of DNA at 37°C for one hour in the supplied buffer.

2.2.8 Agarose gel electrophoresis

Agarose gels of various concentrations were used for the separation of DNA 

fragments from 400bp to 5Kb (Sambrook et a l, 1989). TBE buffer (Tris borate- 

EDTA, see Appendix I) prepared as a Ix stock solution was used in both the 

agarose gels and the running buffer, and electrophoresis was carried out at a 

constant voltage of 80-100V. DNA was mixed in an 8:2 ratio, DNA:loading buffer 

(0.25% xylene cyanol in 30% glycerol/water) and loaded onto the gel. Ethidium
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bromide (Bio-Rad) was added to the melted agarose gel to give a final 

concentration of 0.3jig m l'\ allowing visualisation of the DNA bands using an 

ultraviolet transilluminator at 302nm. Photographs were taken using a Foto- 

Analyst video camera (FotoDyne) and a thermal printing system (Mitsubishi).

2.2.9 Purification of DNA bands from agarose gels

DNA bands of interest were exised from an agarose gel with a clean scalpel and 

extracted using a QIAquick Gel Extraction Kit (Qiagen). DNA was eluted in 30- 

50pl water according to the manufacturer’s protocol.

2.2.10 DNA Sequencing

DNA sequencing reactions were performed using a BigDye Terminator Cycle 

Sequencing Ready Reaction Kit (ABI PRISM, Applied Biosystems) which 

incorporates fluorescently labeled dideoxy chain terminators during a 

thermocycling reaction. 2 0 |li1 PCR reactions containing 3.6 pmol sequencing 

primer, 100-500ng DNA and 8 p.l BigDye Treminator Ready Reaction Mix, were 

performed on an MWG-Biotech Primus 96 plus thermocycler using the following 

conditions: 96°C for 30 seconds; 50°C for 30 seconds and 60°C for 4 minutes, for 

a total of 25 cycles. Sequencing reactions were then purified to remove any 

unincorporated dye terminators using a DyeEx Spin Kit (Qiagen). Purified 

sequencing reactions were resuspended in 6 |il loading buffer (5:1, 

formamide:25mM EDTA pH 8  containing Blue Dextran 50mg mf^ (Amersham 

Biosciences)) and 1.5)li1 applied to a 5 %  acrylamide Long Ranger (Flowgen) 

sequencing gel (see Appendix I). Sequencing was carried out on an ABI Prism 

377 DNA sequencer at 50°C for 7 hours. Results were analysed using DNA
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Sequencing Analysis Software Version 3.4.1 (Applied Biosystems). Details of 

sequencing primers used are given in Appendix II.

2.3 Vector delivery to M. tuberculosis and isolation of knockout strains

2.3.1 Introduction

Approximately 4Kb of DNA sequence flanking the gene targeted for deletion was 

cloned into p2NIL to give the completed suicide delivery vector. Vector DNA was 

pre-treated prior to transformation of M. tuberculosis with lOOmJcm'^ UV light 

using a Spectrolinker XL-1500 UV Crosslinker (Spectronics Corporation) as 

recommended by Hinds et ah, (1999). Kanamycin resistant colonies expressing 

the lacZ gene (potential single crossovers) were streaked out onto plates 

containing no other selection and screened by PCR. Putative single crossovers 

were then resuspended into liquid medium by vortexing with I mm glass beads, 

and serial dilutions plated onto plates containing X-gal and sucrose. Sucrose 

resistant colonies were tested for kanamycin resistance/sensitivity, and kanamycin 

sensitive colonies re-streaked onto plates lacking antibiotic selection. DNA was 

isolated from these colonies and screened by PCR and Southern analysis for loss 

of the targeted gene (Fig. II).

2.3.2 Preparation of electrocompetent M. tuberculosis

Competent M. tuberculosis cells were prepared and transformed according to a 

protocol published by Jacobs et a l, (1991) for the electroporation of 

Mycobacterium smegmatis and Mycobacterium bovis BCG, with a few 

amendments. M. tuberculosis was grown to an Aeoo of 0.8, at which time a final
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Figure 11; General scheme for the production of targeted gene knockouts of M. 

tuberculosis using the suicide delivery vector p2NIL.

83



Single
cross
overs

UV treat vector DNA

j Electroporate M. tuberculosis

Select on kan, x-gal and hyg (marked) 
(Blue)

Streak out onto plates without 
selection to allow second cross 
over to occur

Resuspend in medium with glass 
beads and vortexing

o n
Serial dilution

Plate on sucrose, x-gal and hyg (marked)

Blue sucR =
spontaneous sucrose mutants
White suc^ = 
potential DCOs

kan^ colonies 
DNA preparation 
and analysis

No antibiotic kan



concentration of 0.2M glycine was added to the culture to permeabilise the cell 

envelope, and the culture incubated for a further 16-24 hours. Cells were then 

harvested by centrifugation for 2 0  minutes at room temperature and resuspended 

in 100ml of 10% (v/v) glycerol. Three washes were performed in 10% glycerol as 

described, before the cells were resuspended in a final volume of 1 / 1 0 * original 

culture volume of 1 0 % (v/v) glycerol.

2.3.3 Electroporation of M. tuberculosis

Approximately Ipg of plasmid DNA was gently mixed with 0.4ml of freshly 

prepared competent cells and placed in a 0.2cm path electroporation cuvette (Bio- 

Rad). Electroporation was carried out using a Bio-Rad Gene Pulse Controller with 

the settings 25pF, 2.5KV and lOOOG. Following electroporation, the cells were 

added to 3.6ml pre-warmed Dubos broth and incubated at 37°C for 24 hours to 

allow antibiotic expression. 1.5ml of the transformed cells were concentrated by 

centrifugation and resuspended in lOOpl of medium before serial dilutions were 

plated onto Middlebrook 7H11 agar plates containing the appropriate antibiotics 

and supplements. Plates were incubated at 37°C for 3-4 weeks.

2.3.4 Isolation of M. tuberculosis genomic DNA from 7H11 agar plates 

Genomic DNA was isolated from M. tuberculosis grown on half a Middlebrook 

7H11 agar plate as described by Frischkom et a l, (1998), with a few amendments. 

Cells were harvested from 7H11 agar plates using a disposable, sterile loop into 

300pl TE buffer and killed by heating at 80°C for 1 hour to allow the cells to be 

removed from containment facilities. Lysozyme and lipase (2mg ml'^ each) and 

5pi DNase free RNase (Boehringer Mannheim) were added to the suspension
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which was incubated at 37°C for 2 hours. In addition to the published protocol, 

cells were snap frozen in an ethanol/dry ice bath and than incubated at 75°C for 10 

minutes. The cell suspension was then cooled to room temperature before 0.5% 

SDS and 0.5mg ml'^ proteinase K (Roche) were added and incubation continued at 

50°C for 1 hour. DNA was then extracted with phenol/chloroform and ethanol 

precipitated using standard protocols, and the DNA dissolved in an appropriate 

volume of TE buffer and stored at +4°C.

2.3.5 Southern analysis of mycobacterial DNA

M. tuberculosis DNA (3pg) prepared as described in section 2.3.4 was digested 

with the appropriate restriction enzyme for 16-24 hours and separated by 

electrophoresis through 0.8% agarose gels. Gels were first treated with 0.25M HCl 

for 15 minutes to enable the transfer of large DNA fragments, followed by 

dénaturation (1.5M NaCl and 0.5M NaOH, 30 minutes) and neutralisation (1.5M 

NaCl, 0.5M Tris pH 7.2 and O.OOIM EDTA, 30 minutes). Blotting was carried out 

in 20x SSC (see Appendix 1) overnight using Hybond-N^ nylon membranes 

(Amersham Biosciences). 25-50ng of DNA was labeled using Ready-To-Go DNA 

labeling beads (dCTP) and 1.5 MBq [a-^^P] dCTP (Amersham Biosciences), and 

unincorporated label removed using Sephadex G-50 Nick columns (Amersham 

Biosciences). Pre-hybridisation and hybridisation were carried out at 65°C in 5x 

SSC, 5x Denhardt’s reagent (see Appendix 1), 0.5% SDS and lOOpg ml'^ salmon 

testes DNA (Sigma). Following hybridisation overnight, 3x 15 minute washes 

were performed in O.lx SSC, 0.1% SDS at room temperature and at 65°C. BioMax 

MR X-ray film (Kodak) was exposed to the blots overnight at -80°C. The design
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of PCR based probes for screening potential double crossover colonies by 

Southern analysis is shown in Figure 12.

2.3.6 Screening potential SCO and DCO colonies by PCR

Chromosomal DNA isolated from both potential single and double crossover 

colonies grown on half a plate of Middlebrook 7H11 agar, was subjected to PCR 

screening to check if single crossover colonies had arisen by homologous or 

illegitimate recombination and to verify if a second recombination event had given 

rise to targeted gene replacement. PCR primers were designed either within the 

sequence of the gene targeted for deletion or within a small region of vector 

sequence located between the two cloned regions of homology in p2NIL, and 

within the chromosomal DNA, external to the cloned regions of homology (Fig.

13). The sequences of PCR primers used for screening SCO and DCO colonies are

given in Appendix II.

2.3.7 DNA isolation from M. tuberculosis Dubos broth cultures

Genomic DNA was isolated from 100-200ml M. tuberculosis Dubos broth 

cultures as previously described by Davis et a l, (1991). 0.2M glycine was added 

to M. tuberculosis liquid cultures grown to an A m  of 0.8-1.0 approximately 16-24 

hours prior to DNA isolation. Following centrifugation (10,000 r.p.m in a Sorvall 

SLA-1500 super-lite rotor, 20 minutes at 4°C), cells were resuspended in 25ml 

SET solution (0.3M sucrose, 50mM Tris-Chloride pHS) and then re-centrifuged as 

previously described. The pellet was resuspended in 2ml SET solution containing 

freshly added lysozyme and lipase (2mg ml'^ each) and incubated at 37°C for 30 

minutes. 4 volumes (8 ml) of GSE solution (6 M guanidinium chloride, 1%
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Figure 12: PCR probes for Southern analysis of potential gene knockout mutants. 

Genomic DNA was isolated from potential knockout colonies, digested with Clal 

and a second restriction enzyme (X), unique to the gene targeted for deletion and 

analysed by Southern blot.
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Figure 13: PCR primers for analysis of potential single (SCO) and double 

crossover (DCO) colonies. PCR primers were designed within the chromosomal 

DNA, external to the cloned regions of homology A and B (1 + 4 ), and either 

within the sequence of the gene targeted for deletion (2 + 3) or within a small 

quantity of vector sequence located between the two cloned regions of homology 

in p2NIL (5 + 6 ).
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sarkosyl, 20mM EDTA) was added and incubation at 37°C continued for a further 

2 hours. The suspension was then extracted with chloroform and precipitated with

2.5 volumes ethanol according to standard protocols. Pellets were resuspended in 

an appropriate volume of TE buffer (see Appendix I) containing 4 units RNase, 

0.5 mg ml'^ proteinase K and 0.5% SDS, and incubated at 37°C for 2 hours. DNA 

was then extracted with phenol/chloroform and ethanol precipitated using standard 

protocols and the DNA dissolved in an appropriate volume of TE buffer.

2.4 Analysis of M. tuberculosis gene expression using DNA microarrays

2.4.1 Generation of a whole genome M. tuberculosis DNA microarray 

Whole genome DNA microarrays of M. tuberculosis H37Rv were produced by 

Dr. J. Hinds in the laboratory of Dr. P. Butcher (St. George’s Hospital Medical 

School). The approach taken to produce the array was to generate gene-specific 

oligonucleotide primer pairs for the amplification of PCR products with no or 

minimal cross-homology for each of the 3924 predicted protein coding sequences. 

Primer pairs were designed by Dr. K. Vass (CRC Beatson Laboratories, 

University of Glasgow). Approximately 98% of the identified ORF’s have been 

successfully amplified and used to generate the array. To validate the array, 

approximately 5% (200) of the amplified PCR products have been sequence 

verified, and an M. tuberculosis BAC library has been used to investigate the level 

of cross-hybridisation on the array and to verify spot position.
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2.4.2 RNA isolation from M. tuberculosis Dubos broth cultures

Total RNA was isolated from 100ml M. tuberculosis liquid cultures grown to an 

Aôoo of 0.3-0.4 (exponential phase) or 1.8-2.0 (stationary phase). Cultures were 

centrifuged for 30 minutes, 10,000 r.p.m in a Sorvall SLA-1500 super-lite rotor at 

4°C before RNA was isolated using a Hybaid RNA Isolation Kit for Bacteria 

(Blue Kit) according to the manufacturer’s protocol. Following isolation, RNA 

was resuspended in 50-100pl RNase-free water containing 1 unit RNasin 

(Promega) and stored at -80°C.

2.4.3 Oxidative stress conditions

To analyse global gene expression of M. tuberculosis H37Rv and the Rv0491 

mutant strain (AregXS) under conditions of oxidative stress, compounds which 

cause peroxide stress were added to either exponential phase cultures (Aôoo 0.3- 

0.4) or early stationary phase cultures (Aôoo 1.8-2.0) prior to the isolation of total 

RNA. 200ml cultures were grown in a rolling incubator to the appropriate Aeoo and 

then divided into 2 equal aliquots of 100ml each. One aliquot remained untreated, 

whilst the second aliquot was treated with either ImM (Manganelli et a l, 1999) 

H2 O2 (Sigma) or 0.5mM (Sherman et al, 1999) cumene hydroperoxide (Sigma) 

for 2 hours, whilst incubation was continued at 37°C in the rolling incubator.

2.4.4 Removal of DNA contamination from total RNA

To an RNA sample, 1 unit pl'  ̂ RNasin, O.IM NaAc (RNA grade. Sigma), 0.05M 

MgS0 4  (RNA grade, Sigma) and 0.04 units pi RNase free DNase (Roche) was 

added, and the sample incubated at 37°C for one hour. Following incubation, RNA 

was purified using an RNeasy Mini Kit (Qiagen) according to the recommended
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protocol and resuspended in 50pl RNase-free water. DNase digestion and RNA 

purification were repeated for a second time to ensure the removal of DNA 

contamination from the RNA sample. RNA concentration was estimated by 

measuring absorbance at A2 6 0 , and the integrity of the RNA checked by agarose 

gel electrophoresis. Purified RNA was stored at -80°C in RNase-free water.

2.4.5 Preparation of poly-L-lysine coated slides prior to microarray printing

To prepare poly-L-lysine coated slides, standard glass microscope slides were 

placed in metal racks so that the slides were positioned vertically and then placed 

in an appropriately sized glass chamber. First, slides were washed for 2 hours in 

an alkaline wash solution containing 70g of NaOH dissolved in 280ml dH20 and 

420ml 95% ethanol by submerging the slides in the solution. After cleaning, the 

slides were extensively rinsed by 5 cycles of adding clean dH20 to the glass 

chamber, rocking for 5 minutes and rinsing. Slides were next submerged for 1 

hour in a coating solution containing 70ml of poly-L-lysine (0.1% w/v in H2 O, 

Sigma), 70ml of filter sterilised phosphate-buffered saline (lOx PBS) and 560ml 

dH2 0 . Finally, slides were washed in clean dH2 0  by plunging the slides up and 

down 5 times, allowed to dry at room temperature, and then stored at room 

temperature in closed slide boxes to avoid exposure to dust particles.

2.4.6 Slide processing

Microarray slides were hydrated by holding the slides over boiling water for 

approximately 2  seconds until a light vapour coating was observed and then snap 

dried on a 100°C hot plate for approximately 3 seconds. Care was taken not to 

over-hydrate the slides as this may lead to individual spots spreading and running
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together. Immediately following hydration, DNA was exposed to lOOmJ cm'^ UV 

light using a Spectrolinker XL-1500 UV Crosslinker (Spectronics Corporation). 

Surface blocking of the slides was then performed by soaking the slides for 15 

minutes in succinic anhydride/sodium borate solution (see Appendix I). The 

purpose of surface blocking is to prevent non-specific hybridisation to the poly-L- 

lysine coating of the microarray slide. Finally, slides were washed with agitation 

for 2 minutes in boiling water which denatures the spotted DNA, making it 

accessible for hybridisation (Eisen & Brown, 1999), followed by 1 minute in 95% 

ethanol, air dried and then stored at room temperature in the dark to prevent 

degradation of Cy3- and Cy5-labeled controls.

2.4.7 DNA/RNA labeling and hybridisation to M. tuberculosis microarrays 

To label genomic DNA, 5pg was fluorescently labeled using 3pg of random 

hexamer primers (Invitrogen) in the presence of 5 units of the Klenow fragment of 

DNA polymerase (Promega), Ix supplied Klenow buffer, dNTP’s (40pM dCTP, 

lOOpM of each of dATP, dCTP and dGTP) and 1.5 nmol Cy3- or Cy5-labeled 

dCTP (Amersham Biosciences). DNA and random primers were heated at 95°C 

for 5 minutes in a final volume of 41.5pl, snap cooled and then incubated at 37°C 

for 90 minutes with the additional reagents detailed.

lOpg of total RNA was labeled with 6 pg of random primers in the presence of 500 

units Superscript II Rnase H Reverse Transcriptase (Invitrogen), Ix first strand 

buffer, lOmM DTT, dNTP’s (concentration as for DNA labeling) and 1.5 nmol 

Cy3- or Cy5-labeled dCTP. RNA and random primers were heated at 95°C for 5
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minutes in a final volume of 1 l)il, snap cooled and then incubated at 25°C for 10 

minutes, followed by 42°C for 90 minutes with the additional reagents detailed.

For both DNA and RNA, the two labeled samples to be compared (Cy3 and Cy5) 

were combined and purified using a MiniElute PCR Purification Kit (Qiagen) 

according to the manufacturer’s recommended protocol and then resuspended in 

13pl of sterile distilled water, to which 4x SSC and 0.3% SDS were added. 

Labeled samples were heated for 2 minutes at 95°C and then allowed to cool for 

approximately 1 minute before addition to the microarray slide.

Pre-hybridisation of microarray slides was carried out in 3.5x SSC, 0.1% SDS and 

10 mg ml'^ BSA (Sigma) for 20 minutes at 60°C, following which slides were 

washed for 1 minute in water and 1 minute in propan-2 -ol with agitation by 

vigorous plunging of the slides in each wash. Labeled samples were competitively 

hybridised against a single microarray slide by pipetting the sample onto the edge 

of the array area and then covering the area, whilst avoiding the formation of air 

bubbles, with a 22mm x 22mm coverslip (Merck). Microarray slides were placed 

in humidified hybridisation chambers (Telechem) and then submerged in a 60°C 

water bath for 16-24 hours.

2.4.8 Slide washing

Following hybridisation, coverslips were carefully removed from the microarray 

slides by gentle agitation of the slide in a wash solution containing Ix SSC and 

0.05% SDS. Slides were then washed with vigorous agitation for a further 2 

minutes in this wash solution. To prevent carry over of SDS into subsequent 

washes, slides were placed into clean slide holders before they were further
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washed in 0.06x SSC for 4 minutes. Slides were dried by centrifugation at 1500 

r.p.m in an Nr. 11150 rotor (Sigma) for 5 minutes at room temperature.

2.4.9 Scanning and analysis

Microarray slides were scanned with a GenePix 4 0 0 0 a  Microarray Scanner (Axon 

Instruments) using PMT voltages usually of 600 for genomic DNA and 800 for 

cDNA experiments. Basic analysis was performed using the software provided 

with the scanner, GenePix Pro 3.0.6.89. Care was taken to ensure that control 

spots and spots with high local background were removed from the results so that 

they were unable to interfere with later analysis. More detailed and statistical 

analysis was performed using GeneSpring 4.2 (Silicon Genetics).

2.5 In vitro analysis of M. tuberculosis mutants

2.5.1 Growth curve

An individual colony for a specific mutant strain was inoculated into 5ml pre

warmed Dubos broth and incubated at 37°C, without shaking for approximately 7

days. 0.2ml of the static culture was inoculated into 100ml Dubos broth (1/500

dilution) and the culture grown in a rolling bottle until it reached an Aeoo of 0.4-0. 8  

(mid-log phase). This mid-log phase culture was then used to sub-culture (1/500 

dilution) to a new Dubos broth rolling culture, from which growth was monitored 

until the culture reached stationary phase.
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2.5.2 Growth assay after oxidative stress

Rolling cultures of M, tuberculosis H37Rv and IsregXS were grown to an Aeoo of 

0.3-0.4, at which time cumene hydroperoxide (lOOpM or 250pM) or hydrogen 

peroxide (ImM or lOmM) was added. The Aeoo of the cultures was monitored 

following addition of the agents for a further 48 hours.

2.5.3 Viability assay

To test the viability of both the wild type M. tuberculosis H37Rv and AregXS 

strains in the presence of agents causing oxidative stress, rolling cultures were 

grown to an Aôoo of 0.3-0.4, at which time cumene hydroperoxide (lOOpM or 

250pM) was added. Serial dilutions of both the unstressed and cumene 

hydroperoxide stressed cultures were made immediately prior to the addition of 

the compound, and after incubation for a further 24 and 48 hours with and without 

the compound. Serial dilutions in Dubos broth were then plated onto Middlebrook 

7H11 agar plates and the number of colony forming units (cfu) calculated after 2-3 

weeks incubation at 37°C.

2.6 Growth and persistence of M. tuberculosis in mice

The wild type, AregXS and Acrp strains of M. tuberculosis H37Rv were grown in 

Dubos 7H9 broth (see Appendix I) for 14 days. Each strain was diluted in 

phosphate-buffered saline to give a suspension of approximately 1 0  ̂ cfu per ml 

and 0.2 ml of these suspensions were inoculated intravenously by Dr. M. J. 

Colston, Mr. E. Stavropoulos and Mr. J. Brennan into 6  to 8  week old female 

Balb/c mice. The infection was monitored by removing the lungs and spleens of 3
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- 5 infected mice at intervals. The tissues were homogenised by shaking with 2- 

mm-diameter glass beads in chilled saline with a Mini-Bead Beater (Biospec 

Products). Serial 10-fold dilutions of the resultant suspensions were plated onto 

Dubos 7H11 agar with Dubos oleic albumin complex supplement (Difco 

Laboratories). The numbers of cfu were determined after the plates had been 

incubated at 37°C for approximately 20 days.

2.7 Quantitative real-time PCR

Quantitative real-time PCR was performed using the ABI PRISM 7700 Sequence 

Detection System (TaqMan, Perkin Elmer/Applied Biosystems) to determine 

levels of RNA sequences for genes of interest under control and stress conditions, 

and for the AregXS mutant compared to the parental wild type strain. Quantitative 

PCR using this system is based on the detection of a fluorescent signal which is 

proportionally produced during PCR amplification. A probe, labeled at the 5’ end 

with a reporter fluorochrome and at the 3’ end with a quencher fluorochrome is 

designed to anneal to a target sequence for a given gene between a forward and 

reverse PCR primer. For the success of the PCR, the probe must have a higher 

melting temperature than the forward and reverse primers so that it is 1 0 0 % 

hybridised during the PCR extension phase. Whilst both fluorochromes are on the 

probe, the quencher stops all fluorescence from the reporter molecule. As the 

primer is extended by Taq polymerase, the 5’ to 3’ nuclease activity of the enzyme 

degrades the probe and releases the reporter fluorochrome proportionally to the 

amount of PCR product generated in each cycle.
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Primers and probes were designed according to guidelines in the ABI Primer 

Express software programme (Perkin Elmer/Applied Biosystems), the sequences 

of which are given in Appendix II. 500ng RNA was added to 10 pmol of reverse 

primer for each transcript to be quantified in a total volume of 9.5pi and heated at 

65°C for 10 minutes. To this reaction, 4pl first strand buffer, 2pi DTT, Ipl RNasin 

and 2pi dNTP's (25mM each dNTP) was added. 1.5pl Superscript II Rnase H 

Reverse Transcriptase (Invitrogen) was added to each sample, whereas 1.5pl 

dH2 0  was added to a negative control. Incubation was carried out at 42°C for 1 

hour, followed by 75°C for 15 minutes. The sample volume was then adjusted to 

60pl by the addition of 40pl dH2 0 . 96 well plates were then loaded with 25pi PCR 

reaction mix containing 12.5pi PCR master mix (Promega), 2.5 pmol control or 

gene probe and 5 pmol control or gene forward and reverse primers. For the 

conditions used, the control was the sigA gene, coding for a housekeeping sigma 

factor in M. tuberculosis (Hu & Coates, 1999) whose transcript levels have been 

shown to be very consistent under a variety of stresses (Manganelli et a l, 1999). 

To each PCR reaction mix, 5 pi of cDNA for a given condition was added and 

PCR quantification using the TaqMan system carried out. Standard curves were 

constructed by the amplification of known quantities of DNA for each run of the 

TaqMan sequence detection machine. Following PCR, a ratio for the gene of 

interest compared to the sigA control gene could be calculated and then the values 

for the gene of interest compared under different conditions. Analysis was 

performed using ABI PRISM Sequence Detection Systems V I.6.3 software 

(Perkin Elmer/Applied Biosystems).
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2.8 Complementation of M, tuberculosis gene specific mutants

To verify that knockout phenotypes observed both in vivo and in vitro were due to 

the deletion of the targeted gene only, complementation constructs for the Rv3676 

(Acrp) and Rv0491 (ArcgX5) mutants were made using the integrative vector 

pMV306 (Papavinasasundaram et a l, 1998). Rv0491 (regX3) has been shown to 

be transcribed from a promoter upstream of Rv0490 (senX3) (Himpens et a l, 

2000), therefore, for the mutant AregX3, three complementation constructs were 

made encompassing both the senX3 and regX3 genes along with various amounts 

of sequence (500-1500bp) upstream of the senX3 gene. For Acrp, two 

complementation constructs were made, including the Rv3676 (crp) gene and 

approximately 500bp or lOOObp of sequence upstream of the gene. To verify 

expression of the integrated construct, cDNA microarrays were used.

2.9 Complementation of an E. colt crp mutant with M. tuberculosis crp

2.9.1 Introduction

To determine if the M. tuberculosis crp gene could functionally complement an E. 

coli crp mutant, the entire M. tuberculosis crp gene was amplified by PCR using 

ProofStart DNA polymerase and the resulting fragment cloned into the expression 

vector pGEX 6.P.1 (Amersham Biosciences). This construct was then used to 

transform both the E. coli crp mutant and the parental wild type strain W3110. 

Expression of M. tuberculosis crp in both strains was induced by the addition of 

IPTG to an exponentially growing culture and the conversion of the colourless 

substrate ONPG (o-nitrophenyl-p-D-galactopyranoside, Sigma) to galactose and
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o-nitrophenol (yellow) by P-galactosidease was monitored. The wild type E. coli 

strain W3110 has high native levels of P-galactosidase activity, whereas the crp 

mutant lacks such levels, as expression as crp itself is required for high level 

expression of p-galactosidase. p-galactosidase activity would be restored in the 

crp mutant if M. tuberculosis crp was able to functionally complement the E. coli 

crp gene.

2.9.2 Preparation and transformation of chemically competent E. coli

0.1ml of an overnight, standing, L-broth culture was inoculated into 10ml of fresh, 

pre-warmed L-broth and incubated with shaking at 37°C for 2 hours. Following 

incubation, cells were placed on ice for 10 minutes and then centrifuged at 3,400 

r.p.m in an N r.lll5 0  rotor (Sigma) for 15 minutes at 5°C. The supernatant was 

removed and cells resuspended in 2ml cold O.IM CaCL, placed on ice for 20 

minutes and then re-centrifuged as previously. The supernatant was once again 

removed and the cells resuspended in 0.2ml CaCL. Cells were placed on ice for 20 

minutes before 1-2 pg of plasmid DNA was added and the cells returned to the ice 

for 30 minutes. Following heat shock at 37°C for 10 minutes, 2ml of L-broth was 

added to the cells which were then incubated without shaking for 1 hour at 37°C to 

allow antibiotic expression. Approximately 100-200pl of transformed cells were 

plated on L-agar plates containing the appropriate antibiotic selection and 

incubated at 37°C overnight.

2.9.3 P-galactosidase assay

10ml static, overnight cultures of W3110 and the E. coli t^crp mutant were grown 

in A medium (see Appendix I), supplemented with 0.4% glucose, Ipg ml'^
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vitamin B l, ImM MgS0 4  and the appropriate antibiotic. The culture was then 

diluted 1:50 in the same medium and grown to an Aeoo of approximately 0.4 (mid

log phase). IPTG (ImM) was then added to one culture to induce expression of the 

M. tuberculosis crp gene, whereas a second culture remained uninduced, and both 

cultures incubated for a further 2 hours with shaking. 0.1ml of cell culture was 

mixed with 0.9ml Z buffer (see Appendix I), 2 drops of chloroform and 1 drop of 

0.1% SDS, placed in a vortex for 10 seconds and then equilibrated to a 

temperature of 28°C. 0.2ml of 4mg ml'^ ONPG was added to the lysed cell culture 

and the reaction stopped by the addition of 0.5ml IM Na2C0 3  when a yellow 

colour developed. The time at which the yellow colour developed was recorded 

and the A4 2 0  and A5 5 0  of the reaction samples determined. The following 

calculation was used to calculate the units of P-galactosidase activity:

1000 X A4 2 0  — (1.75 X A5 5 0)

t X 0.1 X Aôoo 

where t = time in minutes (Sambrook et a l, 1989).
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Chapter Three: Construction and Validation of a 

Complete Mycobacterium tuberculosis DNA Microarray

3.1 Construction of the M. tuberculosis whole genome DNA microarray

The determination in 1998 of the entire genome sequence of the reference strain of 

Mycobacterium tuberculosis, H37Rv (Cole et a l, 1998), has permitted the 

generation of a complete, gene-specific DNA microarray for this organism. The 

M. tuberculosis DNA microarray which has been used extensively in this study, 

was produced by Dr. J. Hinds in the laboratory of Dr. P. Butcher (Department of 

Medical Microbiology, St. George’s Hospital Medical School). The complete 

microarray consists of approximately 98-100% of the predicted 3924 ORF’s from 

the sequence strain of M. tuberculosis, H37Rv, as well as numerous printing, 

scanning and hybridisation controls.

Unique oligonucleotide primer pairs for the amplification of each individual ORF 

were designed using the Primer 3 programme by Dr. K. Vass (CRC Beatson 

Laboratories, University of Glasgow). Great care was taken in designing primers 

to amplify representative PCR products (probes) of 60-1000bp in size (mean size 

517bp), which would exhibit minimal cross-homology with all of the other known 

ORF’s. When designing primers to amplify ORF’s containing highly repetitive 

DNA sequence, such as members of the large mycobacterial PE and PPE gene 

families, several potential primer pairs were designed and the resulting PCR 

products searched against the entire genome sequence of the bacterium using 

BLAST analysis. The PCR product sequence that showed the lowest level of
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cross-homology was selected to be included on the microarray. Each PCR 

amplicon representing an individual ORF is included on the DNA microarray as a 

single spot (Fig. 14).

The M. tuberculosis DNA microarray is printed by robotic spotting using the 

MicroGrid II (BioRobotics), onto poly-L-lysine coated glass microscope slides. 

The microarray is arranged as a 4 x 4 metagrid, containing 16, 17 x 17 subgrids. 

The top and bottom rows of each of the 16 subgrids contain a number of positive 

and negative controls. Negative controls on the array include the human p-actin 

and glyceraldehyde-3-phosphate dehydrogenase genes (with 5 serial threefold 

dilutions of each gene), and no DNA controls containing 50% DMSO only. 

Positive control spots include the M. tuberculosis 5S, 16S and 23S rRNA genes, 

and the lOSa RNA gene that is involved in the degradation of proteins encoded by 

abnormal mRNAs (5 serial threefold dilutions of each gene are also included). To 

check printing quality, a control to test for carry-over of PCR products during 

printing has also been added to the microarray which consists of 50% DMSO and 

is printed immediately after the highest concentrations of the 16S and 23S rRNA 

genes. Finally, to check that the scanner is functioning correctly, a polyA 

oligonucleotide primer (20 mer) that has been pre-labeled with Cy3 or Cy5 has 

been positioned at each of the four comers of the 16 subgrids.

3.2 Validation of the M. tuberculosis DNA microarray

A number of different techniques have been utilised to validate the completed M. 

tuberculosis whole genome DNA microarray. PCR products amplified using gene-
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Figure 14: Whole genome DNA microarray of Mycobacterium tuberculosis 

H37Rv, comprised of approximately 98% of the predicted 3924 ORF’s, with each 

spot on the microarray representing an individual gene. Competitive hybridisation 

of M. tuberculosis H37Rv genomic DNA, labeled with the fluorophores Cy3- 

dCTP and Cy5-dCTP.
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specific primer pairs were analysed by agarose gel electrophoresis to confirm that 

the observed product size corresponded to the predicted size, and to verify that 

each PCR reaction contained only a single product. Where the PCR reaction had 

failed to generate a product, or agarose gel analysis showed the presence of more 

than one band in the PCR reaction, the PCR was repeated using altered stringency 

conditions. I have sequenced approximately 5% (200) of the amplified PCR 

products and have been able to show that in every case, the sequences obtained 

contained a single, unique product corresponding to the expected sequence.

To confirm both spot location on the DNA microarray and to check for cross

hybridisation, microarray experiments using BACS (Bacterial Artificial 

Chromosomes) containing known M. tuberculosis inserts, and small pools 

containing a number of the amplified PCR products have been labeled and 

hybridised against the microarray by the group at St. George’s Hospital Medical 

School. In addition, I have performed genomic comparisons of M. tuberculosis 

H37Rv and the vaccine strain for tuberculosis, Mycobacterium bovis BCG. BCG, 

the live attenuated derivative of M. bovis has previously been shown to contain 

several, well characterised genomic deletions (Behr et a l, 1999). To confirm the 

position of individual genes on the M. tuberculosis DNA microarray, H37Rv 

genomic DNA labeled with Cy5-dCTP was simultaneously hybridised onto a 

single microarray slide with Cy3-dCTP labeled M. bovis BCG genomic DNA. 

Data was analysed using the GenePix Pro 3.0.6.89 and GeneSpring 4.2 software, 

and the ORF’s which could be shown to be deleted in M. bovis BCG closely 

corresponded to previously published data, thus confirming the location of 

individual genes on the microarray.
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In order to further validate the M. tuberculosis DNA microarray and to optimise 

both labeling and hybridisation conditions for RNA/cDNA and genomic DNA, 

different concentrations of RNA or genomic DNA isolated from M. tuberculosis 

H37Rv was alternatively labeled with the Cy5-dCTP and Cy-dCTP fluorophores 

and simultaneously hybridised to a single microarray slide. 1-lOpg of total RNA 

or genomic DNA was labeled, hybridised to the microarray slide and then 

analysed after approximately 16 hours. 5pg of genomic DNA and lOpg of total 

RNA was shown to be optimal for labeling and hybridisation. Experiments were 

repeated and the results shown to be reproducible, therefore, the optimal 

concentrations of total RNA and genomic DNA were used for all further 

experiments. To demonstrate the reproducibility of the microarray hybridisation 

technique, total RNA isolated from a single, mid-exponential phase culture of M. 

tuberculosis H37Rv as described in Materials and Methods, was alternatively 

labeled with the cyanine dyes, Cy5-dCTP and Cy3-dCTP and hybridised 

competitively against a DNA microarray slide (Fig. 15). The gene expression 

profile for the reciprocally labeled RNA/cDNA samples showed remarkable 

similarity when analysed using the GeneSpring 4.2 software, demonstrating the 

reproducibility of the hybridisation technique.

The reproducibility of microarray data can be affected by the unequal 

incorporation of the fluorescent dyes, Cy3 and Cy5 into cDNA during reverse 

transcription of RNA. The commonly used cyanine dyes have good photostability 

and are widely separated in terms of their excitation and emission spectra. 

Unfortunately, the dyes are large molecules that do not integrate easily into the 

reverse transcription reaction, and the incorporation of these dyes shows bias due
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Figure 15: Scatter plot generated using the microarray analysis software 

GeneSpring 4.2 (Silicon Genetics), for the competitive hybridisation of Cy3-dCTP 

and Cy5-dCTP labeled Mycobacterium tuberculosis H37Rv RNA, isolated during 

mid-exponential phase from a single culture. Each cross (4-) on the scatter plot 

represents a single gene. The vertical position of each gene represents its 

normalised expression level in the current condition, and the horizontal position 

represents its control strength (median expression level of this gene in all 

conditions). The upper and lower diagonal lines represent a 2-fold difference in 

hybridisation, whereas the centre diagonal line denotes equivalent hybridisation in 

both labeled samples.
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to differences in their molecular structures, with Cy3 demonstrating better 

incorporation than Cy5. This problem must be overcome to generate relevant and 

reproducible microarray data. It is therefore necessary to perform reciprocal 

labeling of duplicate samples with swapped dyes, and to normalise microarray 

data to overcome unequal dye incorporation. This has therefore been performed 

for all gene expression microarray experiments in this study.

In addition to dye bias due to the unequal incorporation of Cy3 and Cy5, gene- 

specific dye bias may also be observed in microarray experiments, although the 

reason for this is poorly understood. Some DNA spots always hybridise to a Cy3 

or Cy5 labeled target no matter which RNA sample was used to generate it. This 

type of dye bias generates inflated dye ratios and can produce false positives in 

data analysis. The detection of gene-specific, dye-biased signals can once again be 

easily identified by the performance of reverse fluorophore experiments, 

demonstrating the need to alternatively label RNA/cDNA or genomic DNA 

samples, and to perform replica experiments. Early experiments using the M. 

tuberculosis DNA microarray identified false positive results for the genes RvI213 

(glgQ  and Rv2935 (ppsE) due to the problem of gene-specific dye bias.

The identification of differentially expressed genes between two samples of RNA, 

for example from a mutant and from a wild type strain, requires multiple 

replications of microarray experiments. This is due to the large source of 

variability that occurs with such experiments. Variation in data may occur due to 

differences between arrays or within arrays, due to differences in printing pins, 

high levels of background and low signal levels lead to variable, noisy microarray
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data, and differences in sample isolation, for example, preparing replica samples 

at slightly different stages in the growth cycle may also be a source of data 

variability. Taking such factors into consideration, a minimum of four replicates, 

including reverse fluorophore experiments have been performed in this study to 

help minimise data variability and to give assurances that genes determined to be 

differentially expressed are not false positives.
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Chapter Four: Global Gene Expression Analysis of 

Mycobacterium tuberculosis in Response to In vitro 

Induced Oxidative Stress

4.1 Introduction

The importance of a vigorous response against oxidative stress in Mycobacterium 

tuberculosis has been called into question by the natural mutation of the oxyR 

gene. In the enteric bacterium Escherichia coli, the OxyR regulon is central to the 

response which is mounted against peroxide-induced oxidative stress. The purpose 

of this chapter was aimed at gaining an increased understanding into the defence 

mechanisms of the tubercle bacillus in preventing cellular damage by reactive 

oxygen intermediates, a response which is thought to be important following host 

infection.

In order to identify M. tuberculosis genes that are induced following exposure of 

the bacterium to oxidative stress, global gene expression of the bacterium was 

analysed without stress during exponential and stationary phase culture, and 

following exponential/stationary phase induced oxidative stress using DNA 

microarray s. Hydrogen peroxide (H2 O2 ) and the highly reactive organic peroxide, 

cumene hydroperoxide (CHP) were used to induce a peroxide stress response in 

M. tuberculosis cultures.
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4.2 Global gene expression of M. tuberculosis during exponential and 

stationary phase culture

The whole genome DNA microarray for M. tuberculosis H37Rv was used to 

investigate global gene expression of the bacterium during exponential and 

stationary phase culture. In order to identify genes which are differentially 

expressed during different stages of the growth cycle, total RNA isolated during 

early exponential phase growth (Aeoo of 0.3-0.4) and early stationary phase culture 

(Aôoo 1.8-2.0), was compared using the DNA microarray as described in Materials 

and Methods. To increase the reliability of the microarray data and to eliminate 

false positive results, two hybridisations were performed per replicate RNA 

sample, to give a total of four hybridisations. Using the GenePix Pro 3.0.6.89 and 

GeneSpring 4.2 software, the ratio of the fluorescence of the two fluorophores 

Cy3 and Cy5 was calculated for each gene on the microarray slide and the data 

analysed following normalisation. The GeneSpring scatter plot illustrating the 

normalised data for the four microarray hybridisations is shown in Figure 16. The 

genes indicated on the scatter plot showed the highest levels of expression in 

either exponential or stationary phase culture.

In general, a gene was considered to be differentially expressed if it showed a 

minimum of a two-fold difference in expression in either growth phase, and had a 

r-test probability value ip value) of <0.05. In some cases, genes have been 

proposed as being differentially expressed despite showing higher p values of 

between 0.05-0.10. Genes showing higher p values were accepted as being 

differerentially expressed if the increased value was due to, for example, the spot
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Figure 16: DNA microarray analysis of gene transcription of M. tuberculosis 

H37Rv during exponential phase (y-axis) and stationary phase culture (x-axis). 

Expression levels of each gene are expressed as normalised equivalent readings 

for exponential phase growth, plotted against normalized equivalent readings for 

stationary phase growth, after using GeneSpring software. For each growth phase 

RNA was isolated from 2 separate cultures; each RNA isolate was used to 

hybridise against 2 microarray slides. The upper and lower diagonal lines 

represent a 2-fold difference in gene expression, whereas the centre diagonal line 

denotes equivalent gene expression under both growth conditions. The genes 

indicated on the scatter plot show the highest expression levels in either 

exponential or stationary phase culture.
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representing that particular gene being obscured from one of the microarray 

replicate slides due to a scratch in the poly-L-lysine coating or high levels of local 

background. Genes determined to be differentially expressed during a comparison 

of RNA isolated during exponential and stationary phase culture are given in 

Appendix III, Tables 10 and 11 respectively.

Comparative microarray analysis has revealed 243 genes showing increased 

expression during exponential phase growth and 64 genes showing higher levels 

of expression during stationary phase, with a minimum 2-fold difference in gene 

expression. Due to the large number of genes which show high levels of induction 

during exponential phase culture, only those showing a minimum of a 3-fold 

change in expression are listed. In general, the highest levels of differential gene 

expression occurred during stationary phase culture, with Rv2031c, encoding the 

heat shock protein HspX exhibiting a fold change in expression of 55.77. The 

conserved hypothetical proteins encoded by the Rvl738, Rv2030c, Rv2626c and 

Rv3130 ORF’s all showed high levels of differential expression, with fold changes 

between 20 and 30-fold. A number of opérons may also be identified as being 

differentially expressed during stationary phase culture, including Rv3127-3131 

and Rv3613c-3616c, both of which encode genes with unknown functions. In 

particular, a large number of genes that are classified as having an unknown 

function or code for conserved hypothetical proteins are shown to be highly 

expressed during stationary phase culture; other genes fall into 6 of the remaining 

functional classes described by Cole et a l, (1998). Genes differentially expressed 

during exponential phase growth showed a 2 to 7.52-fold change in expression.
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with many genes being involved in ribosomal protein synthesis, and protein 

translation and modification.

4.3 Microarray analysis of the M, tuberculosis oxidative stress response

4.3.1 H202-induced peroxide stress

To investigate the ability of M. tuberculosis to respond to H202-induced peroxide 

stress, exponential and stationary phase cultures were exposed to ImM H2 O2 as 

described in Materials and Methods, and analysed for differential gene expression 

using DNA microarrays. For both exponential and stationary phase cultures, a 

total of four hybridisations were performed from two separate RNA sample 

isolations. The normalised expression values for each gene were calculated using 

the GeneSpring 4.2 analysis software and compared to the normalised values for 

gene expression in an unstressed control.

Exposure of M. tuberculosis to H2 O2 during exponential phase growth lead to the 

differential expression of very few genes, 16 genes being up-regulated whereas 

only 6 genes being down-regulated in response to H2 O2 stress, with only 4 genes 

showing fold changes in expression of more than 2-fold. The genes listed in Table 

1 exhibited the highest levels of up/down-regulation in response to the application 

of H2 O2 stress. Genes which could be shown to be up-regulated in response to 

H2 O2 exposure include the DNA repair genes recA and radA, encoded by 

Rv2737c and Rv3585 respectively. The RecA protein is centrally involved in the 

regulation of several other genes involved in DNA repair. DNA damage results in
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Table 1: Summary of genes differentially expressed in M. tuberculosis H37Rv in 

response to hydrogen peroxide induced stress applied for 2 hours during 

exponential growth, as determined by microarray analysis using GeneSpring 

software. Positive values represent genes up-regulated in response to the stress, 

whereas negative values represent genes down-regulated in response to the stress. 

Individual genes are grouped together according to their functional classes, as 

determined by Cole et al, (1998). To assess the reliability of the data and to 

determine whether normalised expression levels for individual genes are 

statistically different from 1, r-test p  values are indicated.
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ORF Gene Gene product Fold P
name change in 

expression
value

Conserved hypotheticals and unknowns
Rv1158c Unknown ala-pro rich protein -1.95 0.141
Rv2015c Conserved hypothetical + L61 0.051
Rv2718c Conserved hypothetical +2.01 0H33
Rv27I9c Conserved hypothetical + 1.73 0.091
Insertion sequences
Rv0336 13E12 repeat family + 1.61 0.092
Rv3828c Possible resol vase within IS 1537 element +2.02 0.122
Lipid metabolism
Rv0860 Probably involved in fatty acid beta-oxidation 

cycle
-1.80 0.150

Rv3546 M A j Acetyl CoA acetyltransferase + 1.82 0.119
Rv3550 Probable enoyl CoA hydratase + 1.74 a092
RNA synthesis, modification and DNA transcription
Rv2737c recA DNA directed DNA polymerase + 1.59 0.150
Rv2985 muîTl mutT domain signature -1.54 a093
Rv3585 radA Probable DNA repair protein +2.00 0.002
Cell wall and cell processes
Rv 1239c corA Possible magnesium and cobalt transport system + 1.69 0.090
Rv3449 Probable precursor of serine protease + 1.60 0.114
Virulence detoxification and adaption
Rv0251c hsp Heat shock protein -1.66 0.134
Regulatory proteins
Rv2989 Unknown regulator -1.61 0.141
Intermediate metabolism and respiration
Rv0374c Unknown + 1.82 0.038
Rvl552 Fumarate reductase flavoprotein + 1.73 0.009
Rvl777 Probable cytochrome p450 + 1.75 0.131
Rvl876 Bacterioferritin -L88 0.100
Rv3530c C is-1,2-dihydroxy-3,4-cyclohexadiene-1 - 

carboxylate dehydrogenase
+1.85 0.142

Rv3841 Similar to ferritin +2.81 0.085



the activation of RecA, which facilitates the autocatalytic cleavage of the 

repressor protein Lex A. The cleavage of LexA lifts the repression of DNA 

damage-inducible genes (Papavinasasundaram et a l, 2001). In E. coli, RecA has 

been shown to be induced in response to H2 O2 due to DNA damage, although it is 

not under the control of OxyR (Loewen et a l, 1998). Rv3841 {bfrB) codes for an 

iron storage protein bacterioferritin, and showed the highest induction levels in 

response to H2 O2 . Bacterioferritins store iron in a non-toxic, readily available 

form, and may serve to protect against damage caused when H2 O2 interacts with 

intracellular iron to form the potent hydroxyl radical in a reaction known as the 

Fenton reaction (Abdul-Tehrani et a l, 1999). Genes which could be shown to be 

down-regulated in response to the stress include hsp (Rv0251c), encoding a heat 

shock protein, and the bacterioferritin, bfrA (Rvl876). The reason why one 

bacterioferritin-coding gene should be up-regulated in response to H2 O2 , whereas 

a second is down-regulated in response to the same stress is unclear. Putative 

binding sequences for the iron-responsive DNA-binding protein encoded by the 

ideR gene have been identified in the promoters of both bfrA and bfrB. 

Furthermore, regulation of bfrA has been shown to be positively controlled by 

IdeR binding (Gold et a l, 2001). Since IdeR is usually a repressor of iron 

acquisition genes and not an activator as is the case with bfrA, it is possible that 

bfrB is negatively regulated by IdeR binding and that this could help explain why 

brfA should be down-regulated and bfrB up-regulated in response to H2O2 . Figure 

17 shows the GeneSpring scatter plot, illustrating the normalised data for the 4 

microarray hybridisations. The genes discussed earlier in this section are indicated 

on the scatter plot.
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Figure 17: DNA microarray analysis of gene transcription of M. tuberculosis 

H37Rv following stress with ImM hydrogen peroxide, applied during exponential 

growth for 2 hours, as described in Materials and Methods. RNA was isolated 

from 2 separate untreated and H2 O2 treated exponential phase bacterial cultures; 

each RNA isolate was hybridised against 2 microarray slides. The y-axis 

represents normalised values for expression levels of each gene following stress 

with hydrogen peroxide, plotted against normalised values for gene expression in 

an unstressed control (x-axis). Genes of particular interest are indicated on the 

scatter plot.
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Stationary phase exposure of M. tuberculosis cultures to H2 O2 also resulted in the 

differential expression of only a few genes, none of which exhibited more than a 

2-fold change in expression. Table 2 gives the list of genes that showed the 

highest levels of up/down-regulation in response to the application of H2 O2 - 

induced peroxide stress during stationary phase culture. 19 genes are up-regulated, 

the majority of which code for conserved proteins with unknown functions and 

proteins involved in lipid metabolism. Only 9 genes are down-regulated and are 

members of 6 different functional classes.

Two genes whose expression levels show an increase in response to H202-induced 

oxidative stress and which have a clear antioxidant role, previously demonstrated 

as being capable of providing protection against the toxic effects of peroxides in 

mycobacterial species (Dhandayuthapani et a l, 1996); (Springer et a l, 2001) are 

the alkyl hydroperoxide reducteses ahpC and ahpD. In particular, ahpC encodes a 

subunit of an enzyme that detoxifies organic peroxides by reducing alkyl 

hydroperoxides to alcohols (Nunn et a l, 2002). In M. smegmatis, ahpC expression 

has been shown to be induced by low levels of H2 O2 (Dhandayuthapani et a l, 

1996), and in E. coli, expression of ahpC is under the control of the OxyR 

regulon. The microarray results presented therefore suggest the conservation of 

the role of ahpC in M. tuberculosis in providing protection against the toxic 

activity of peroxides, despite the presence of oxyR as a dysfunctional pseudogene 

in the tubercle bacillus (Deretic et a l, 1997). Figure 18 shows the GeneSpring 

scatter plot, illustrating the normalised data for the four microarray hybridisations 

and highlights the ahpC and ahpD genes.
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Table 2: Summary of genes differentially expressed in M. tuberculosis H37Rv in 

response to hydrogen peroxide induced stress applied during stationary phase 

culture for 2 hours, as determined by microarray analysis using GeneSpring 

software. Positive values represent genes up-regulated in response to the stress, 

whereas negative values represent genes down-regulated in response to the stress.
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ORF Gene Gene product Fold P
name change in 

expression
value

Conserved hypotheticals and unknowns
Rv0288 ESAT6 family + 1.38 0.041
Rv1038c Member of QILSS family + 1.37 0.051
Rvl465 Conserved hypothetical + 1.40 0.095
Rv1950c Partial ORF -1.57 0.093
Rv2347c Conserved hypothetical + 1.34 0.065
Rv2767c Questionable ORF -1.69 0.069
Rv3019c ESAT6 family + 1.37 0.086
Rv3178 Conserved hypothetical -1.34 0.066
Lipid metabolism
Rv0033 Acyl carrier protein + 1.37 0.067
Rv0468 Probable 3-hydroxyacyl CoA dehydrogenase + 1.40 0.030
Rvl529 /Ü6/D24 Possible acyl CoA synthase + 1.39 0.048
Rv2002 Short chain alcohol dehydrogenase family 

signature
-1.35 0.006

Rv2244 acpM ACP, meromycolate extension + 1.48 0.049
Rv2377c mbîH Possibly involved in mycobactin synthesis + 1.54 0.013
Rv3229c des A3 Desaturase + 1.57 0.068
PE and PPE
Rv0287 Outlying member of the PE family + 1.34 0.058
Rv1169c PE + 1.37 0.098
Rv2123 PPE + 1.41 0.036
Cell wall and cell processes
Rv0847 IpqS Possible lipoprotein + 1.40 0.029
Rv0947c Probable mycolyl transferase pseudogene -1.60 0.033
Virulence detoxification and adaption
Rv0440 ^roEL2 Chaperonin -1.57 0.030
Rv2428 ahpC Alkyl hydroperoxide reductase + 1.60 0.027
Rv2429 ahpD Alkyl hydroperoxide reductase + 1.34 0.030
Regulatory proteins
Rv0894 Possible regulatory protein -1.78 0.017
Intermediate metabolism and respiration
Rv0186 Probable beta-glucosidase + 1.47 0.016
Rv0211 pckA Similar to phosphoenolpyruvate carboxykinase + 1.39 0.09
Rv3048c nrdG Ribonucleoside diphosphate reductase 2 beta 

chain
-1.34 0.004



Figure 18: DNA microarray analysis of gene transcription of M. tuberculosis 

H37Rv following stress with ImM hydrogen peroxide, applied during stationary 

phase culture for 2 hours, as described in Materials and Methods. RNA was 

isolated from 2 separate untreated and H2 O2 treated stationary phase bacterial 

cultures; each RNA isolate was hybridised against 2 microarray slides. The y-axis 

represents normalised values for expression levels of each gene following stress 

with hydrogen peroxide, plotted against normalised values for gene expression in 

an unstressed control (x-axis). The alkyl hydroperoxide reductases ahpC and 

ahpD are highlighted on the scatter plot.
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In E. coli, expression of the katG gene has been shown to be regulated by oxyR 

following induction with peroxides, and encodes an important component of the 

oxidative stress response. KatG belongs to a class of bacterial enzymes, often 

referred to as either hydroperoxidases I or catalase-peroxidases, which possess 

both catalase and peroxidase activities, and serve to protect the bacterium from 

oxidative stress by the detoxification of reactive oxygen intermediates. In M. 

tuberculosis, the role of katG in the detoxification of ROI appears to have been 

conserved despite the loss of oxyR. Transcript levels of katG have been shown to 

increase in response to stress induced by the inorganic peroxide H2 O2 , and 

mutation of the negative regulator of katG expression fur, has been demonstrated 

to decrease strain sensitivity to H2 O2 due to increased expression of katG (Zahrt et 

aZ., 2001).

Surprisingly, increased expression levels of the katG gene were not detected when 

cultures of M. tuberculosis were induced with H2 O2 and subsequently analysed 

against an un-induced control using DNA microarrays. Upon further investigation, 

it became apparent that PCR had failed to generate a probe for the katG gene, and 

as such, katG is amongst one of the small number of genes not represented on the 

M. tuberculosis whole genome DNA microarray. Therefore, quantitative real-time 

PCR was performed to determine levels of RNA sequences for katG under control 

and H202-induced stress conditions. To further validate the microarray data, 

expression levels of ahpC, a gene that has been shown to be induced by H2 O2 in 

this study, was also analysed by quantitative real-time PCR.
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Quantitative real-time PCR was used to investigate the expression levels of the 

katG and ahpC genes following induction with ImM H2 O2 applied during 

stationary phase culture. For the conditions used, the control was the sigA gene, 

coding for the M. tuberculosis housekeeping sigma factor whose transcript levels 

are known to be consistent under a variety of stresses. The results for the 

quantitative PCR experiments revealed that katG expression was indeed induced 

by H2 O2 and that the average fold of induction was approximately 2.2. Induction 

of ahpC by H2 O2 was also confirmed; microarray data had shown transcription of 

ahpC to be approximately 1.6-fold higher in the presence of H2 O2 compared to an 

unstressed control, whereas using quantitative PCR, this value was determined to 

be approximately 2-fold.

4.3.2 Transcriptional profiling of M. tuberculosis exposed to CHP 

Cumene hydroperoxide (CHP) may be used in vitro to model the oxidative stress 

response that occurs in vivo due to production of organic peroxides and 

hydroperoxides by the process of lipid peroxidation. Reduction of CHP leads to 

the production of highly reactive alkoxy radicals which are capable of causing 

damage to cellular components, including DNA and the cell membrane. In this 

study, CHP has been used to induce cultures of M. tuberculosis so that the 

transcriptional response of the bacterium to oxidative stress could be investigated. 

Exponential and stationary phase cultures were exposed to 0.5mM CHP and 

analysed for differential gene expression by comparative microarray analysis 

against an unstressed control, as described in Materials and Methods. For both 

exponential and stationary phase experiments, 4 hybridisations were performed 

from 2 replicate RNA samples. GeneSpring scatter plots illustrating the
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transcriptional profiles of CHP stressed and unstressed cultures of M. tuberculosis 

during exponential and stationary phase culture are shown in Figures 19 and 20 

respectively.

Induction of the M. tuberculosis oxidative stress response by exposing 

exponentially growing bacterial cultures to CHP revealed 309 genes up-regulated 

and 93 genes down-regulated, with a minimum fold change in expression of 2- 

fold, when the transcriptional profiles of CHP stressed and unstressed cultures 

were analysed using whole genome DNA microarrays. Due to the large number of 

genes showing high levels of induction in response to CHP, only those exhibiting 

a fold change in induction greater than 3-fold are listed in Appendix III, Table 12. 

Genes differentially expressed during exponential phase growth showed a -6.73 - 

4-47.38-fold change in expression, with many genes coding for proteins with 

known anti-oxidant and stress response roles.

The gene Rv2616 which codes for a protein of unknown function exhibited the 

highest level of differential expression with an average fold change in induction of 

4-47.38, the gene adjacent on the chromosome Rv2617c, whose function is also 

unknown showed expression levels of 4-21.04. The Rv0140 and Rv0141c genes, 

also adjacent to each other on the chromosome and coding for proteins of 

unknown function showed average induction levels of 4-19.63 and 4-19.36 

respectively. Expression of the following genes was also induced in response to 

CHP and include: the sigma factors, sigB, sigE and sigH\ DNA repair genes recA 

and radA; iron regulatory proteins/mM and ideR, and the thioredoxin/thioredoxin 

reductase genes trxB, trxB2 and trxC. The conserved hypothetical protein encoded
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Figure 19: DNA microarray analysis of gene transcription of M. tuberculosis 

H37Rv following stress with 0.5mM cumene hydroperoxide, applied during 

exponential growth for 2 hours, as described in Materials and Methods. RNA was 

isolated from 2 separate untreated and CHP treated exponential phase bacterial 

cultures; each RNA isolate was hybridised against 2 microarray slides. The y-axis 

represents normalised values for expression levels of each gene following stress 

with cumene hydroperoxide, plotted against normalised values for gene 

expression in an unstressed control (x-axis).
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Figure 20: DNA microarray analysis of gene transcription of M. tuberculosis 

H37Rv following stress with 0.5mM cumene hydroperoxide, applied during 

stationary phase culture for 2 hours, as described in Materials and Methods. RNA 

was isolated from 2 separate untreated and CHP treated stationary phase bacterial 

cultures; each RNA isolate was hybridised against 2 microarray slides. The y-axis 

represents normalised values for expression levels of each gene following stress 

with cumene hydroperoxide, plotted against normalised values for gene 

expression in an unstressed control (x-axis).
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by the Rv2030c gene showed the highest level of down-regulation in response to 

CHP-induced stress.

Stationary phase exposure of M. tuberculosis cultures to CHP also resulted in the 

differential expression of a large number of genes, 142 genes were determined to 

be up-regulated and 92 genes down-regulated by microarray analysis, with a 

minimum fold change in expression of 2-fold. Genes determined to be 

differentially expressed during a comparison of RNA isolated from unstressed and 

CHP-stressed stationary phase cultures are given in Appendix III, Table 13. Genes 

differentially expressed during stationary phase culture showed a -4.79 - 4-24.84- 

fold change in expression. Many of these are genes whose products are involved 

in ribosomal protein synthesis, and protein translation and modification, as well as 

several genes coding for proteins of unknown function, and genes involved in 

lipid metabolism.

The gene Rv0251c that codes for the heat shock protein hsp, showed the highest 

level of differential expression with an average fold change in induction of 

4-24.84. The conserved hypothetical protein encoded by the Rv 1885c gene showed 

the highest level of down-regulation in response to CHP-induced stress. Other 

genes whose expression was altered in response to CHP include: the ahpC and 

akpD alkyl hydroperoxide reductases; sigma factors B, E and H; chaperonins 

groES, groELl and groEL2, and the thioredoxin/thioredoxin reductase genes trxB, 

trxB2 and trxC. Several opérons may also be identified as being differentially 

expressed by exposure of stationary phase cultures of M. tuberculosis to CHP, 

including: the dnaK, grpE, dnaJ, hspR heat shock operon; the atp oreron involved
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in ATP production, and the mbt operon involved in synthesis of the siderophore 

mycobactin.

Quantitative real-time PCR was performed to determine levels of RNA sequences 

for katG, a gene whose PCR probe is not present on the M. tuberculosis 

microarray, under control and CHP-induced stress conditions. To further validate 

the microarray data, expression levels of ahpC, a gene present on the microarray 

and detected as being up-regulated in response to CHP, was also analysed by 

quantitative real-time PCR. The results for the quantitative PCR experiments 

revealed that katG expression was induced by CHP both in exponential and 

stationary phase experiments, and that the average fold of induction was 

approximately 6.9 and 4.8-fold respectively. Induction of ahpC during stationary 

phase culture by CHP was also confirmed; microarray data had shown 

transcription of ahpC to be approximately 16.5-fold higher in the presence of CHP 

compared to an unstressed control, whereas using quantitative PCR, this value was 

determined to be approximately 11.4-fold.

A comparison of genes up-regulated in M. tuberculosis H37Rv, in response to 

CHP-induced stress applied during either exponential or stationary phase culture 

revealed 107 genes for which increased transcription was observed during both 

growth phases. However, the regulation of many genes in response to CHP 

appeared to be growth phase dependent, with increased expression of 202 genes 

being observed during exponential phase only and 35 genes exhibiting increased 

expression levels during stationary phase CHP stress (Fig. 21). Increased 

expression of the sigma factors sigB, sigE and sigH, and the thioredoxin genes
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Figure 21: Comparison of genes up-regulated with an average fold change in 

expression of >2, in M. tuberculosis H37Rv, in response to stress with cumene 

hydroperoxide applied either during exponential or stationary phase culture. 

Increased transcription of 107 genes is associated with both exponential and 

stationary phase applied stress.
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trxB, trxB2 and trxC was common to both exponential and stationary phase- 

induced stress, whereas expression of the DNA repair genes recA and radA 

appeared to be specific to exponential phase induction, and expression of ahpC 

and ahpD was higher in stationary phase cultures. These results demonstrate the 

importance of performing stress induction experiments at different points 

throughout the growth cycle.

The results of this chapter demonstrate that M. tuberculosis is capable of mounting 

a vigorous response to peroxide stress when challenged with the organic peroxide, 

cumene hydroperoxide, despite the inactivation of the global regulator of peroxide 

stress encoded by the oxyR gene. By comparison, the response of the bacterium to 

H2 O2 was weaker with very few genes showing greater than a 2-fold increase in 

gene expression. The results for both CHP and H2O2 show that at least part of the 

oxidative stress response has been conserved in M. tuberculosis and that the 

bacterium is capable of responding when challenged with oxidative stress agents 

at least in vitro.
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Chapter Five: In vitro and In vivo Analysis of an M. 

tuberculosis regX3 Null Mutant

5.1 Introduction

The lack a functional oxyR gene in Mycobacterium tuberculosis suggests the 

possibility that a different regulatory system to that of the enteric bacterium 

Escherichia coli may have taken over the role of oxyR in the tubercle bacillus, in 

providing the bacterium with a protective response against peroxide-induced 

oxidative damage. In this study, the two-component response regulator encoded 

by the Rv0491 {regX3) gene has been proposed as a putative global regulator of 

oxidative stress in M. tuberculosis.

To investigate the role of the SenX3-RegX3 two-component signal transduction 

system, we have constructed an M. tuberculosis regX3 null mutant (AregX3) and 

subjected the resultant strain to analyses both in vitro and in vivo. The purpose of 

this chapter was to analyse the in vivo phenotype of the AregX3 strain, and to 

assess virulence using a mouse model of M. tuberculosis infection. To test the 

hypothesis that the RegX3 protein is a global regulator of oxidative stress, growth 

and viability of the mutant strain was assessed following exposure to peroxide 

stress induced by the chemicals hydrogen peroxide (H2 O2 ) and cumene 

hydroperoxide (CHP). To investigate the oxidative stress response of the AregX3 

strain in vitro, the gene expression profile of the AregX3 strain was compared to 

that of the parental wild type strain following exponential and stationary phase 

induction with H2 O2 and CHP.
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5.2 Production of a regX3 null mutant by homologous recombination

Competent M. tuberculosis were successfully transformed by electroporation with 

the suicide delivery vector p2NIL, carrying regions of homology upstream and 

downstream of the regX3 gene, of approximately 2Kb each. The constructs were 

designed in such a way as to delete the entire ORF of the regX3 gene (Fig. 22), 

generating an unmarked, null mutant strain. Prior to electroporation, vector DNA 

carrying the regX3 mutant allele was either pre-treated with lOOmJcm'^ UV light 

or remained untreated. Transforming DNA that had not been treated with UV light 

showed a higher frequency of illegitimate recombination than that which had 

received UV treatment, with resulting SCO colonies showing the correct selection 

phenotype due to the random integration of the entire vector into the host 

chromosome. Four potential SCO colonies resulting from the transformation of M. 

tuberculosis with the regX3 knockout construct which had not been treated prior 

to electroporation with UV light, were shown to have all arisen due to illegitimate 

recombination when analysed by PCR, as described in Materials and Methods. 

Approximately 75% of SCO colonies resulting from the transformation of UV- 

treated DNA had arisen due to homologous recombination in one of the regions of 

homology.

Southern blots were performed on genomic DNA isolated from potential DCO 

colonies showing the expected selection phenotype (kan^, sucrose^ and white due 

to the loss of the lacZ gene). Probes of approximately 500bp designed outside the 

regions of homology were hybridised to Southern blots of genomic DNA digested 

with Clal, sites for which were outside the regions of homology, and XmnI, whose
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Figure 22: Knockout and complementation constructs for l^regX3. Production of 

the regX3 null mutant removed the entire coding sequence of the regX3 gene as 

well as a small portion of the gene adjacent to regX3 on the chromosome, 

Rv0492c. Complementation constructs for the AregX3 strain included both the 

senX3 and regX3 genes, as well as approximately 500bp (Comp 1) or lOOObp 

(Comp 2 and 3, cloned in alternate orientations) of DNA sequence upstream of the 

senX3 gene.
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site was within the coding sequence of the regXS gene (Fig. 23). Expected 

hybridisation patterns were observed showing the presence of a small band in wild 

type DNA, compared with a larger band in mutant DNA due to the deletion of the 

gene and subsequent loss of restriction site. One colony showed the expected 

hybridisation pattern for a regX3 null mutant strain (Fig. 23, lane 2), and the 

successful deletion of the regX3 gene was subsequently confirmed by PCR and 

sequencing, and by genomic DNA microarray analysis.

5.3 In vitro analysis of an M. tuberculosis regX3 null m utant

5.3.1 Growth curve

To investigate the in vitro phenotype of the regX3 null mutant, the growth kinetics 

of the strain was compared to that of the parental wild type strain M. tuberculosis 

H37Rv. Growth of both strains in rolling culture bottles was monitored from 

inoculation and until the cultures reached stationary phase. Figure 24 shows that 

deletion of the regX3 gene did not effect the growth rate of the mutant strain in 

vitro.

5.3.2 Growth assay after oxidative stress

To determine if deletion of the regX3 gene had affected the ability of M. 

tuberculosis cultures to respond to oxidative stress in vitro, the AregX3 and wild 

type parental strains were exposed to different concentrations of hydrogen 

peroxide and the organic peroxide cumene hydroperoxide. Cultures were grown to 

an Aeoonm of 0.3 before the stress was added, and then growth was monitored for a 

further 48 hours by measuring the optical densities of the cultures as described in
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Figure 23: Southern blot of genomic DNA isolated from potential regX3 gene 

knockout colonies, digested with Clal and Xmnl and hybridised with a PCR probe 

located downstream of the 3’ flanking region of homology. Lane 2 shows the 

presence of an 11Kb band, corresponding to the correct size for a knockout 

colony, whereas the wild type (WT) lane shows a 7Kb band (B), the expected size 

for a wild type colony. Lanes 1 and 3-12 also show the presence of a larger band 

(A), which is probably due to the presence of partially digested or undigested 

genomic DNA.
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Figure 24: Growth curves for the regX3 null mutant strain (AregX3) and the 

parental strain M. tuberculosis H37Rv. Each point represents the mean ± the 

standard error of the mean of 3 independently grown cultures for each strain.
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Materials and Methods. No detectable differences between the AregX3 and the 

wild type strains in sensitivity to H2 O2 were observed (data not shown). However, 

when cultures were exposed to CHP, the growth rates of both the wild type and 

mutant strains were affected, and in fact a difference could also be observed 

between the strains (Fig 25). The addition of O.lmM CHP did not adversely affect 

the growth rate of the wild type strain, whereas growth of the mutant strain 

following the addition of the stress appeared to be delayed, with growth resuming 

after approximately 24 hours. A higher concentration of CHP (0.5mM) could be 

shown to impair the growth of the wild type, although the optical density of the 

culture did increase, whereas the optical density of the AregX3 strain slightly 

decreased during the 48 hour period, suggesting that the mutant was incapable of 

growth when exposed to the higher concentration of CHP. The observed 

differences in the growth rates of the wild type and AregX3 strains following 

exposure to CHP suggest that the SenX3-RegX3 two-component system may play 

an important role in the response of the bacterium to oxidative stress in vitro.

5.3.3 Viability assay

To further determine the role of the SenX3-RegX3 two-component signal 

transduction system in the response of M. tuberculosis to oxidative stress, the 

viability of both the wild type and AregX3 strains was analysed in vitro in the 

presence of cumene hydroperoxide. To test for strain viability, different 

concentrations of CHP were added to exponentially growing cultures and the 

number of colony forming units determined following 24 and 48 hours of 

continuous exposure to the oxidative stress as described in Materials and Methods.
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Figure 25: Optical density measurements of M. tuberculosis H37Rv and AregX3 

during continuous treatment with either O.lmM or 0.25mM cumene 

hydroperoxide, as described in Materials and Methods. 100% represents the 

optical density at time zero. Blue triangles and red squares, M. tuberculosis 

H37Rv and AregXS respectively in the absence of cumene hydroperoxide; 

turquoise circles and yellow circles, M. tuberculosis H37Rv and AregX3 

respectively in the presence of O.lmM cumene hydroperoxide; pink triangles and 

orange squares, M. tuberculosis H37Rv and AregX3 respectively in the presence 

of 0.25mM cumene hydroperoxide. Each point represents the mean ± the standard 

error of the mean of 3 independent experiments.
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Figure 26 shows that no detectable differences in viability between the wild type 

and AregXS strains in response to CHP exposure were observed.

The results of this investigation contradict the results of the experiment shown 

previously which monitored the growth of the strains following exposure to CHP 

(Fig. 25). The results of the viability assay suggest that both strains show a greatly 

decreased ability to grow in the presence of 0.1 and 0.5mM CHP, and that there is 

no observable difference between the wild type and mutant, whereas the growth 

assay showed a difference between the strains in their ability to grow in the 

presence of CHP. The reason for the difference in the results of the two assays is 

not known, both the growth and viability assays have been repeated and the results 

shown to be reproducible.

5.4 Growth and persistence of the regX3 null mutant in a mouse model of 

tuberculosis

The effect of disrupting the SenX3-RegX3 two-component system on the ability 

of M. tuberculosis to cause progressive infection was investigated in a mouse 

model of tuberculosis. Growth of the mutant strain in the lungs and spleen of 

Balb/c and nude mice was monitored following intravenous infection, and 

compared with the parental wild type and regX3 complement strains (production 

of the regX3 complement strains and analysis of the results of this investigation 

will be discussed later in this chapter). The nude mouse lacks a thymus, and 

consequently cannot generate mature T lymphocytes (Colston & Hilson, 1976). 

They are therefore unable to mount most types of immune responses, including:
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Figure 26: Viability counts of M. tuberculosis H37Rv and tsregX3 during 

continuous treatment with either O.lmM or 0.25mM cumene hydroperoxide, as 

described in Materials and Methods. Blue triangles and turquoise circles, M. 

tuberculosis H37Rv and AregX3 respectively in the absence of cumene 

hydroperoxide; pink triangles and red squares, M. tuberculosis H37Rv and 

AregX3 respectively in the presence of O.lmM cumene hydroperoxide; orange 

squares and yellow circles, M. tuberculosis H37Rv and AregX3 respectively in the 

presence of 0.25mM cumene hydroperoxide. Each point represents the mean ± the 

standard error of the mean of 2 independent experiments.
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antibody formation that requires CD4^ helper T cells; cell-mediated immune 

responses requiring CD4^ and/or CD8^ T cells; delayed-type hypersensitivity 

responses, and killing of virus-infected or malignant cells. Figures 27 and 28 show 

growth of the AregX3, wild type and complemented strains 21 days post 

inoculation in Balb/c and nude mice respectively. Counts in both the lungs and 

spleen of infected Balb/c and nude mice were lower in those mice infected with 

the mutant compared to the wild type strain. Figure 29 shows the growth of the 

AregXS, wild type and 3 different regXS complement strains in Balb/c mice 28 

and 46 days post inoculation. Viable counts in the lungs of the mice were 100- 

1000 times lower in those mice infected with the AregXS compared to the wild 

type strain. Counts in the spleen also showed a reduction in the mice infected with 

the AregXS mutant. In most of these experiments, the complemented strains 

behaved similarly to the AregXS mutant rather than the wild type strain. The 

possible reasons for this are discussed later in this chapter. The results of the mice 

infections demonstrate that an intact SenX3-RegX3 two-component system is 

required for producing a progressive infection in this model system. Importantly, 

the mutant strain was able to persist throughout the course of the infection 

producing infection kinetics similar to that seen with the tuberculosis vaccine 

strain M. bovis BCG, suggesting that the SenX3-RegX3 system may be important 

for virulence and persistence of the bacterium in vivo.

5.5 In vitro analysis of gene expression of the M. tuberculosis regXS null 

mutant

5.5.1 Comparative gene expression profiling of M. tuberculosis H37Rv and 

AregXS during exponential and stationary phase culture
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Figure 27: Growth of the regX3 null mutant (KO), regX3 complement strain 

(COMP) and the parental strain M. tuberculosis H37Rv (WT) in BALB/c mice, 21 

days post infection. The top panel shows the results in lungs, whereas the lower 

panel shows the results in spleens. Each point represents the mean ± the standard 

error of the mean of counts obtained from the tissues of 3-6 infected mice.
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Figure 28: Growth of the regX3 null mutant (KO), regX3 complement strain 

(COMP) and the parental strain M. tuberculosis H37Rv (WT) in nude mice, 21 

days post infection. The top panel shows the results in lungs, whereas the lower 

panel shows the results in spleens. Each point represents the mean ± the standard 

error of the mean of counts obtained from the tissues of 3-6 infected mice.
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Figure 29: Growth of the regXS null mutant (KO), regX3 complement strains 

(Comp 1, 2 and 3) and the parental strain M. tuberculosis H37Rv (WT) in a Balb/c 

mouse infection, as described in Materials and Methods. The top panel shows the 

results in lungs, whereas the lower panel shows the results in spleens. Each point 

represents the mean ± the standard error of the mean of counts obtained from the 

tissues of 3-6 infected mice.
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In order to gain a greater understanding of the role of the M. tuberculosis SenX3- 

RegX3 two-component signal transduction system, and to identify genes whose 

expression may be regulated by the RegX3 response regulator protein, the gene 

expression profiles of the AregX3 and parental wild type strains were compared 

during exponential and stationary phase culture. Total RNA isolated from rolling 

cultures of the mutant and wild type bacteria during early exponential phase 

growth (Aôoonm of 0.3-0.4) or early stationary phase culture (Aôoonm of 1.8-2.0), 

was compared using whole genome DNA microarrays as described in Materials 

and Methods. A total of 4 hybridisations were performed for the exponential phase 

comparison (2 hybridisations per replicate RNA sample), whereas for the 

stationary phase comparison, 10 hybridisations were performed from 3 replicate 

RNA samples. GeneSpring scatter plots illustrating the normalised data for the 4 

exponential and 10 stationary phase microarray hybridisations are shown in Figure 

30. Genes of particular interest have been highlighted on the scatter plots.

Genes were considered to be differentially expressed if they showed a minimum 

of a 1.5-fold difference in expression and had a Mest p  value of <0.10. In general, 

43 genes were differentially expressed between the AregX3 and wild type strains 

during exponential phase growth, 30 genes showed an increase in expression in 

the wild type compared to the mutant strain, whereas 13 genes exhibited higher 

levels of expression in the mutant. During stationary phase culture, 32 genes 

showed different expression profiles between the 2 strains, with 19 genes showing 

higher levels of expression in the wild type and 13 genes showing increased 

expression levels in the mutant.
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Figure 30: DNA microarray analysis of gene transcription of the regX3 null 

mutant {hregX3). The bacteria were grown to exponential or stationary phase and 

RNA isolated as described in Materials and Methods. Expression levels of each 

gene are expressed as normalised equivalent readings for the wild type strain M, 

tuberculosis H37Rv (y-axes), plotted against normalised equivalent readings for 

the regX3 null mutant (x-axes), after using GeneSpring software. For each strain 

RNA was isolated from 2 separate exponential phase cultures; each RNA isolate 

was used to hybridise against 2 microarray slides. For the stationary phase 

comparison, RNA isolated from 3 separate wild type and mutant bacterial cultures 

was hybridised against a total of 10 microarray slides. Genes of particular interest 

are highlighted on the scatter plot.
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Comparative microarray analysis of exponential and stationary phase gene 

expression has revealed a relatively small number of genes whose expression 

levels differ in the regX3 null mutant compared to the M. tuberculosis wild type 

strain. A summary of exponential phase differentially expressed genes is given in 

Table 3. The majority of genes (11 out of 13) whose expression levels were 

deemed to be higher in the AregXS strain, code for insertion elements of the 

common IS6110 type. Due to the high level of sequence similarity of these genes, 

it is likely that cross-hybridisation of the microarray probes representing them on 

the microarray has occurred. It is therefore assumed that the apparent up- 

regulation of the IS6110 insertion element coding genes is actually an artefact due 

to cross-hybridisation, although at least 1 or more of these genes must actually be 

up-regulated in the AregXS strain.

Genes showing higher levels of expression in the wild type strain include many 

genes whose products are involved in ribosomal protein synthesis, and protein 

translation and modification, as well as several genes coding for proteins of 

unknown function. Three genes coding for the transcriptional regulatory proteins 

Rv0653c, Rv3219 (whiBl) and Rv3620 (whiB2) were also more highly expressed 

in the wild type compared to the mutant strain. Rv0653c codes for a putative 

transcriptional regulator of unknown function, whereas the whiBl and whiB2 

regulatory proteins are close homologues of the Streptomyces coelicolor whiB 

gene (Soliveri et a l, 2000). In Mycobacterium smegmatis the whiB2 gene has 

been demonstrated as being essential (Gomez & Bishai, 2000).
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Table 3: Summary of genes differentially expressed in the regXS null mutant, 

compared with the parental strain M. tuberculosis H37Rv during exponential 

growth, as determined by microarray analysis using GeneSpring software. Positive 

values represent genes up-regulated in M. tuberculosis H37Rv, whereas negative 

values represent genes up-regulated in the regX3 mutant.
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ORF Gene Gene product Fold change in P
name expression value

Conserved hypotheticals and unknowns
Rv0430 Unknown + 2 3 6 0.027
Rv0483 Conserved hypothetical + 1.87 0.007
Rv1174c Unknown + 1.95 01)58
Rv1398c Conserved hypothetical +2.22 <0.001
Rv2626c Conserved hypothetical + 1.87 0.044
Rv3529c Conserved hypothetical -1.50 0.006
Translation apparatus
Rv0641 rplA 50S ribosomal protein LI + 1.85 0.077
Rv0685 tu f Elongation factor EF-Tu +1.81 0.051
Rv0701 rplC 50S ribosomal protein L3 +2.11 0.054
Rv0703 rplW 50S ribosomal protein L23 +2.22 0.012
Rv0704 rplB 50S ribosomal protein L2 + 1.98 0.052
Rv0705 rpsS 30S ribosomal protein S19 +2.06 0.037
Rv0707 rpsC 50S ribosomal protein L23 + 1.83 0.043
Rv0709 rpmC 50S ribosomal protein L29 +2.04 0.005
Rv0714 rplN 50S ribosomal protein L14 +2.07 0.040
Rv0718 rpsH 30S ribosomal protein S8 +2.04 0.041
Rv0719 rplF 50S ribosomal protein L6 +1.83 0.040
Rv1080c grgA Transcription elongation factor G +1.89 0.067
Rvl298 rpmE 50S ribosomal protein L31 + 1.87 0.041
Rvl643 rplT 50S ribosomal protein + 1.95 0.044
RNA synthesis, modification and DNA transcription
Rv0667 rpoB DNA directed RNApol beta chain + 1.91 0.079
Lipid metabolism
Rv0642c mmciA4 Methoxy mycolic acid synthase 4 +1.82 &027
Rvl013 pksl6 Polyketide synthase + 1.89 0.044
Rv2244 acpM Acyl carrier protein, meromycolate extension +2.12 0.079
Intermediate metabolism and respiration
Rv0851c Unknown dehydrogenase -1.50 0.069
Cell wall and cell processes
Rv0559c Unknown + 1.83 0.064
Rv0638 secE Pre-protein translocase + 1.81 <0.001
Rv2094c Component of protein export system +2.16 0.002
Insertion sequences
Rv1369c IS6110 transposase -1.52 0.018
Rvl756c IS6110 transposase -1.54 0.012
R vl764 IS6110 transposase -1.54 0.013
Rv2106 IS6110 transposase -1.53 0.003
Rv2167c IS6110 transposase -1.54 0.017
Rv2279 1S6110 transposase -1.50 0.019
Rv2355 1S6110 transposase -1.50 0.021
Rv2479c 1S6110 transposase -1.54 0.004
Rv2814c 1S6110 transposase -1.54 0.015
Rv3185 1S6110 transposase -1.54 0.013
Rv3326 1S6110 transposase -1.51 0.025
Regulatory proteins
Rv0491 Response regulator (deleted gene) +2.57 0.007
Rv0653c Possible regulator + 1.85 0.047
Rv3219 whiBl Regulatory protein +2.48 0.086
Rv3260 Regulatory protein +2.02 0.069



A summary of genes differentially expressed in the regX3 null mutant compared 

to the wild type strain during stationary phase culture is presented in Table 4. The 

genes Rv0824c (desAl) and Rvl094 (desA2), both of which encode putative 

aerobic desaturases which are believed to catalyse the principal conversion of 

saturated fatty acids to unsaturated fatty acids, showed higher levels of expression 

in the AregXS strain. Genes whose expression levels were higher in the wild type 

strain included: Rv0341 (iniB), expression of this gene has been shown to be 

induced by the anti-mycobacterial drug isoniazid; the chaperonins, encoded by the 

Rv0440 (groEL2) and Rv3418c (groES) genes; Rv2031c (hspX) which codes for a 

heat shock protein, and the stress resistance sigma factor encoded by the Rv2710 

(sigB) gene. Interestingly, the Rv2428 (ahpC) gene also showed higher expression 

levels in the wild type compared to the mutant strain and codes for an alkyl 

hydroperoxide reductase, a component of the mycobacterial oxidative stress 

response. In E. coli, ahpC is under the control of the oxyR gene, a gene that is 

dysfunctional in M. tuberculosis. These results prompt the suggestion that the 

RegX3 response regulator protein may regulate the expression of ahpC in M. 

tuberculosis and requires further investigation.

5.5.2 Global analysis of gene transcription following exposure to H2 O2 

The transcriptional response of cultures of wild type M. tuberculosis and the 

regXS null mutant was investigated following exposure to H202-induced peroxide 

stress in vitro using a whole genome DNA microarray. Cultures of the bacteria 

were grown to either early exponential or early stationary phase before being 

induced with ImM H2 O2 as described in Materials and Methods. Total RNA was 

isolated from 2 replicate exponential phase samples and 3 replicate stationary
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Table 4: Summary of genes differentially expressed in the regX3 null mutant, 

compared with the parental strain M. tuberculosis H37Rv during stationary phase 

culture, as determined by microarray analysis using GeneSpring software. Positive 

values represent genes up-regulated in M. tuberculosis H37Rv, whereas negative 

values represent genes up-regulated in the regX3 mutant.
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ORF Gene 
name

Gene product Fold
change in 
expression

P
value

Conserved hypotheticals and unknowns
Rv0025 Conserved hypothetical -E58 0.074
Rv0288 ESAT6 conserved hypothetical -1.62 0.066
Rv0313 Unknown + E6I 0.002
Rv0483 Conserved hypothetical 4-1.58 <0.001
Rv0991c Conserved hypothetical -kl.70 0.006
R vl073 Conserved hypothetical +1.65 <0.001
Rvl813c Conserved hypothetical -1.40 0.004
Rv3130c Conserved hypothetical -1.55 &079
Rv3407 Conserved hypothetical +2.00 0.017
Rv3445c Unknown -1.65 0.079
Rv3839 Unknown -I.6 I &028
Rv3867 Conserved hypothetical + 1.57 0.003
Lipid metabolism
Rv0824c desAl Stearoyl ACP desaturase -1.66 0.036
R vl094 desA l Stearoyl ACP desaturase -1.62 0.032
Rvl925 /adOjy Acyl CoA synthase + 1.85 0.006
Rv3409c choD Cholesterol oxidase precursor + 1.73 <0.001
PE and PPE
Rv2123 PPE -1.54 0.012
Rv3020c PE -1.65 0.064
Information pathways
RvOOOl dnaA Chromosomal replication initiator protein -1.63 OCKW
Cell wall and cell processes
Rv0064 Membrane protein + 1.76 0.004
Rv0341 iniB Isoniazid inducible gene + 1.88 <0.001
Rv2115c ATPase + 1.65 0.005
Rv3019c ESAT6 family -1.57 0.050
Virulence detoxification and adaption
Rv0440 groELl Chaperonin +2.14 0.004
Rv2031c hspX Heat shock protein -1.55 a055
Rv2428 a/zpC Alkyl hydroperoxide reductase + 1.57 <0.001
Rv3418c Chaperonin + 1.79 0.004
Regulatory proteins
Rv0491 Response regulator (deleted gene) +1D 0 <0.001
R vl479 rnoxR Regulatory protein + 1.58 <0.001
Rv2710 si^B Sigma factor + 1.62 <0.001
Intermediate metabolism and respiration
Rv0670 end Endonuclease IV + 1.58 0.006
Rv3842c glpQ l Glycerophosphoryl diester phosphodiesterase + 1.59 0.010



phase samples, and hybridised respectively against 4 and 6 microarray slides. 

GeneSpring scatter plots illustrating the normalised data for the 4 exponential 

phase and 6 stationary phase microarray hybridisations are shown in Figure 31.

A comparison of the transcriptional responses of M. tuberculosis H37Rv and the 

regXS null mutant following exposure to H2 O2 during exponential phase growth 

revealed very few genes differentially expressed between the strains. A summary 

of genes whose expression profiles were deemed to be significantly different in 

the wild type and mutant strains is presented in Table 5. The largest differences 

between the 2 strains were seen for the genes Rv0467 (tel) which codes for 

isocitrate lyase, a key enzyme in the glyoxylate shunt which is required for the 

persistence of M. tuberculosis in both macrophages and mice (McKinney et a l, 

2000), and Rv3841 {bfrB) which codes for an iron storage protein bacterioferritin. 

The expression levels for both id  and bfrB were higher for the AregX3 compared 

to the wild type parental strain.

Genes determined to be differentially expressed during a comparison of RNA 

isolated from stationary phase cultures of the mutant and wild type strains 

following exposure to H2 O2 are given in Appendix III, Table 14. The largest 

difference between the AregXS and wild type parental strains was seen in cultures 

grown to stationary phase before induction with H2 O2 . The genes Rv2428 (ahpC) 

and Rv2429 (ahpD) which code for alkyl hydroperoxide reductases were 

considerably down-regulated in the regX3 mutant compared to the wild type 

H37Rv. Expression of the ahpC and ahpD genes were increased in the wild type 

with fold changes in expression of 6.32 and 5.33-fold respectively. This suggests
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Figure 31: DNA microarray analysis of gene transcription of the regX3 null 

mutant (AregXS). The bacteria were grown to exponential or stationary phase and 

treated with ImM hydrogen peroxide for 2 hours as described in Materials and 

Methods. Expression levels of each gene expressed as normalised equivalent 

readings for the wild type strain M. tuberculosis H37Rv (y-axes), plotted against 

normalised equivalent readings for the regXS null mutant (x-axes), after using 

GeneSpring software. For each strain RNA was isolated from 2 separate 

exponential phase cultures; each RNA isolate was used to hybridise against 2 

microarray slides. For the stationary phase comparison, RNA was isolated from 3 

separate cultures for each strain and each RNA isolate hybridised against 2 

microarray slides.
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Table 5: Summary of genes differentially expressed in the regX3 null mutant, 

compared with the parental strain M. tuberculosis H37Rv, in response to hydrogen 

peroxide induced stress applied during exponential growth, as determined by 

microarray analysis using GeneSpring software. Positive values represent genes 

up-regulated in M. tuberculosis H37Rv, whereas negative values represent genes 

up-regulated in the regXS mutant.
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ORF Gene Gene product Fold change in P
name expression value

Conserved hypotheticals and unknowns
Rvl593c Conserved hypothetical -1.59 0.001
Rv1639c Probable membrane protein -1.45 &046
Rv3614c Conserved hypothetical -1.52 0.001
Rv3615c Conserved hypothetical -1.73 0.125
Rv3616c Conserved hypothetical -1.55 &028
Rv3687c Similar to sporulation proteins -1.49 0EG9
RNA synthesis, modification and DNA transcription
Rv0630c recB Similar to exodeoxyribonuclease V + 1.50 0.082
Cell wall and cell processes
Rv2920c amt Possible ammonium transporter + 1.51 0.052
Virulence detoxification and adaption
Rv3756c proZ Probable transport system permease protein + 1.74 0.020
Regulatory proteins
Rv0491 Response regulator (deleted gene) +8.31 0.124
Rv3173c Possible transcriptional repressor -1.56 &068
Intermediate metabolism and respiration
Rv0467 id Isocitratelyase -2.40 0.035
Rv3841 bfrB Similar to ferritin -1.73 0.115
PE and PPE
Rv1396c PE PGRS -1.53 0.034
Rv3590c PE PGRS -1.57 0.006



that SenX3 responds to peroxide stress and through the phosphorylation of RegXS 

controls the expression of ahpC and ahpD. The SenXS-RegXS two-component 

signal transduction system may therefore be involved in the induction of genes in 

response to peroxide stress in M. tuberculosis.

5.5.3 Comparative analysis of gene expression following exposure to CHP 

The in vitro gene expression profiles of the regX3 null mutant and wild type 

parental strains were compared using whole genome DNA microarrays following 

exposure of the cultures to the organic peroxide CHP during both exponential and 

stationary phase culture as described in Materials and Methods. For both 

exponential and stationary phase cultures, a total of four hybridisations were 

performed from two replicate RNA sample isolations. GeneSpring scatter plots 

representing the normalised data for the exponential and stationary phase 

microarray hybridisations are shown in Figures 32 and 33 respectively.

As previously observed when H2 O2 was applied to cultures of the bacteria during 

exponential phase growth, a comparison of the transcriptional responses of M. 

tuberculosis H37Rv and the regX3 null mutant following exposure to CHP during 

exponential phase growth revealed very few genes differentially expressed 

between the strains. A summary of genes whose expression profiles were deemed 

to be significantly different in the wild type and mutant strains is presented in 

Table 6. The largest differences between the 2 strains were seen for genes coding 

for conserved hypothetical proteins.
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Figure 32: DNA microarray analysis of gene transcription of the regX3 null 

mutant {^regX3). The bacteria were grown to exponential phase and treated with 

0.5mM cumene hydroperoxide for 2 hours as described in Materials and Methods. 

Expression levels of each gene expressed as normalised equivalent readings for 

the wild type strain M. tuberculosis H37Rv (y-axis), plotted against normalised 

equivalent readings for the regX3 null mutant (x-axis), after using GeneSpring 

software. For each strain RNA was isolated from 2 separate exponential phase 

cultures; each RNA isolate was used to hybridise against 2 microarray slides.
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Figure 33: DNA microarray analysis of gene transcription of the regX3 null 

mutant (AregXS). The bacteria were grown to stationary phase and treated with 

0.5mM cumene hydroperoxide for 2 hours as described in Materials and Methods. 

Expression levels of each gene expressed as normalised equivalent readings for 

the wild type strain M. tuberculosis H37Rv (y-axis), plotted against normalised 

equivalent readings for the regXS null mutant (x-axis), after using GeneSpring 

software. For each strain RNA was isolated from 2 separate stationary phase 

cultures; each RNA isolate was used to hybridise against 2 microarray slides.
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Table 6: Summary of genes differentially expressed in the regX3 null mutant, 

compared with the parental strain M. tuberculosis H37Rv, in response to cumene 

hydroperoxide induced stress applied during exponential growth, as determined by 

microarray analysis using GeneSpring software. Positive values represent genes 

up-regulated in M. tuberculosis H37Rv, whereas negative values represent genes 

up-regulated in the regX3 mutant.
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ORF Gene 
name

Gene product Fold change in 
expression

P value

Conserved hypotheticals and unknowns
Rv0569 Conserved hypothetical +2.19 0.062
Rv2030 Conserved hypothetical +2.94 0.020
Rv2623 Conserved hypothetical +2.53 &032
Rv2627c Conserved hypothetical +2.44 0.018
Rv3131 Conserved hypothetical +2.48 0.041
Rv3134c Conserved hypothetical +2.00 0.024
Rv3333c Unknown -1.45 0.075
Rv3433c Conserved hypothetical -1.39 0.071
Cell wall and cell processes
Rv0341 iniB Isoniazid inducible gene + 1.50 0.002
Rv1737c narK2 Nitrate/nitrite transporter + 1.55 0.046
Regulatory proteins
Rv0491 regX3 Response regulator (deleted gene) +4.63 0.024
Intermediate metabolism and respiration
R vll31  gltA l Citrate synthase -1.68 0.040
Rv2029c Carbohydrate kinase similar to PFK +1.61 0.018



Genes determined to be differentially expressed during a comparison of RNA 

isolated from stationary phase cultures of the mutant and wild type strains 

following exposure to CHP are given in Table 7, The largest difference between 

the AregXS and wild type parental strains was observed for an operon comprised 

of the genes Rv3614c-16c. Expression of these genes which code for proteins 

whose function is unknown was deemed to be higher in the mutant compared to 

the wild type strain. The alkyl hydroperoxide reductase genes Rv2428 (ahpC) and 

Rv2429 (ahpD) were down-regulated in the regXS mutant compared to the wild 

type H37Rv, a result also observed with H2 O2 . Expression of the ahpC and ahpD 

genes were increased in the wild type with fold changes in expression of 3.05 and 

2.36-fold respectively. This result also confirms the suggestion that the SenX3- 

RegX3 two-component signal transduction system may be responding to peroxide 

stress through the transcriptional response regulator RegX3.

5.6 Complementation of the M. tuberculosis AregXS strain

In order to ascertain that the differences observed both in vivo and in vitro 

between the wild type M. tuberculosis H37Rv and AregXS strains was solely due 

to the targeted deletion of the regXS gene, attempts were made to complement the 

regXS null mutant and to determine the phenotype of the resultant strain. The 

SenX3-RegX3 operon was amplified by PCR and cloned into the Clal and Xbal 

restriction sites of the site-specific integrating mycobacterial vector pMV306 kan. 

Both senXS and regXS are known to be transcribed from a single promoter located 

upstream of the senXS gene, and therefore, both genes and the putative sequence 

containing the senXS/regXS promoter were required to express the complete
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Table 7: Summary of genes differentially expressed in the regX3 null mutant, 

compared with the parental strain M. tuberculosis H37Rv, in response to cumene 

hydroperoxide induced stress applied during stationary phase culture, as 

determined by microarray analysis using GeneSpring software. Positive values 

represent genes up-regulated in M. tuberculosis H37Rv, whereas negative values 

represent genes up-regulated in the regX3 mutant.
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ORF Gene Gene product Fold P
name change in 

expression
value

Conserved hypotheticals and unknowns
Rv0356c Conserved hypothetical +2.31 0.083
R v ll8 4 c Possible exported protein -1.85 0.006
Rvl194c Conserved hypothetical + 1.74 0.044
Rvl592c Conserved hypothetical +2.17 0.028
Rv1639c Probable membrane protein -1.85 0.002
Rvl891 Conserved hypothetical -1.97 0.020
Rv2146c Possible transmembrane protein -1.75 0.056
Rv2406c Conserved hypothetical -2.70 0.038
Rv2629 Unknown -1.89 0.013
Rv2821c Conserved hypothetical -1.80 0.005
Rv3614c Conserved hypothetical -4.88 0.032
Rv3615c Conserved hypothetical -4.92 0.008
Rv3616c Conserved hypothetical -4.72 0.005
Rv3654c Unknown +2.65 0.053
Rv3662c Unknown -2.40 0.004
Rv3734c Conserved hypothetical -1.91 0.065
Lipid metabolism
Rvl346 W E 74 Acyl CoA dehydrogenase +2.29 0.033
R v l543 Fatty acyl CoA reductase -2.04 0.052
Rv2381c mbtD Mycobactin/exochelin synthesis +2.31 0.010
Rv2500c W E /9 Acyl CoA dehydrogenase -1.92 0.021
Rv3824c pap A 1 Similar to part of Q09164 cyclosporin synthase -1.82 0.082
PE and PPE
Rv0280 PPE +2.31 0.008
Rvl361c PPE -1.86 0.038
Rv3477 PE -3.44 0.035
Rv3478 PPE -1.99 0.015
RNA synthesis, modification and DNA transcription
Rvl221 sigi Probable ECF sigma factor -2.22 0.046
Cell wall and cell processes
Rv0655 ABC transporter -2.49 0.002
Virulence detoxification and adaption
Rv0251c hsp Heat shock protein +3.82 0.007
Rv2428 alipC Alkyl hydroperoxide reductase +3.05 0.047
Rv2429 ahpD Alkyl hydroperoxide reductase +2.36 0.025
Regulatory proteins
Rv0491 regX3 Response regulator (deleted gene) + 1.74 0.136
Rv3295 Possible regulatory protein -2.92 0.025
Intermediate metabolism and respiration
Rv0186 Beta-glucosidase + 1.82 0.052
Rv0233 nrclB Ribonucleoside diphosphate reductase -3.83 0.033
Rv0458 Probable aldehyde dehydrogenase -2.78 0.042
Rv3148 nuoD NADH dehydrogenase subunit -2.02 0.015
Rv3727 Similar to plant phytoene dehydrogenase 

precursors
-1.74 0.065



complementation construct. To ensure that the promoter for the SenX3-RegXS 

operon was included in the construct, either approximately 500bp (Comp 1) or 

lOOObp (Comp 2 and 3, alternate orientations) of DNA sequence upstream of the 

senX3 gene was amplified along with the operon and cloned into pMV306 kan

(Fig. 22).

Following the transformation of competent cells of the AregXS strain and 

selection on solid agar plates containing kanamycin, expression of the construct 

was detected by the comparative microarray analysis of RNA/cDNA isolated from 

both the mutant and complementing strains. Total RNA was isolated from both 

strains during early stationary phase culture and competitively hybridised against 

a single microarray slide, as described in Materials and Methods. Figure 34 

confirms that the genes carried on the complementation construct are being 

expressed, as both genes lie towards the axis representing the AregXS complement 

strain on the GeneSpring scatter plot. Expression of both the senXS and regXS 

genes is higher in the complement compared to the mutant strain as the 

complement strain is expressing 2 copies of the senXS gene and 1 copy of the 

regXS gene, compared to the mutant which is only expressing 1 copy of the senXS 

gene. Expression of the senXS and regXS genes is approximately 3.4 and 1.4-fold 

higher in the complement strain respectively Early indications from microarray 

experiments suggested that the complementation construct was indeed 

functionally complementing the AregXS strain, as expression levels of ahpC and 

ahpD were deemed to be higher in the complement compared to the mutant strain, 

a result previously observed by comparative microarray analysis of the AregXS 

and wild type strains during stationary phase culture. Expression levels of ahpC
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Figure 34: Scatter plot for the competitive hybridisation of AregXS RNA (x-axis) 

and RNA isolated from a potential AregX3 complement strain (y-axis). RNA was 

isolated during mid-exponential phase growth, from a single culture for each 

strain. The genes highlighted on the scatter plot show increased expression in the 

AregXS complement strain as compared to the regXS null mutant.
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and ahpD were approximately 2.3 and 1.5-fold higher in the complement 

compared to the mutant strain respectively.

To determine if the pMV306 kan complementation construct was complementing 

the avirulent phenotype of the AregX3 strain, in vivo mice experiments and in 

vitro microarray analysis were repeated to include the AregXS complementation 

strain. In vivo experiments using a mouse model of M. tuberculosis infection 

showed that the infection profile of the complement strain resembled exactly that 

of the mutant strain and not the wild type strain as would be expected if 

complementation was occurring (Fig. 29). Microarray analysis with H2 O2 stress 

also showed that the expression profile of the complement strain resembled that of 

the mutant, and that the senX3 and regX3 genes were no longer being expressed in 

the complement strain. Single colonies of the complement strain however 

remained kanamycin resistant, suggesting that mutations may have occurred to 

eliminate the expression of the senX3 and regX3 genes, but that all or at least part 

of the vector remained integrated into the genome. A further possibility is that 

production of the regX3 knockout strain may have affected the expression of 

genes down stream of regX3, and that this could account for the observed 

phenotype of the mutant. Production of the AregX3 strain deleted approximately 

150bp from the 3’ end of the gene Rv0492c, a gene adjacent to regX3 on the M. 

tuberculosis genome (Fig. 22). To determine if the observed phenotype is in fact 

due to this deletion, work is being continued to produce a complement strain 

including the Rv0492c gene. It does however appear unlikely that the results 

obtained from in vivo and in vitro analysis are due to the deletion of part of the 

Rv0492c gene as a regX3 null mutant made independently to this project shows a
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very similar phenotype both in mice and in microarray transcriptional profiling 

(Tanya Parish, personal communication).
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Chapter Six: Production and Analysis of an 

M. tuberculosis crp Mutant

6.1 Introduction

In this study, the Mycobacterium tuberculosis gene Rv3676 has been identified as 

a possible orthologue of the Escherichia coli cyclic AMP receptor protein Crp. 

Crp, in a complex with cAMP is very well known to function as a global 

transcriptional activator of a number of catabolite-sensitive opérons. The reason 

for the presence of a crp-\\ke, gene in the M. tuberculosis genome is not known, as 

it seems unlikely that the bacterium will meet the large range of catabolic 

substrates such as those encountered by E. coli.

To investigate the function of the Crp protein in M. tuberculosis, a null mutant of 

the crp gene has been constructed. The aims of this chapter are to ascertain 

whether a functional crp gene is required for virulence in an M. tuberculosis 

mouse model of infection, and to use DNA microarrays in an attempt to identify 

genes that may be regulated by Crp, to explain the role of this gene in M. 

tuberculosis. An additional aim was to determine if the M. tuberculosis crp gene 

could functionally complement an E. coli crp mutant.

6.2 Production of an M. tuberculosis crp null mutant

The M. tuberculosis crp null mutant strain (Acrp) was generated by homologous 

recombination using the suicide delivery vector p2NIL to delete the entire coding
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sequence of the crp gene (Fig. 35). The construct used for the production of the 

mutant strain, and selection and detection procedures, were followed as discussed 

in Materials and Methods and for the generation of the AregX3 strain. The only 

exception was the insertion of a gene conferring hygromycin resistance between 

the regions of homology cloned into the p2NIL vector, to facilitate the selection of 

rare homologous recombination events, creating a marked, hyg* knockout mutant.

Southern analysis of genomic DNA isolated from 12 potential Acrp colonies 

revealed that all 12 colonies showed the expected hybridisation pattern of that of a 

Acrp null mutant strain. To confirm the successful isolation of an M. tuberculosis 

Acrp strain, genomic DNA isolated from one of the 12 potential knockout 

colonies was fluorescently labeled with Cy3-dCTP (green) and competitively 

hybridised onto a single microarray slide with Cy5-dCTP (red) labeled M. 

tuberculosis H37Rv genomic DNA. Spots represented on the microarray, with the 

exception of some control genes, appeared yellow in colour due to the equal 

hybridisation of DNA from both the wild type and potential mutant strain. 

However, one spot on the microarray slide was red and represented the gene 

targeted for deletion Rv3676 (crp), demonstrating that the gene was only present 

in the wild type strain and therefore, only hybridising with the Cy5-dCTP labeled 

product (Fig. 36). Data from the microarray hybridisation is also shown as a 

GeneSpring scatter plot (Fig. 37). All genes on the scatter plot lie within the 

diagonal lines representing a 2-fold change in hybridisation with the exception of 

crp, which lies towards the axis of the wild type strain. This indicates that the gene 

is present only in the wild type strain and not in the Acrp strain, and proves that it 

has been successfully deleted.
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Figure 35: DNA sequence deleted by producing an M. tuberculosis crp null 

mutant. Production of the Acrp strain removed the entire coding sequence of the 

gene.
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Figure 36: Sub-grid of the M. tuberculosis H37Rv DNA microarray, following 

competitive hybridisation with Cy5-dCTP (red) labeled M. tuberculosis H37Rv 

genomic DNA and Cy3-dCTP labeled ^crp genomic DNA. Most spots appear 

yellow in colour due to their equal hybridisation for both the wild type and 

knockout strains. In exception, the spots situated at the four comers of the sub-grid 

represent pre-labeled controls, and the single red spot represents the deleted gene 

Rv3676 {crp), which is only present in the wild type strain and therefore, only 

hybridises with the Cy5-labeled product.
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Figure 37: Scatter plot for the competitive hybridisation of M. tuberculosis 

H37Rv genomic DNA (y-axis), and genomic DNA isolated from a potential 

Rv3676 (crp) knockout colony (Acrp, x-axis). All genes lie within the diagonal 

lines that represent a 2-fold difference in hybridisation, except for Rv3676 (crp), 

which lies towards the axis of the wild type strain. This indicates that the gene is 

present in the wild type strain but not in the potential knockout strain, 

demonstrating that the gene has been successfully deleted to generate a Acrp null 

mutant strain.
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6.3 In vitro growth kinetics

To investigate the requirement of the crp global regulatory system for normal in 

vitro growth, the growth of both the Acrp and wild type strains was followed in 

rolling culture bottles by monitoring the optical densities of the cultures from 

inoculation and until the cultures reached stationary phase. Figure 38 shows that 

the Acrp strain grew very poorly, taking approximately twice as long as the wild 

type strain to reach stationary phase optical densities, thus suggesting an important 

role for the crp regulatory system in the normal growth of the cells. In addition, 

the mutant strain grew very slowly on solid 7H11 agar plates, taking 

approximately 5 weeks to form colonies, as opposed to the wild type strain which 

is capable of forming colonies on agar plates in only 2-3 weeks.

6.4 Growth of the crp null mutant in a mouse model of M. tuberculosis 

infection

To ascertain if the crp gene is required for virulence in vivo, growth of the Acrp 

and wild type parental strains in the lungs and spleen of Balb/c mice was 

determined following intravenous injection of the bacteria. Figure 39 shows the 

growth of both the mutant and wild type strains 5, 14 and 28 days post infection. 

The Acrp strain exhibited greatly reduced virulence in the mouse model system 

used in this investigation. Viable counts of the mutant bacteria isolated from the 

lungs of the infected mice were lower when compared to the wild type strain. 

Counts in the spleen were also 100-1000 times lower over the course of the 

infection for the Acrp compared to its parental wild type strain. Between 14
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Figure 38: Growth curves for the Rv3676 {crp) null mutant (Acrp) and the 

parental strain M. tuberculosis H37Rv, demonstrating poor growth of the mutant 

compared to that of the wild type strain during in vitro liquid culture. Each point 

represents the mean ± the standard error of the mean of 3 independently grown 

cultures for each strain.
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Figure 39: Growth of the Rv3676 (Acrp) null mutant (KO) and the parental strain 

M. tuberculosis H37Rv (WT) in a Balb/c mouse infection, as described in 

Materials and Methods. The top panel shows the results in lungs, whereas the 

lower panel shows the results in spleens. Each point represents the mean ± the 

standard error of the mean of counts obtained from the tissues of 3-6 infected 

mice.

169



<D3(/)œ
0)
o

3
L i.
O

!
0)
■§

Lung

10'

0 10 15 20 25 305
Days post inoculation

- m -  WT 
KO

0)3(/)œ
0)
o

3
Ll
0

1
Q)

Spleen

0 105 15 20 25 30
Days post inoculation



and 28 days post inoculation, counts for the mutant bacteria decreased in both the 

lungs and spleen, whereas numbers of wild type bacteria continued to increase 

during the same time period. This suggests that the Acrp strain is dying and the 

infection slowly cleared from the infected mice. The results of the mice infections 

demonstrate that a functional crp gene is indeed required for M. tuberculosis 

persistence and virulence in the model system used in this study. The crp global 

regulatory system is therefore important for the normal growth of the bacterium 

not only in vitro as demonstrated earlier in this chapter, but also in vivo as the 

results of these experiments demonstrate.

6.5 In vitro analysis of gene transcription of the M. tuberculosis crp null 

mutant during exponential and stationary phase culture

Whole genome DNA microarrays of M. tuberculosis H37Rv were used in an 

attempt to identify genes and opérons whose expression is regulated by the M. 

tuberculosis crp gene during normal cell growth. Total RNA isolated from 

cultures of the Acrp and parental wild type strains during exponential and 

stationary phase culture was used to compare the gene expression profiles of the 

strains in vitro. Microarray hybridisations and data analysis were carried out as 

described in Materials and Methods, and as discussed in chapters 4 and 5. A total 

of 7 hybridisations were performed from 3 replicate exponential phase RNA 

samples, whereas for the stationary phase comparison, 6 hybridisations were 

performed from 3 replicate RNA samples. GeneSpring scatter plots illustrating the
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exponential and stationary phase comparative microarray data are shown in Figure 

40.

In vitro microarray analysis of the Acrp strain has identified a number of genes 

whose expression profiles differ to that of the parental wild type strain M. 

tuberculosis H37Rv (Tables 8 and 9). During exponential phase growth, the gene 

Rv0867c (jpfA) which codes for a resuscitation promoting factor showed the 

highest level of differential expression between the 2 strains, expression being 

approximately 6.4-fold higher in the wild type compared to the mutant strain. 

Comparative microarray analysis of the Acrp and parental wild type strains during 

stationary phase culture revealed a second resuscitation promoting factor coding 

gene, Rv 1884c (rpfC), which showed increased levels of expression of 

approximately 4.1-fold in the mutant rather than the wild type strain.

Following an initial infection, M. tuberculosis is capable of persisting within the 

macrophage for long periods of time in a dormant or non-replicating persistent 

state from which it may emerge several years later when conditions are more 

favourable, such as when the infected individual becomes immunocompromised. 

Dormancy may be defined as a reversible state of low metabolic activity, and 

dormant cells, although not capable of forming colonies, may regain this ability 

following a period of resuscitation (Wayne, 1994). The transition of cultures of M. 

tuberculosis into an apparent dormant state has been best demonstrated in vitro by 

Wayne & Hayes, (1996) by the gradual depletion of oxygen. Importantly, dormant 

bacteria are able to resist the effects of the human immune response and 

chemotherapy (Hu & Coates, 1999).
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Figure 40: DNA microarray analysis of gene transcription of the Rv3676 {crp) 

null mutant (Ac/p). The bacteria were grown to exponential or stationary phase 

and RNA isolated as described in Materials and Methods. Expression levels of 

each gene expressed as normalised equivalent readings for the wild type strain M. 

tuberculosis H37Rv (y-axes), plotted against normalised equivalent readings for 

the Rv3676 {crp) null mutant (x-axes), after using GeneSpring software. RNA was 

isolated from 3 separate exponential phase cultures and hybridised against a total 

of 7 microarray slides, whereas for the stationary phase comparison, RNA was 

isolated from 3 separate cultures and hybridised against 6 microarray slides.
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Table 8: Summary of genes differentially expressed in the Rv3676 {crp) null 

mutant, compared with the parental strain M. tuberculosis H37Rv during 

exponential growth, as determined by microarray analysis using GeneSpring 

software. Positive values represent genes up-regulated in M. tuberculosis H37Rv, 

whereas negative values represent genes up-regulated in the crp mutant.
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ORF Gene
name

Gene product Fold change 
in expression

P value

Conserved hypotheticals and unknowns
Rv0097 Conserved hypothetical -2.02 <0.001
Rv0098 Unknown -2.19 <0.001
Rv0483 Conserved hypothetical +3.04 <0.001
Rvl233c Conserved hypothetical +2.08 0.005
Rv1592c Conserved hypothetical +2.53 0.009
Rv2706c Unknown, unlikely ORF +2.11 <0.001
Rv2949c Unknown +2.41 0.005
Rv36I2c Unknown -2.22 0.052
Rv3613c Unknown -3.14 0.023
Rv3614c Conserved hypothetical -5.76 0.029
Rv3615c Conserved hypothetical -6.34 0.025
Rv3616c Conserved hypothetical -7.26 0.058
Translation apparatus
Rv0700 rpsJ 30S ribosomal protein SIO +2.01 0.003
Rv0701 rplC 50S ribosomal protein L3 +2.08 0.005
Rv0705 rpsS 30S ribosomal protein S19 +2.27 <0.001
Rv0707 rpsC 30S ribosomal protein S3 +2.01 <0.001
Rv0710 rpsQ 30S ribosomal protein S17 +2.08 0.003
Rv0722 rmpD 50S ribosomal protein L30 +2.01 0.007
RNA synthesis, modification and DNA transcription
Rv0639 nusG Transcription antitermination protein +2.18 <0.001
Rv1080c greA Transcription elongation factor G +2.10 <0.001
Lipid metabolism
Rv0099 Ligase -3.00 0.033
Rv2244 acpM Acyl carrier protein, meromycolate extension +2.07 <0.001
Rv2245 kasA Beta-ketoacyl-ACP synthase +2.16 0.008
Rv2930 Acyl CoA synthase +2.91 <0.001
Rv2931 ppsA Polyketide synthase, phenolpthiocerol synthesis +2.26 0.002
Rv2933 Polyketide synthase, phenolpthiocerol synthesis +2.03 <0.001
Rv3140 Putative acyl CoA dehydrogenase +2.04 <0.001
Rv3824c papAl Similar to part of cyclosporin synthetase -2.24 0.041
PE and PPE
Rvl386 PE +2.21 0.002
Rvl387 PPE +2.43 <0.001
Rv3135 PPE +2.15 0.039
Rv3136 PPE +2.79 0.005
Cell wall and cell processes
Rv0867c Probable resuscitation promoting factor +6.36 <0.001
Rv2936 drrA Daunorubicin resistance atp binding protein +2.09 <0.001
Virulence detoxification and adaption
Rv0440 groEL2 Chaperonin -2.19 0.013
Rv2428 ahpC Alkyl hydroperoxide reductase +3.24 0.010
Rv2429 ahpD Alkyl hydroperoxide reductase +2.08 <0.001
Regulatory proteins
Rv3219 whiBI Putative regulatory protein +3.41 0.005
Rv3676 crp Probable transcriptional regulator crp (deleted gene) + 15.92 0.002
Intermediate metabolism and respiration
Rv0188 Unknown -6.11 0.047
Rvll33c meîE 5-methyltetrahydropteroyltriglutamate homocysteine 

methyl transferase
+2.02 <0.001

Rvl471 trxB Thioredoxin -2.08 0.025
Rv1622c cvdB Probable cytochrome D ubiquinol oxidase subunit -2.23 0.018
Rv1623c appC Probable cytochrome D ubiquinol oxidase subunit -2.55 0.004
Rv2485c lipQ Similar to several carboxylesterases -2.46 0.001



Table 9: Summary of genes differentially expressed in the Rv3676 {crp) null 

mutant, compared with the parental strain M. tuberculosis H37Rv during 

stationary phase culture, as determined by microarray analysis using GeneSpring 

software. Positive values represent genes up-regulated in M. tuberculosis H37Rv, 

whereas negative values represent genes up-regulated in the crp mutant.
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ORF Gene Gene product Fold change in P
name expression value

Conserved hypotheticals and unknowns
Rv0079 Unknown +3.18 0.027
RvOOSO Conserved hypothetical +2.16 0.141
Rv0250c Conserved hypothetical -2.56 0.052
Rv0276 Conserved hypothetical +2.15 0.118
Rv0967 Conserved hypothetical -2.84 0.029
Rv0968 Conserved hypothetical -2.09 0.085
Rv0996 Conserved hypothetical -2.05 0.028
R vl157c Conserved hypothetical -2.30 0.121
Rvl343 Probable membrane protein +2.29 <0.001
R vl434 Unknown -2.21 0.112
Rvl883c Conserved hypothetical -2.52 0.107
Rv2147c Unknown -2.60 0.073
Rv2166c Conserved hypothetical -2.21 0.082
Rv2527 Conserved hypothetical -2.22 0.041
Rv2626c Unknown -2.78 0.009
Rv2816c Conserved hypothetical -5.73 0.132
Rv2817c Conserved hypothetical -2.87 0.124
Rv2927c Conserved hypothetical, similar to Ag84 -2.02 0.008
Rv3839 Unknown +8.72 0.136
Translation apparatus
Rv2055c rpsRI 30S ribosomal protein S18 -4.09 0.110
Rv2056c rpsN2 30S ribosomal protein S14 -3.00 0.074
Rv2057c rpniG 50S ribosomal protein L33 -4.06 0.143
Rv2058c rpniBl 50S ribosomal protein L28 -4.62 0.102
Lipid metabolism
Rv2377c mbtH Mycobactin/exochelin synthesis +2.88 0.129
Rv2383c rnbtB Mycobactin/exochelin synthesis +2.16 0.147
PE and PPE
Rvl387 PPE +2.26 0.121
R v l806 PE +2.28 0.066
Rv2123 PPE +2.76 0.139
Cell wall and cell processes
Rvl884c Resuscitation promoting factor -4.13 0.117
Virulence detoxification and adaption
Rv0251c hsp Heat shock protein -3.12 0.106
RVÜ440 ^roEL2 Chaperonin -2.21 0.121
Rv2428 ahpC Alkyl hydroperoxide reductase +2.49 <0.001
Rv3418c groES Chaperonin -2.66 0.108
Regulatory proteins
Rv3133c Related to transcriptional response regulators -2.05 0.067
Rv3260c whiB2 Regulatory protein -2.03 0.119
Rv3676 crp Probable transcriptional regulator crp (deleted 

gene)
+5.82 0.022

Rv3840 Similar to penicillin binding protein repressor +2.24 0.070
Intermediate metabolism and respiration
Rv2007c fclxA Ferredoxin -2.47 0.041
Rv3502c Probable dehydrogen -3.62 0.035
Rv3841 Similar to ferritin -5.36 0.113



The existence of a dormant state has been clearly established in the Gram-positive 

bacterium Micrococcus luteus, a member of the Actinomycetales and therefore 

related to M. tuberculosis. Actively growing cultures of M. luteus secrete a 

resuscitation promoting factor (Rpf) which is capable of promoting the 

resuscitation and growth of dormant, non-growing cells of the same organism. Rpf 

has also been demonstrated to stimulate the growth of several mycobacterial 

species, including M. avium, M. bovis BCG, M. smegmatis, and M. tuberculosis 

(Mukamolova et a l, 1998). Five genes encoding putative resuscitation promoting 

factors have since been identified in M. tuberculosis, suggesting one or more of 

these proteins may be involved in controlling growth and emergence from 

dormancy of the bacterium in vivo (Biketov et a l, 2000); (Mukamolova et a l, 

2002a).

The results for the in vitro microarray experiments of the M. tuberculosis crp null 

mutant suggest that the tubercle bacillus may use cAMP in association with the 

Crp protein to control the expression levels of the rpfA and rpfC genes. I believe 

that these results may pave the way to a more thorough analysis of the way in 

which M. tuberculosis utilises cAMP as a regulator of genes coding for 

resuscitation promoting factors and perhaps other proteins, and may serve as a link 

between the metabolism of the bacterium and the metabolism of the host cell.

6.6 Complementation of an E. coli crp m utant with M. tuberculosis crp

The E. coli wild type parental strain W3110 has high native levels of p- 

galactosidase activity compared to the Acrp null mutant, as Crp is itself required
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for the high-level expression of the enzyme. Functional complementation of the E. 

coli mutant with M. tuberculosis Crp would therefore restore the high level of 

expression of this enzyme. Figure 41 shows p-galactosidase activity of the W3110 

and Acrp strains following induction with IPTG. The conversion of the substrate 

X-Gal by P-galactosidase causes wild type colonies to appear blue in colour, 

whereas colonies of the crp strain remain white due to the lack of enzyme activity.

To determine if the M. tuberculosis Crp protein could functionally complement an 

E. coli crp null mutant, conversion of the substrate ONPG (colourless) to 

galactose and o-nitrophenol (yellow) by the enzyme P-galactosidase was 

monitored following the transformation of the E. coli Acrp and parental wild type 

strains (W3110) with a vector expressing M. tuberculosis crp. Controls for this 

experiment included transforming both strains with the empty vector and 

monitoring p-galactosidase activity in the strains without transformation of the 

vector, as described in Materials and Methods. Figure 42 shows the results for this 

set of experiments. Following induction with IPTG, high levels of p-galactosidase 

activity were detected for the wild type E. coli strain, but not for the Acrp strain. 

Wild type and mutant cells transformed with either the empty vector or the vector 

expressing the M. tuberculosis Crp protein all showed very low or undetectable 

levels of p-galactosidase activity. These results suggest that transformation of the 

pGEX 6.P.1 protein expression vector and subsequent induction with IPTG has 

proved detrimental to both the wild type and mutant strains and that this system is 

not suitable for this investigation. To test for complementation, a different protein 

expression system would therefore need to be employed.
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Figure 41: P-galactosidase activity of an Escherichia coli erp mutant (left) 

compared with the parental wild type strain W3110 (right), both induced with 

IPTG. The wild type colonies appear blue due to the hydrolysis of X-Gal by the 

enzyme P-galactosidase, to produce an indigo-type blue/green precipitate. Due to 

the inactivity of the enzyme, the crp mutant appears white.
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Figure 42: Complementation analysis of an E. coli crp mutant with M. 

tuberculosis crp. p-galactosidase activity of an Escherichia coli crp mutant (lane 

4), parental wild type strain W3110 (lane 1), and strains transformed with either 

the empty vector pGEX 6.P. 1 (lane 2 WT, lane 5 KO) or the pGEX 6.P. 1 vector 

expressing the M. tuberculosis Crp protein (lane 3 WT, lane 6 KO), following 

induction with IPTG for 2 hours.
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Chapter Seven: Discussion

7.1 General

Although Mycobacterium tuberculosis was first shown to be the causative agent of 

human tuberculosis by Robert Koch in 1882, this bacterium remains the world’s 

most successful pathogen. Surprisingly, the threat of tuberculosis persists despite 

the existence of both a vaccine (M. bovis BCG) and effective antibiotic therapies, 

and in fact, has shown a resurgence in recent years due to the emergence of 

multidrug-resistant strains and the deadly synergy between M. tuberculosis and 

the human immunodeficiency virus (HIV). Major advances in tuberculosis 

research were hampered by the lack of genetic tools to manipulate this bacterium 

and other members of the mycobacteria; however, sequencing of the genome of 

M. tuberculosis H37Rv in 1998, and the recent development of efficient vectors 

and allelic exchange systems have made the tubercle bacillus more amenable to 

molecular genetic analysis.

M. tuberculosis is an intracellular pathogen that is capable of surviving and 

replicating within the phagolysosomes of human macrophages. In order to survive 

the hostile environment of the macrophage, the bacterium must tightly regulate its 

gene expression during infection to protect against potentially damaging agents 

produced by the macrophage in response to M. tuberculosis infection, such as the 

production of high levels of reactive oxygen intermediates. An improved 

understanding of the intimate relationship between the host and pathogen may 

provide valuable insight into the defence mechanisms of M. tuberculosis and
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permit the identification of key virulence determinants which may be targeted by 

novel antibiotic strategies or vaccination approaches.

The broad aims of this study were to utilise post-genomic approaches to generate 

defined M. tuberculosis mutants in putative global regulatory genes by 

homologous recombination, to assess the virulence of the resultant strains in vivo 

using a mouse model of M. tuberculosis infection, and to analyse in vitro gene 

expression of the mutant and wild type strains using DNA microarrays. A further 

aim was to analyse the oxidative stress response of both the wild type and AregX3 

mutant strains to peroxide stress applied in vitro.

When this study first began, the fabrication and use of DNA microarrays to 

analyse global gene expression profiles was relatively new, and therefore labeling, 

hybridisation and analysis techniques all required optimisation before significant 

results could be obtained. Today, many protocols exist for the isolation and 

labeling of RNA and its subsequent hybridisation against DNA microarrays. 

However, much development is still required in the use of statistical techniques to 

interpret the vast amount of data produced by microarray studies, so that 

significant differences determined by such analysis can be accepted with 

confidence. Using a whole genome DNA microarray for M. tuberculosis H37Rv, I 

have been able to identify genes involved in the response of the tubercle bacillus 

to in vitro applied peroxide stress, demonstrating that the bacterium is able to 

mount a vigorous response to the organic peroxide, cumene hydroperoxide. I have 

also been able to identify genes differentially expressed between wild type M. 

tuberculosis and the defined mutants produced by this study.
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Careful sequence and structure analysis has enabled the identification of putative 

M. tuberculosis global regulatory genes. Rv0491 (regX3) codes for a two- 

component response regulator protein, and generation of a regX3 null mutant by 

homologous recombination resulted in attenuation of virulence in mice and an 

altered stress response to both hydrogen peroxide and cumene hydroperoxide in 

vitro. This suggests that the SenX3-RegX3 two-component signal transduction 

system is important for the defence of M. tuberculosis against attack by reactive 

oxygen intermediates. Homology searching also identified an M. tuberculosis 

orthologue of the E. coli archetypical global regulatory protein Crp. Deletion of 

the crp gene resulted in attenuation of virulence, poor growth in vitro, and an 

altered transcriptional profile during in vitro culture. These results suggest that the 

crp gene is required for the normal growth of the cells and is important for 

survival in vivo.

7.2 DNA microarrays: use and limitations

The completion of many large-scale sequencing efforts, including those for M. 

tuberculosis H37Rv (Cole et a l, 1998) and M. leprae (Cole et al., 2001), along 

with the advancement of technologies allowing thousands of DNA sequences 

(probes) to be immobilised onto suitably coated glass microscope slides has 

permitted the development of microarray technology. The availability of 

sequencing data for the virulent strain of M. tuberculosis, H37Rv has provided 

much insight into the biology of this important pathogen, with approximately 80% 

of identified ORF’s being assigned precise or assumed functions. However, the 

remaining 20% of the genome codes for proteins for which the function remains
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unknown. This problem may be readily addressed in the post-genomic age using 

techniques such as DNA microarrays in an attempt to identify the biological 

function of all these genes.

Essentially an extension of Southern (Southern, 1975) and Northern blots (Alwine 

et a l, 1977), microarrays provide a surface containing, where possible, suitable 

representations of all or most of the identified ORF’s of a sequenced and annotated 

genome (Schoolnik, 2002). Probes representing an entire microbial genome can be 

easily arrayed onto a single microscope slide, allowing the parallel analysis of 

RNA abundance or DNA homology for thousands of genes in a single experiment 

(DeRisi et a l, 1997). Functional genomics explores the transcriptional profile of 

mRNA to provide a condition-specific picture of the transcriptome, whereas 

comparative genomics may be used to compare two or more genomes of the same 

or related species.

The ultimate goal of microarray expression profiling for pathogenic bacteria such 

as M. tuberculosis and M. leprae is to identify important genes differentially 

regulated during the infection process, which may be required for the long-term 

survival and virulence of the bacterium within the host. Currently, this goal has 

not yet been achieved using non-amplification based methods due to the number 

of microorganisms present within infected tissues being small, RNA from the 

infected host cell is more abundant than RNA from the bacteria, and at present, an 

efficient method to differentially extract stable bacterial RNA from tissues has not 

been described (Schoolnik, 2002). Therefore, genes required for virulence must be
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identified in vitro by modifying the laboratory media to mimic the conditions that 

the bacterium may encounter when phagocytosed by the host during infection.

The following paragraph demonstrates some of the vast range of both general and 

specific uses of DNA microarrays to study prokaryotic systems (Ye et a l, 2001): 

(0 Genome-wide transcriptional profiling: as cellular function starts with the 

expression of genes, DNA microarrays may be used to measure the 

differential expression of genes by comparing mRNA levels under 

controlled experimental conditions. The gene expression profiles induced 

by antibiotics or toxic compounds may reveal information on their mode of 

action and may help to identify important genes required for virulence.

(Ü) Defining a regulon: using regulatory mutants, mRNA levels of a wild type 

bacterium may be compared with that of a strain carrying a mutant allele 

of a suspected regulatory gene to elucidate the regulon, the set of genes 

controlled by the specific regulator.

{Hi) Identification of co-regulated genes: the coordinated expression of a set of 

genes located within the same region of the chromosome and transcribed 

in the same orientation can be identified by microarray analysis and may 

indicate the presence of an operon.

(/v) Identification of gene function: DNA microarrays may provide valuable 

information about the function of individual genes, for example, by 

analysing the transcriptional profiles of defined mutants, the identification 

of differentially expressed genes may provide hints on the potential 

function of the gene.
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(v) Host pathogen interactions: analysis of the transcriptional profiles of both 

the pathogen and host may identify key bacterial virulence determinants 

and host genes differentially expressed upon infection. This may provide 

insight about the defence mechanisms of the host and the counter

defensive strategies employed by the bacterium.

(vi) Comparative genomics: the ability to detect the presence or absence of 

genes from closely related strains or within clinical isolates of the same 

strain can provide important information about genome diversity and 

evolution.

Having stressed the usefulness of DNA microarrays to gain valuable insight about 

the biology of important organisms such as M. tuberculosis, it is also necessary to 

address some of the limitations of the current technology. The fabrication of DNA 

microarrays requires either the possession of cDNA clones or knowledge of the 

genome sequence for a given organism. At present, only a limited number of 

genomes have been completely or even partially sequenced, and many genes 

expressed at low levels would be underrepresented in a cDNA library. It is 

therefore not possible to currently study all organisms using this technology. 

Expression data obtained from microarray studies is often only the beginning of a 

study; many candidate genes may be identified whose function requires further 

verification. A number of parallel techniques are needed to complement and 

enhance the data obtained from microarray studies, such as gene knockout 

approaches (Li et a l, 2002). Finally, although the expression data obtained using 

DNA microarray technology is of immense value, it only provides a partial picture 

of the regulatory repertoire of an organism. Transcriptional regulation may be the
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major regulator of gene expression in prokaryotes, however, translational 

regulation and post-translational modification of proteins also represent aspects of 

functional control which are beyond the scope of this methodology (Tomb, 1998). 

Genes may be present but they may be mutated and are not necessarily 

transcribed, mRNA may be transcribed but not necessarily translated. Since 

proteins are frequently the functional molecules and levels of mRNA expression 

does not always reflect protein concentration, RNA expression data could have no 

biological significance (Celis et a l, 2000). Therefore, comparative studies of 

transcriptomics and proteomics may provide a more accurate picture of gene 

regulation at the mRNA and protein levels.

Variation within microarray experiments may complicate data analysis and 

prevent the identification of significantly differentially expressed genes. Probably 

the greatest source of variation in microarray experiments comes from slight 

differences in the growth of cultures from which the RNA is harvested. If RNA is 

harvested from replicate cultures at slightly different stages of growth, this may 

have a large effect on the transcriptional profile and lead to variable, noisy 

microarray data. Other sources of variation in a microarray experiment include 

errors from sample handling, differences in labelling and hybridisation efficiency, 

and variation during image acquisition and analysis. Differences caused by such 

sources of error are not due to actual changes in gene expression but are an 

artefact of the microarray experiment. Repetition of microarray experiments using 

independent cultures and multiple microarray slides, as well as performing dye- 

swap hybridisations may help to reduce variability. Data normalisation is a 

process that helps to minimise these variations and may be performed within the

185



slide to adjust for differences in Cy5 and Cy3 dye incorporation efficiency, 

between two slides for dye swap experiments, and across slides for biological 

replicates of the same experiment.

Data analysis is still at the developmental stage and is one of the major 

bottlenecks in the use of microarray technology. At present, a universal standard 

for the analysis of microarray data has not been universally agreed. Data analysis 

involves processing the raw data and making biological sense out of the processed 

raw data. Processing the raw data involves visually examining the DNA 

microarray slide prior to further analysis to remove spots with irregular 

morphology, low hybridisation signal below a defined threshold intensity or 

localised high background. All of the factors mentioned may lead to inflated 

hybridisation ratios and false positive results. Making biological sense of 

microarray data requires sophisticated software and although significant advances 

have been made, this area of microarray technology is still at an early stage and 

requires further development so that the maximum amount of biological 

information may be extracted from microarray experiments.

7.3 Gene knockouts and the identifîcation of virulence factors

Three main strategies have been used to generate mutants of mycobacterial 

species in order to identify genes which may be required for virulence: transposon 

mutagenesis; an in vivo form of transposon mutagenesis, signature-tagged 

mutagenesis, and allelic exchange mutagenesis (discussed in Chapter One).
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Random mutations in the genome of a pathogen are made using a transposable 

element and then a library of transposon-generated mutants may be screened using 

selectable markers for loss of virulence. This approach to mutant generation has 

several advantages over allelic exchange systems for the identification of genes 

involved in virulence in that prior assumptions regarding the identity of the gene 

responsible for a particular virulence trait do not need to be made. Further 

advantages of this approach are that every colony selected by this method will 

carry some sort of mutation, most of which will disrupt gene function; the 

transposon itself serves as a marker which may be used to locate and clone the 

mutated gene, and this method can be used to identify virulence genes not 

expressed in E. coli or closely linked to other virulence genes on the bacterial 

chromosome. However, the main limitations of this approach are that transposons 

often carry transcriptional terminators and therefore, if the transposon is 

positioned in the first gene of an operon, expression of downstream genes as well 

as the gene itself will also be affected. Therefore, the phenotype of the mutant 

could be due to loss of expression of the gene disrupted by the transposon or due 

to loss of expression of one or more of the downstream genes in an operon. 

Secondly, transposons may have strong promoters which may drive the 

transcription of adjacent genes. A further disadvantage of this approach is that 

transposon mutagenesis is only capable of selecting genes that are not essential for 

growth in vitro since otherwise the mutant bacteria will not be able to form a 

colony on selective medium. This however could be also be seen as an advantage 

of this approach, as it may be assumed that the most interesting virulence genes 

are in fact the ones that are not expressed by the bacterium growing in laboratory 

medium but that are specifically induced in the host.
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Signature-tagged mutagenesis generates mutants by the insertion of a transposable 

element carrying a unique DNA sequence tag, which allows one clone to be 

distinguished from another. Pools of tagged mutants are used to infect the 

appropriate host and are then recovered and screened by hybridisation with the 

tags. If any of the original mutants do not hybridise with the mixture of probe tags, 

this represents a mutant that was lost during the infection process, presumably due 

to an avirulent phenotype. These mutants may then be further examined by 

recovering the mutants from the original master plate. As with transposon 

mutagenesis, the sequence of the transposon can be used to identify and clone the 

gene responsible for the attenuated trait of the mutant (Camacho et a l, 1999).

The production of mutants of mycobacterial species by homologous 

recombination using allelic exchange systems remains an inefficient process, 

particularly in slow-growing species due to high levels of illegitimate 

recombination. However, this approach has recently achieved success in both fast 

and slow-growing species and provides a powerful means to assign functions to 

genes and identify genes associated with virulence. An advantage of this 

technique over transposon-based methods is that targeted genes may be selectively 

mutated, the entire coding sequence deleted or the gene may be disrupted without 

affecting the expression of downstream genes in an operon.

Finally, in addition to using mutagenesis-based methods to identify genes 

involved in bacterial virulence, in vivo expression technology (IVET), originally 

described to identify virulence factors of Salmonella typhimurium (Mahan et a l, 

1993); (Mahan et a l, 1995) can now be applied to M. tuberculosis and other
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mycobacteria. IVET involves the use of an auxotrophic mutant of the pathogen 

which is incapable of growth within the host unless complemented with the wild 

type copy of the mutated gene. In S. typhimurium for example, selection of 

virulence genes specifically induced in host tissues was carried out using mutants 

of purA, a gene involved in purine biosynthesis (Mahan et a l, 1993). In this 

strategy, a promoterless purA was fused to a promoterless lacZ on a suicide 

delivery vector. A S. typhimurium promoter library, generated upstream of the 

purA-lacZ fusion was transformed into the purA auxotroph and the organisms 

injected into Balb/c mice. The recombinant cells were later recovered from the 

tissues of the mice, and only those that carried an active promoter for expressing 

the fusion and complementing the defect of the parental strain were expected to 

have survived infection. The organisms were plated on agar plates supplemented 

with X-Gal and recombinants with constitutively active promoters identified by 

their blue colour due to expression of the lacZ gene. Colonies that appeared white 

in vitro yet survived in the host should harbour promoters activated exclusively in 

the host. These inducible promoters were used to identify downstream genes 

representing putative virulence determinants of S. typhimurium. This strategy can 

be theoretically applied to any pathogen by modifying this system to suit the 

genetic systems available for the specific pathogen.

7.4 Oxidative stress response

Mycobacteria are obligate aerobic organisms, and as such, they are subjected to 

macromolecular damage from reactive oxygen intermediates (ROI) that are 

generated as a by-product of aerobic metabolism. In addition, when one considers
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the hostile environment of the host in which pathogenic mycobacterial species are 

found, the necessity for such organisms to employ counter-defensive mechanisms 

against host generated ROI becomes readily apparent. M. tuberculosis is capable 

of surviving and maintaining a persistent infection within the very cells of the 

human immune system which have evolved to destroy such intracellular 

pathogens, and which are potent generators of ROI.

The mechanisms that regulate the oxidative stress response of M. tuberculosis 

differ substantially from that of the enteric paradigm. When E. coli is exposed to 

sublethal doses of hydrogen peroxide (VanBogelen et a l, 1987), or paraquat 

(Walkup & Kogoma, 1989), a generator of superoxide, this results in a multi-gene 

response in both cases, which is largely regulated respectively by the OxyR and 

SoxRS global transcription factors. By contrast, studies have showed that 

exposure of M. tuberculosis to a wide range of concentrations of H2 O2 (Sherman 

et a l, 1995); (Lee & Horwitz, 1995) or menadione (Garbe et a l, 1996) induces 

the expression of a few proteins. The observed differences in the response of M. 

tuberculosis and E.coli to oxidative stress can be in part attributed to mutations in 

the oxyR gene rendering it inactive in M. tuberculosis and the absence of the 

SoxRS regulator from the genomes of mycobacterial species (Deretic et a l, 1997).

It has been suggested by Deretic et a l, (1997) that loss of oxyR in M. tuberculosis 

may have been a neutral change, secondary to a loss of selective pressure to 

maintain a functional peroxide stress response. This suggests modulation of 

peroxide resistance could be unimportant for survival and persistence of the 

bacterium during host infection. It is also a possibility that a novel oxidative

190



defence system may have evolved in M. tuberculosis or that the role of oxyR may 

have been taken over by a different regulatory system. Interestingly, it has also 

been speculated that oxyR may have been selectively lost from the tubercle 

bacillus to inhibit the induction of gene expression in response to ROI and thus 

prevent the expression of certain downstream effector determinants that may act 

as immunogens during various stages of the infection process in vivo (Zahrt & 

Deretic, 2002); (Deretic et a l, 1997). For example, the alkyl hydroperoxide 

reductase encoded by the ahpC gene is a close homologue of the natural killer cell 

enhancement factor (NKEF), which is known to stimulate natural killer cell 

cytotoxicity (Sauri et at., 1996). In E. coli, OxyR regulates the expression of 

ahpC. It is therefore conceivable that evolution of the bacterium to actively select 

against a vigorous oxidative stress response by the loss of oxyR may have 

consequences for M. tuberculosis survival within the host, and that activation of 

gene expression in response to ROI may be undesirable in the context of 

stimulating a protective immune response.

In the mycobacteria as with other bacterial species, the oxidative stress response 

and iron regulation are intimately related (Dussurget & Smith, 1998). Iron 

deficiency can lead to oxidative stress, presumably by decreasing the activity of 

heme-containing enzymes that are involved in protection against ROI. Too much 

iron in the cytoplasm on the other hand can result in generation of ROI, which can 

cause damage to a variety of macromolecules. Thus, regulatory mechanisms have 

evolved to ensure that iron regulatory systems are only active when needed 

(Crosa, 1997). Genes with roles in both iron regulation and oxidative stress 

include the bacterioferritins which store iron in a non-toxic, readily available
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form, and may serve to protect against damage caused when H2 O2 interacts with 

intracellular iron to form the potent hydroxyl radical in a reaction known as the 

Fenton reaction (Abdul-Tehrani et ah, 1999). In addition, the iron regulatory 

proteins furA and ideR may also serve to protect the bacterium against damage 

from ROI by a similar mechanism. It has been shown in M. smegmatis that growth 

of the bacterium in low iron results in increased sensitivity to H2 O2 (Lundrigan et 

a l, 1997), and that mutants of the iron dependent regulator ideR also show 

increased sensitivity to H2 O2 as well as superoxide (Dussurget et a l, 1996). The 

observed phenotype of the ideR mutant has been attributed to decreased levels of 

superoxide dismutase {sodA) and catalase-peroxidase {katG). This phenotype has 

also been observed for M. tuberculosis ideR mutants (Rodriguez et a l, 2002). The 

ferric uptake regulator furA is known to be a negative regulator of katG (Zahrt et 

a l, 2001) and in M. smegmatis, mutation of the furA gene results in decreased 

susceptibility to H2 O2 due to increased expression levels of katG.

The results of this investigation demonstrate that M. tuberculosis is capable of 

mounting a vigorous response against oxidative stress particularly when 

challenged with cumene hydroperoxide (CHP). By inducing exponentially 

growing and stationary phase cultures of M. tuberculosis with either H2 O2 or CHP 

and analysing the transcriptional response of the bacterium using DNA 

microarrays, I have been able to identify a large number of genes differentially 

regulated by the tubercle bacillus in response to peroxide stress, some of which 

have well characterised antioxidant roles. However, a large number of genes have 

also been identified by this study for which the specific role in protecting against 

oxidative damage is unknown.
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Genes induced following exposure of M. tuberculosis cultures to CHP, and which 

have known stress response roles can be broadly separated into four different 

categories:

(/) Enzymes which protect against the toxic effects of ROI by directly eliminating 

the oxidants, including the catalase-peroxidase katG and the alkyl hydroperoxide 

reductases ahpC and ahpD, which in E. coli are regulated by OxyR and the roles 

of which have been discussed earlier. Also induced are the 

thioredoxin/thioredoxin reductase genes trxB/B2/C that have been shown to 

reduce both H2 O2 and organic peroxides in M. tuberculosis (Zhang et al., 1999). 

(H) DNA repair genes such as recA and radA (discussed earlier).

(Hi) Iron regulatory genes, including the repressor of ferric ion uptake furA  and the 

iron dependent regulator ideR, as well as the iron storage proteins encoded by the 

mbt (mycobactin) operon.

(iv) General stress response genes including genes of the dnaK, grpE, dnaJ, hspR 

heat shock operon, and those encoding proteolytic activities such as clpB. Also 

induced were the sigma factors encoded by the sigB, sigE and sigH genes. sigE 

(Manganelli et a l, 2001) and sigH (Manganelli et a l, 2002) mutants have been 

shown to be more sensitive to oxidative stress and in particular, SigH has been 

shown to regulate the known oxidative response genes trxB2/C, sigE/B, dnaK and 

clpB.

As well as genes with known oxidative and stress response roles, many genes 

induced when cultures of M. tuberculosis were challenged with CHP code for 

proteins with unknown functions. The gene Rv2466c that codes for a conserved 

hypothetical protein was strongly induced by CHP applied during stationary phase
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culture, showing a change in induction of approximately 22-fold. Raman et a l, 

(2001) have shown that Rv2466c is induced when M. tuberculosis is exposed to 

oxidative stress and that this gene is probably regulated by sigH. The gene 

Rvl049 was also induced by approximately 4-fold in response to CHP applied 

during stationary phase culture, and codes for a putative transcriptional repressor. 

A gene in Xanthomonas campestris pv. phaseoli, ohrR, having a high level of 

sequence homology with Rvl049 (Dr. E. O. Davis, personal communication) acts 

as a sensor of organic peroxides and a transcriptional repressor, responding to both 

tert-butyl and cumene hydroperoxides (Panmanee et a l, 2002). It is therefore 

possible that Rvl049 may also act as a sensor of organic peroxide stress in M. 

tuberculosis.

The genes Rv 1461-64 were shown to be induced by CHP applied during both 

exponential and stationary phase culture, the highest induction levels being 

observed during stationary phase culture (12.4, 9.2, 12.5 and 7.3-fold 

respectively). Rv 1461-64 are probable orthologues of genes of the E. coli suf 

operon (Rvl461 sufB, Rvl462 sufD, Rvl463 sufC and Rvl464 sufS) and are also 

found in the malarial parasite Plasmodium falciparum (Ellis et a l, 2001). The in 

vivo function of the suf operon is unclear, although limited biochemical evidence 

suggests that the Suf proteins are involved in Fe-S (iron-sulphur) cluster 

formation. Three systems are known to exist for the assembly of Fe-S clusters: 

ISC (Fe-S cluster assembly), NIF (nitrogen fixation), and SUF (Takahashi & 

Tokumoto, 2002). In E. coli, both the ISC and SUF machinery are present, 

whereas in M. tuberculosis it appears that only the SUF machinery has been 

conserved. This may account for the inability to obtain a null mutation in Rvl461
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(D. M. Hunt, personal communication). Since Fe-S cluster damage is a major 

consequence of oxidative stress, there is a clear need to induce proteins that help 

to assemble or repair these clusters (Beinert et a l, 1997). Recently, transcriptional 

profiling of E, coli in response to H2 O2 identified the suf genes as being amongst 

those most highly induced by the peroxide stress in an OxyR-dependent manner 

(Zheng et a l, 2001). We have been able to show the induction of these genes by 

CHP in M. tuberculosis despite the natural mutation of oxyR, suggesting that the 

role of these genes in protecting against oxidative damage has been conserved in 

the tubercle bacillus, although the mechanisms by which their expression is 

regulated is likely to be different from that of E. coli.

7.5 Construction and analysis of an M. tuberculosis regX3 null mutant

Two-component signal transduction systems are used by many bacteria and lower 

eukaryotes to allow them to sense and respond to changes in their external 

environment. Regulating gene expression in response to a defined stimulus allows 

the bacterium to mount an appropriate and adaptive cellular response (Alex & 

Simon, 1994). Careful searching of the M. tuberculosis genome sequence for 

putative regulatory genes that may be required for the protective response of the 

bacterium to damage by reactive oxygen intermediates identified the SenX3- 

RegX3 two-component system.

The sensor protein SenX3 showed high levels of sequence of homology with 

Mak2P, a protein found in the fission yeast Schizosaccharomyces pombe that has 

been shown to respond specifically to peroxide-induced stress (Buck et a l, 2001).
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Furthermore, using three-dimensional structure prediction and modelling, an 

atypical PAS domain was identified in the sensing region of the SenX3 protein 

(Dr. J. W. Saldanha, personal communication). Since PAS domains have been 

shown to specifically sense oxygen or redox potential (Zhulin et ah, 1997), this 

suggests a role for the SenX3-RegX3 two-component signal transduction system 

in oxygen-sensing. In addition, searching the M. tuberculosis genome with ArcA, 

an E. coli two-component response regulator protein that functions mainly as a 

global repressor of aerobic respiratory pathways in response to conditions of 

oxygen deprivation (luchi & Lin, 1988), identified RegX3.

Interestingly, of the eleven complete two-component systems found in M. 

tuberculosis (Cole et a l, 1998), all but four have been deleted or are pseudogenes 

in the closely related intracellular pathogen Mycobacterium leprae (Cole et a l, 

2001). The SenX3-RegX3 system is one of those four. Since the M. leprae 

genome has undergone extensive reductive evolution and is thought to represent a 

minimal complement of genes required for a pathogenic mycobacterium to 

survive in an intracellular environment, the retention of SenX3-RegX3 supports its 

role as an important system for survival in the hostile host environment. In this 

study I have investigated the role of the SenX3-RegX3 two-component signal 

transduction system using a null mutant of the response regulator protein RegX3, 

in order to ascertain if the genes are required for virulence of the bacterium in 

vivo, and to determine whether deletion of the regX3 gene has affected the ability 

of the bacterium to respond to peroxide-induced oxidative stress in vitro.
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An M. tuberculosis null mutant for the regX3 gene was successfully generated 

using the mycobacterial suicide delivery vector p2NIL, a vector that utilises the 

counter-selective properties of the Bacillus subtilis sacB gene (Pelicic et a l, 1996) 

for the isolation of targeted mutants by homologous recombination (Parish & 

Stoker, 2000). As recommended by Hinds et a l, (1999), transforming DNA was 

pre-treated with UV radiation in order to enhance the rate of homologous 

compared to illegitimate recombination, and in fact, SCO colonies resulting from 

homologous recombination events were only obtained by the prior treatment of 

DNA with UV light.

Deletion of the regX3 gene resulted in attenuation of virulence, when growth of 

the tsregX3 and wild type M. tuberculosis strains was compared using a mouse 

model of tuberculosis infection. In contrast, an independent study of a regX3 

transposon mutant by Ewann et a i, (2002) showed that growth of that mutant was 

not affected during intracellular growth within bone marrow-derived macrophages 

or in mice during the acute phase of infection. It is possible that the transposon 

mutant may in fact still be expressing the functional domains of the RegX3 

protein. In the present study there is a deletion of the entire regX3 gene; this may 

account for the differences between the properties of the transposon-induced 

mutation and the regX3 null mutant produced by this investigation.

Growth of the AregX3 strain was compared to that of the parental wild type strain 

M. tuberculosis H37Rv, both in normal rolling culture and in response to peroxide 

stress in the form of hydrogen peroxide or cumene hydroperoxide. A comparison 

of the growth curves of the mutant and wild type strains showed that deletion of
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the regX3 gene had not affected the growth of the bacterium in laboratory 

medium, suggesting that regX3 is not essential for normal growth of the cells in 

vitro. Growth of both strains was also not affected by H2 O2 . However, growth of 

the mutant bacteria in response to O.lmM CHP appeared to be delayed by 

approximately 24 hours, with normal growth resuming after this period, whereas 

growth of the wild type bacteria did not appear to be affected by this concentration 

of CHP. Higher concentrations of CHP (0.5mM) altered the growth kinetics of 

both strains and in fact, the mutant was incapable of growth when exposed to the 

higher concentration of CHP. This suggests that wild type M. tuberculosis is 

capable of mounting an adaptive response when challenged by low levels of 

peroxide stress, allowing the bacterium to survive and continue to grow despite 

the continuous presence of oxidative stress agents present in the laboratory media. 

Deletion of the regX3 gene appears to have affected the ability of the bacterium to 

respond to oxidative stress at least in vitro, and postulates a protective role for the 

SenX3-RegX3 two-component system against damage by ROI in vivo.

Unfortunately, no difference in the viability of the strains was observed following 

prolonged exposure to H2 O2 and CHP, thus contradicting the results of the 

previous investigation. If the results of this experiment are correct, then it appears 

unlikely that the observed phenotype of the mutant in vivo is due to an impaired 

oxidative stress response caused by the deletion of the regX3 gene. It is however 

likely that by exposing bacterial cultures to oxidative stress agents in the 

laboratory, we are not identically mimicking the conditions encountered by the 

bacterium during infection of the macrophage.
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Comparative analysis of the transcriptional profiles of the AregX3 and parental 

wild type strains using whole genome DNA microarrays identified the ahpC gene 

as being expressed at higher levels in the wild type compared to the mutant strain 

during stationary phase culture and in response to H2 O2 and CHP. In addition, the 

ahpD gene was also observed as being up-regulated in the wild type compared to 

the mutant strain in response to oxidative stress. This result does indeed show that 

the deletion of the regXS gene has significantly altered the transcriptional response 

of the bacterium to oxidative stress in vitro, however, it is unlikely that this result 

can explain the decreased virulence of the regX3 null mutant in vivo, as deletion of 

the ahpC gene itself does not result in loss of virulence in mice (Springer et al, 

2001).

Another possibility to explain the reduced virulence of the regX3 mutant is that 

the RegXS protein is not directly affecting the expression of genes involved in the 

defence against oxidative stress but instead, this is due to elevated production of 

ROI in the mutant. The phenotype of E. coli mutant of the regX3 orthologue, 

arcA, may provide a paradigm for this. In this mutant there is continued 

production of TCA cycle enzymes under anaerobic conditions that causes an 

elevated rate of respiration and total metabolic activity during starvation. This 

results in severe impairment in the ability to survive prolonged periods of aerobic 

carbon starvation, but interestingly this can be alleviated by overproducing the 

superoxide dismutase SodA (Nystrom et a i, 1996). As Nystrom et at propose, it 

could be that the ArcA-dependent reduced production of electron donors and the 

decreased level and activity of the aerobic respiratory mechanism during growth 

arrest is an integral part of a defence system which is required to avoid the
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damaging effects of ROL A similar explanation could be put forward for RegX3 

in M. tuberculosis. It may be informative, therefore, to determine if the regX3 

mutant has impaired ability to survive carbon starvation and if the phenotype of 

the regX3 mutant is likewise alleviated by increased production of superoxide 

dismutase.

Despite showing that the regX3 gene is required for virulence in vivo, and that 

deletion of this gene leads to an altered response to peroxide stress in vitro, the 

role of the SenX3-RegX3 two-component system in the tubercle bacillus remains 

unclear. It appears unlikely that the results obtained from in vitro analysis of the 

response of the mutant to oxidative stress are able to fully explain why deletion of 

this gene should result in attenuated virulence in the model used in this study. 

Furthermore, the inability to functionally complement the àregX3 strain means 

that the phenotype of the mutant cannot be proved to be solely due to deletion of 

the regX3 gene, although it seems likely that this is the case as a regX3 mutant 

generated independent to this study shows a similar phenotype both in mice and in 

transcriptional profile experiments using DNA microarrays (Tanya Parish, 

personal communication). Furthermore, recent work has shown the 

alkylhydroperoxide reductase gene ahpC to be involved in the response of the 

bacterium to reactive nitrogen intermediates (RNI) in the form of peroxynitrite 

(Master et a l, 2002). It is therefore feasible that the SenX3-RegX3 system may 

respond to stresses other than ROI by carefully regulating the expression of ahpC 

and ahpD, and that the decreased expression levels of these genes detected when 

cultures were stressed with peroxides was merely coincidental.
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To further investigate the role of the SenX3-RegX3 two-component signal 

transduction system, the following future work is proposed:

(0 Mutational analysis of the SenX3 PAS domain to identify the stimulus sensed 

by the SenX3 protein.

(ii) Investigation of the transcriptional response of the mutant to other forms of 

ROI, such as superoxides, and to other stresses which may be encountered during 

infection, for example RNI.

(Hi) Viability experiments in a model of macrophage infection.

(iv) Complementation of the AregXS strain with and without Rv0492c to prove 

that the observed phenotype of the mutant is solely due to the deletion of the 

regX3 gene.

7.6 Identification, deletion and analysis of the M. tuberculosis crp gene

The cAMP receptor protein (Crp) and the fumarate and nitrate reduction regulator 

(Fnr) are founder members of an expanding superfamily of structurally related 

transcription factors, comprised of more than 70 members (Anjum et a l, 2000). 

Regulatory proteins of the Crp/Fnr family possess a DNA-binding domain based 

on the helix-tum-helix structural motif, and in the case of Crp, a characteristic p- 

roll that is involved in nucleotide-binding (Spiro & Guest, 1990). Crp in complex 

with cAMP provides the principle means of effecting catabolite repression by 

functioning as a global transcriptional activator of a number of catabolite-sensitive 

opérons. By searching the genome of M. tuberculosis with the amino acid 

sequence of the E. colt Crp protein, the gene Rv3676 was identified as a putative 

orthologue. Careful comparison of the sequences of the M. tuberculosis and E.
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coli Crp proteins identified conserved residues in the M. tuberculosis Crp protein, 

which in E. coli are known to be involved in binding either DNA or the nucleotide 

cAMP.

To investigate the role of the Crp protein in M. tuberculosis, a null mutant of the 

gene was constructed (Acrp) and the in vitro and in vivo phenotype analysed in an 

attempt to identify the role of this gene in the tubercle bacillus. Growth of the 

mutant was investigated both in in vitro culture and in a mouse model of 

tuberculosis, and the transcriptional profile of the mutant strain was compared to 

that of its parental wild type in order to identify Crp regulated genes using DNA 

microarrays.

The entire coding sequence of the M. tuberculosis crp gene was successfully 

deleted and replaced with a gene conferring hygromycin resistance using the 

suicide delivery vector p2NIL. Unlike production of the unmarked regX3 null 

mutant, the hygromycin resistance cassette was included in the crp knockout 

construct in order to facilitate the selection of SCO and DCO colonies, and to 

enhance the identification of rare homologous recombination events. Identification 

of DCO events in particular were made easier by the inclusion of the hygromycin 

resistance gene on the knockout construct, and of 12 potential knockout colonies 

screened by Southern analysis, all showed the expected hybridisation pattern for 

that of a crp null mutant strain. Subsequent confirmation of the successful deletion 

of the crp gene was provided by a genomic comparison of the wild type and 

mutant strain using DNA microarrays.
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Growth of the Acrp strain was shown to be very poor in vitro, both on solid agar 

plates and in liquid medium, with the crp mutant taking approximately 2 weeks 

longer than the wild type to form colonies on plates and taking approximately 

twice as long as the wild type strain to reach stationary phase optical densities. In 

addition, growth of the mutant strain was attenuated in vivo with the Acrp strain 

exhibiting greatly reduced virulence in the mouse model system used in this 

investigation. These results suggest the importance of the crp gene for the normal 

growth of M. tuberculosis in the laboratory and indicate that a functional crp gene 

is required for the persistence and virulence of M. tuberculosis in the host. It is 

also worth noting that as with the SenX3-RegX3 two-component signal 

transduction system, the crp gene has also been retained in the much reduced 

genome of M. leprae (Cole et a l, 2001), suggesting an important role for this gene 

in the pathogenic mycobacteria.

By comparing the transcriptional profiles of the Acrp and parental wild type 

strains during exponential or stationary phase culture using whole genome DNA 

microarrays, a number of genes whose expression levels were significantly 

different between the strains could be identified. Of particular interest was the 

differential expression of genes encoding resuscitation promoting factors (Rpf). 

During exponential phase growth, expression of rpfA was approximately 6-fold 

higher in that of the wild type compared to the mutant strain, whereas during 

stationary phase culture, rpfC exhibited increased expression levels in the mutant 

compared to the wild type strain of approximately 4-fold.
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Actively growing cultures of the Gram-positive bacterium Micrococcus luteus 

have been shown to secrete a growth factor called Rpf which is required for the 

growth of vegetative cells in minimal media at low inoculum densities, as well as 

for the resuscitation of dormant cells, and is active at picomolar concentrations 

(Mukamolova et a l, 1998). More than 30 genes resembling M. luteus rp/have 

since been identified throughout the high G + C Gram-positive bacteria, including 

streptomyces, corynebacteria and mycobacteria (Kell & Young, 2000). Recently, 

M. luteus Rpf has been shown to be an essential gene required for bacterial 

growth, as attempts to inactivate the rp/gene were only possible in the presence of 

a functional, plasmid-located copy of rp/(Mukamolova et al, 2002b).

M. tuberculosis and its close relative M. bovis BCG contain 5 genes whose 

predicted products resemble Rpf from M. luteus (Biketov et a l, 2000). A recent 

report by Mukamolova et a l, (2002a) demonstrated that the 5 cognate proteins 

from M. tuberculosis have similar characteristics to those of Rpf, stimulating 

bacterial growth at picomolar and in some cases, subpicomolar concentrations. 

The M. tuberculosis Rpf-like proteins showed cross-species activity, reducing the 

apparent lag phase of M. luteus, with RpfA and RpfC being the most potent, and 

stimulating the growth of M. bovis BCG and M. smegmatis.

Mycobacteria often lose culturability when grown in the laboratory in an extended 

state of stationary phase (Sun & Zhang, 1999); (Zhang et a l, 2001), and may 

possibly enter a state of Rpf-responsive dormancy, similar to that observed when 

M. luteus experiences prolonged stationary phase (Kaprelyants et a l, 1993). 

Moreover, cells that have been cultured in stationary phase for extended periods
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may be physiologically similar to bacteria that persist in vivo, in patients 

harbouring a latent M. tuberculosis infection (Parrish et a l, 1998). M. tuberculosis 

is capable of persisting within the host for extended periods in a dormant or latent 

state, resisting the effects of both the immune response and chemotherapy, and 

emerging to cause progressive tuberculosis when conditions within the host 

become more favourable. It is possible that lack of expression of Rpf-like growth 

factors may contribute to mycobacterial persistence in latent infections, and that 

one or more of these proteins may be involved in controlling the emergence of the 

bacterium from dormancy in vivo.

If M. tuberculosis indeed has a functional crp-like gene, this begs the question of 

what function it may undertake in such an intracellular pathogen. Although M. 

tuberculosis shows considerable plasticity to switch its metabolism and exploit 

different carbon sources so that it can metabolise a variety of carbohydrates, 

hydrocarbons, alcohols, ketones and carboxylic acids (Cole et a i, 1998), it is 

unlikely that M. tuberculosis will meet the vast range of catabolic substrates such 

as those encountered by E. coli in the large intestine, and that crp is present in M. 

tuberculosis solely for the purposes of catabolite repression. However, cAMP 

could conceivably act as a signalling molecule used by M. tuberculosis to activate 

and repress gene expression during the various stages of host infection. An 

extracellular formation of cAMP is well known to be involved in differentiation of 

the slime mould Dictyostelium discoideum (Bonner, 1970). It is known that high 

levels of cAMP mediate inhibition of lysosomal discharge in leukocytes 

(Weissmann et a l, 1972) and that increased amounts of cAMP occur in 

macrophages infected with Mycobacterium microti (Lowrie et a l, 1975), and that
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this cAMP has a bacterial origin. There are therefore possible scenarios whereby 

the cAMP-Crp system could be used for controlling the expression of genes 

involved in virulence but not solely concerned with catabolite repression.

The results of comparative microarray experiments of the Acrp and parental wild 

type strains, along with the attenuated phenotype of the mutant in a mouse model 

of M. tuberculosis infection and analysis of the growth phenotype of the mutant in 

laboratory medium, all suggest an important role for the c/p-like gene in the 

tubercle bacillus. It is possible that in association with cAMP, Crp is regulating 

the expression of the resuscitation promoting factors rpfA and rpfC, and that the 

decreased expression of rpfA observed in the mutant during exponential phase 

growth may be able to explain the poor growth of the mutant in vitro.

The following future work is proposed in order to further investigate the role of 

crp in M. tuberculosis:

(/) Complementation of the M. tuberculosis Acrp strain with a functional copy of 

the crp gene to prove that the observed phenotype of the knockout is solely due to 

deletion of this gene and not due to polar effects on other downstream genes.

{ii) Complementation of an E. coli crp null mutant with M. tuberculosis crp to 

determine if the M. tuberculosis Crp protein can functionally complement E. coli 

Crp.

{Hi) Purification of the M. tuberculosis Crp protein and its use to identify the crp 

binding site, which would enable the identification of other genes regulated by the 

crp global regulatory system.
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Appendix I: Media and Solutions 

Media

A medium
K2 HPO4  10.5g
KH2PO4  4.5g
(NH4)2S04 l.Og
Na citrate.2 H2 0  0.5g
dH2 0  to 1 litre

Dubos broth
K2HPO4 Ig
Na2HPO4.12H20 6.25g
NasCitrate 1.25g
MgS04.7H20 0 .6 g
Asparagine 2g
10% Tween 80 5ml
Casamino acids (Difco) 2g
pH 7.2 (2M NaOH) 
dH2 0  to 960ml
Autoclave 121°C for 15 minutes

Freezing medium
K2 HPO4  12.6g
NasCitrate 0.9g
MgS04.7H20 0.18g
(NH4)2S04 1.8g
KH2PO4  3.6
Glycerol 96g
dH2 0  to 1 litre
Autoclave 121°C for 15 minutes

Luria-Bertani agar (L-agar)
Tryptone (Difco) lOg
Yeast extract (Difco) 5g
NaCl lOg
Agar (Difco) 15g
dH2 0  to 1 litre

Luria-Bertani broth (L-broth)
Tryptone (Difco) lOg
Yeast extract (Difco) 5g
NaCl lOg
pH 7.5 (IM NaOH) 
dH2 0  to 1 litre
Autoclave 12TC for 15 minutes

Middlebrook 7H9 broth
Glycerol 2ml
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7H9 medium powder (Difco) 4.7g
dH2Û to 900ml
Autoclave 121°C for 10 minutes

Middlebrook 7H11 agar
Glycerol 5 ml
7H11 medium powder (Difco) 21g
dH]0 to 900ml
Autoclave 121°C for 15 minutes

Solutions

Denhardt’s reagent (50 x)
Ficoll 5g
Polyvinylpyrrolidone 5g
BSA (Fraction V, Sigma) 5g
dHiO to 500ml
Filter sterilise and store at -20°C

Long Ranger sequencing gel (6M urea, 1 x TBE, 5 % Long Ranger)
Urea 18g
50% Long Ranger (Flowgen) 5ml
10 X TBE 5ml
10% (w/v) APS 250pl
TEMED 35pl
dH20 to 50ml

SSC (1 x)
NaCl 0.15M
Sodium citrate 0.015M
pH7.0

Succinic anhydride / sodium borate solution
0.2M boric acid 35ml
pH 8.0 (NaOH)
Succinic anhydride 5g
n-methyl-pyrrilidinone 315ml

TBE (10 x)
Tris base 121g
Boric acid 61.83g
EDTA 18.612g
dH2 0  to 1 litre 
pH 8.0
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TE buffer
Tris-HCl, pH 8.0 lOmM
EDTA ImM

Z buffer
Na2HP04.7H20 0.06M
NaH2P04.H20 0.04M
KCl O.OIM
MgS04.7H20 O.OOIM
p-mercaptoethanol 0.05M
pH 7.0
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A ppendix II: O ligonucleotide Prim ers 

Construction of gene knockout delivery vectors

Name 5’ extension
Myc5 GGATCC (5<3mHI) 
Myc6 GGATCC (BamHI) 
Myc23 GCGGCCGC (/Vod) 
Myc24 GCGGCCGC (Not\) 
Myc 19 GGATCC (BamHl) 
Myc20 GGATCC (BamHl) 
Myc27 GCGGCCGC (Not\) 
Myc28 GCGGCCGC (Notl)

Sequence 5’-3’
TATGGCGAAGAGCAGTT
TCATCAGCGCCACTCTC
TTGGCTCGGCGCAGCACATC
TTGTCTGCGGAGTGCTCATC
TGATATTCGGCCATCAC
GTGTCGAGCCGTTCTAA
TACCGAGTCCGCAGATAGTC
TTGCCGGTGACAAGGTGCAG

Tm Construct
55°C 5' rggXj F
55°C 5' regXS R
55°C 3' F
55°C 3' rggXJ R
55°C 5' crp F
55°C 5' crp R
55°C 3' crp F
55°C 3' crp R

Screening SCO and DCO colonies (PCR)

Name Sequence 5’-3’ Tm Construct
Mycl58 CTCAACGAACGCCACTA 55°C 5' rcgX3 F
Mycl59 CACCGGCTATCAAGGAA 55°C 5' rcgXJ R
Myc 160 TGGTCATCAGCGCCACT 55°C 3' rcgXJ F
Myc 161 ACAACCTTGGCGACTGT 55°C 3' regXS R
Mycl66 TCGTTCTGGCCCTGATG 55°C 5' crp F
Myc 167 ACTTCGACGAGTAGGAC 55°C 5' crp R
Myc 168 CCACGCCTTGGAAGATT 55°C 3' crp F
Myc 169 TCACGCGAGACGGTGAA 55°C 3' crp R

Screening DCO colonies (Probes)

Name Sequence 5’-3’ Tm Construct
Myc53 TATACCGGTTCCTGCTG 55°C 5' rcgXJ F
Myc54 TTTCTGAGTCCGGAACG 55°C 5' rcgXj R
Myc55 TCAACCGCACCTCGCTA 55°C 3' rcgXj F
Myc56 TAGGACTTGACCATGCG 55°C 3' regXS R
Myc61 AATCACCTTGCTCCACA 55°C 5' crp F
Myc62 TTTGGAGCCGTTCAGCC 55°C 5' crp R
Myc63 CAGATGGAACTGCCGAT 55°C 3' crp F
Myc64 CCAATGGCACGCGTTGT 55°C 3' crp R

Sequencing primers

Name Sequence 5’-3’
pGEX 5' GGGCTGGCAAGCCACGTTTGGTG
pGEX 3' CCGGGAGCTGCATGTGTCAGAGG
M 13 (-20) F GTAAAACGACGGCCAG
M13 R C AGGA A AC AGCTATG AC
Myc34 TGAGATCGCCAAGCTAC
Myc38 AAGAGCTGAGCCGATGA

Construct
crp expression construct 
crp expression construct 
pCR2.1 TOPO / pCR Blunt 
pCR2.1 TOPO / pCR Blunt 
regX3 
regXS
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Myc36 ACGTCTGGAGCAGATAC
Myc40 CCTGCATCGACGTCAAG

crp
crp

TaqMan primers and probes

Name Sequence 5’-3’ ‘
ahpC F TGCTAACCATTGGCGATCAA
ahpC R ACAGGTCACCGCCGATGA
ahpC Probe TCCCCGCCTACCAGCTCACCG 
katG F GCCATAGAGAAAGCAGCAAAGG
katG R AAGGATTCCACGTCGGTTTGT
katG ?xohQ ACAACATCACGGTGCCCTTCACCC 
sigA F TCGGTTCGCGCCTACCT
sigA R TGGCTAGCTCGACCTCTTCCT
sigA Probe TTGAGCAGCGCTACCTTGCCGATCT

Gene
Rv2428 (a/zpQ 
Rv2428 (a/zpQ 
Rv2428 M p Q  
Rv 1908c (WG)
Rv 1908c {katG) 
Rv1908c {katG) 
Rv2703 
Rv2703 
Rv2703 (jzgA)

M. tuberculosis crp expression construct

Name 5’ extension Sequence 5’-3’ Tm
Myc250 GAATTC (EcoRl) GTGGACGAGATCCTGGC 55°C
Myc251 GCGGCCGC (Nod) CCTCGCTCGGCGGGCCA 55°C

Construct
crp expression F 
crp expression R

M. tuberculosis complement constructs

Name 5’ extension Sequence 5’-3’ Tm Construct
Myc418 ATCGAT {Clal) TGTTTGAGATCCCACCTGCC 50°C regX3 F
Myc419 TCTAGA m o l) TGTTTGAGATCCCACCTGCC 50°C regX3 F
Myc420 ATCGAT (C/ol) GCAGTCAGTTCAGCCAGGA 50T regX3 F
Myc421 TCTAGA {Xba\) GCAGTCAGTTCAGCCAGGA 50°C F
Myc422 ATCGAT (C/ol) ACCAGACAGTCGCCAAGGTT 50°C regX3 R
Myc423 TCTAGA m o l) ACCAGACAGTCGCCAAGGTT 50T rggXj R
Myc429 ATCGAT {Clal) TACGCTCGCTCGGAATG 50°C crp F
Myc430 GAATTC {EcoRl) TACGCTCGCTCGGAATG 50°C crp F
Myc431 ATCGAT {Clal) AAGTCCAGCTCGCAGTA 50°C crp F
Myc432 GAATTC (EcoRl) AAGTCCAGCTCGCAGTA 50°C crp F
Myc433 ATCGAT {Clal) TCGTCGAACACGTCTAC 50°C crp R
Myc434 GAATTC (EcoRI) TCGTCGAACACGTCTAC 50°C crp R
Myc435 ATCGAT {Clal) GCTCGACGTCCATGTCA 50T Rv0492c F
Myc436 TCTAGA m^[I) GCTCGACGTCCATGTCA 50°C Rv0492c F
Myc437 ATCGAT {Clal) GGATCCATGCCGATCTC 50°C Rv0492c R
Myc438 TCTAGA {Xbal) GGATCCATGCCGATCTC 50°C Rv0492c R
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A ppendix III: Tables

Table 10: Summary of genes up-regulated in M. tuberculosis H37Rv during 

exponential phase culture, compared with stationary phase culture, as determined 

by microarray analysis using GeneSpring software.

ORF Gene
name

Gene product Fold
change in 
expression

P
value

Translation apparatus
Rv0053 rpsF 30S ribosomal protein S6 + 3 3 0 0.004
Rv0652 rpll 508 ribosomal protein L7 -H3.92 0.004
Rv0682 rpsl 30S ribosomal protein 812 +3.11 0.002
Rv0683 rpsG 308 ribosomal protein 87 +5.35 0.025
Rv0684 fusA Elongation factor G +4.33 <0.001
Rv0685 nif Elongation factor EF-Tu +5.00 0.001
RvOVOO rpsJ 308 ribosomal protein 810 +4.37 <0.001
Rv0701 rplC 508 ribosomal protein L3 +6.16 0.054
Rv0702 rplD 508 ribosomal protein L4 +7.52 0.006
Rv0703 rpIW 508 ribosomal protein L23 +6.01 0.003
Rv0704 rplB 508 ribosomal protein L2 +5.37 0.006
Rv0705 rpsS 308 ribosomal protein 819 +6.20 0.043
Rv0706 rp/y 508 ribosomal protein L22 +4.74 0.001
Rv0707 rpsC 508 ribosomal protein L23 + 6.11 <0.001
Rv0708 rplP 508 ribosomal protein L16 +4.23 <0.001
Rv0709 rpmC 508 ribosomal protein L29 +6.19 0.011
Rv0710 508 ribosomal protein 817 +4.13 0.029
Rv0715 508 ribosomal protein L24 +4.31 0.001
Rv0716 rplE 508 ribosomal protein L5 +3.21 0.002
Rv0717 rpsN 308 ribosomal protein 814 +4.64 0.084
Rv0718 rpsH 308 ribosomal protein 88 +5.90 0.012
Rv0719 rplF 508 ribosomal protein L6 +7.31 0.005
Rv0721 rpsE 308 ribosomal protein 85 +3.70 0.001
Rvl297 rho Transcription termination factor +4.33 0.067
Rvl298 rpmE 508 ribosomal protein L31 +4.74 0.014
R vl630 rpsA 308 ribosomal protein 81 +3.37 0.012
Rvl641 infC Initiation factor IF-3 +4.77 0.004
Rvl642 rpml 508 ribosomal protein +3.23 <0.001
Rvl643 rplT 508 ribosomal protein +5.44 <0.001
Rv2456c rplQ 508 ribosomal protein L I7 +3.26 <0.001
Rv2904c rplS 508 ribosomal protein L19 +3.03 0.003
Rv3443c rplM 508 ribosomal protein L I3 +4.53 <0.001
Rv3458c rpsD 308 ribosomal protein 84 +4.37 0.003
Rv3459c rpsK 308 ribosomal protein 811 +3.78 0.001
Rv3460c rpsM 308 ribosomal protein 813 +3.38 0.002
Rv3461c rpmJ 508 ribosomal protein L36 +3.91 0.002
Rv3462c infA Initiation factor IF-1 +3.02 0.006
RNA synthesis, modification and DNA transcription
Rv0009 ppiA Peptidyl prolyl cis trans isomerase +3.56 0.044
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Rv0058 dnaB Replicative DNA helicase (intein) +3.21 0.003
Rv0667 rpoB DNA directed RNApol beta chain +4.10 <0.001
R vl388 mIHF Integration factor for mycobacteriophage L5 +3.71 0.001
Rv3457c rpoA Alpha subunit of RNApol +3.46 0.001
Virulence, detoxification and adaption
Rv0168 yrbElB Membrane protein +3.80 0.040
Rv0169 mcelA Required for entry/survival in macrophages +4.40 0.002
R vO n i mcelC Mce protein +3.38 0.001
Rv0173 mcelE Mce lipoprotein, lipid attachment site +3.15 <0.001
Rv0174 mcelF Mce protein +4.27 0.004
Rv3648c cspA Cold shock protein +4.37 0.003
Conserved hypothetical and unknowns
RvOOlOc Conserved hypothetical +3.43 0.003
Rv0177 Mce associated protein +3.15 <0.001
Rv0430 Unknown +5.02 0.012
Rv0635 Conserved hypothetical +3.02 0.003
R vl078 pra Proline rich antigen +4.70 0.008
R v ll5 7 c Ala-pro rich protein +3.15 0.028
Rv2147c Unknown +3.32 <0.001
Rv2817c Conserved hypothetical +3.76 0.001
Rv2949c Unknown +3.78 <0.001
Rv2986c hubB HU and histone fusion +4.35 0.005
Rv3378c Low GC content +4.83 0.016
Rv3921c Unknown membrane protein +3.93 <0.001
Lipid metabolism
Rv0129c Ag-85c precursor +3.27 0.006
Rv0642c mmaA4 Methoxy mycolic acid synthase 4 +4.18 0.024
R v ll8 5 fadDll Acyl CoA synthase +3.83 0.022
Rv1886c fbpB Ag-85b precursor +3.80 0.032
Rv2289 cdh Cdp diacylglycerol pyrophosphatase +3.32 <0.001
Rv2928 tesA Thioesterase +3.09 0.003
Intermediate metabolism and respiration
Rv0247c Iron sulphur protein +3.41 0.011
R vl981c nrdF Ribonucleotide reductase small subunit +3.06 0.049
Rv3029c fixA Electron transfer flavoprotein beta subunit +3.18 <0.001
Rv3224 Similar to oxidoreductases +3.03 0.023
Rv3841 bfrB Similar to ferritin +4.03 <0.001
Cell wall and cell processes
Rv3810 pirG Cell surface protein precursor +3.04 0.001
PE and FFE

R v ll9 5 PE +3.56 <0.001
R v ll9 6 PPE +3.32 0.006
R vl361c PPE +4.26 0.002
Rv2430c PPE +3.15 <0.001
Rv3477 PE +6.14 0.009
Rv3478 PPE +3.77 0.003
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Table 11: Summary of genes up-regulated in M. tuberculosis H37Rv during 

stationary phase culture, compared with exponential phase culture, as determined 

by microarray analysis using GeneSpring software.

ORF Gene
name

Gene product Fold
change in 
expression

P value

Conserved hypotheticals and unknowns
Rv0079 Unknown -F6.il 0.005
RvOOSO Conserved hypothetical 4-3.59 0.014
Rv0188 Unknown 4-4.41 0.020
Rv0569 Conserved hypothetical 4-4.05 0.023
Rv0572c Unknown -F4.44 0.005
Rv0968 Conserved hypothetical 4-2.16 0.002
Rv099ic Conserved hypothetical -F2.51 0.027
Rvl065 Conserved hypothetical -F2.35 0.015
Rvl284 Conserved hypothetical 4-3.33 0.010
Rvl738 Conserved hypothetical 4-26.84 <0.001
RvI813c Conserved hypothetical 4-8.61 0.001
Rvl996 Conserved hypothetical +4.90 0.005
Rv1998c Conserved hypothetical +2.06 0.028
Rv2004c Conserved hypothetical +2.37 0.011
Rv2005c Conserved hypothetical +3.07 0.018
Rv2028c Conserved hypothetical +2.22 0.002
Rv2030c Conserved hypothetical +28.87 0.004
Rv2032 Conserved hypothetical +7.61 <0.001
Rv2159c Unknown +3.76 0.003
Rv2160c Improbable ORF +3.40 0.004
Rv2557 Conserved hypothetical +5.34 0.014
Rv2558 Conserved hypothetical +4.03 0.002
Rv2623 Conserved hypothetical + 15.75 0.002
Rv2625c Conserved hypothetical +5.35 0.009
Rv2626c Conserved hypothetical +28.47 <0.001
Rv2627c Conserved hypothetical +5.72 0.004
Rv2628 Unknown +7.91 0.004
Rv2629 Unknown + 10.36 0.001
Rv2630 Unknown +3.60 0.064
Rv3127 Conserved hypothetical + 19.49 0.001
Rv3128c Conserved hypothetical +5.93 0.012
Rv3129 Conserved hypothetical +9.42 0.015
Rv3130 Conserved hypothetical +24.35 <0.001
Rv3131 Conserved hypothetical + 12.48 0.006
Rv3134c Conserved hypothetical +4.78 0.004
Rv3613c Unknown +2.58 0.017
Rv3614c Conserved hypothetical +5.76 0.003
Rv3615c Conserved hypothetical +4.95 0.002
Rv3616c Conserved hypothetical +3.96 0.009
Rv3839 Unknown +4.01 0.011
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Lipid metabolism
Rv2380c mbtE Mycobactin/exochelin synthesis +2.55 0.010
Rv2381c mbtD Mycobactin/exochelin synthesis +2.72 0.008
Rv2382c mbtC Mycobactin/exochelin synthesis +2.66 0.013
Rv2383c mbtB Mycobactin/exochelin synthesis +3.18 0.028
Rv3139 fadE24 Acyl CoA dehydrogenase +2.25 <0.001
Rv3140 fadE23 Acyl CoA dehydrogenase +2.30 <0.001
Intermediate metabolism and respiration
Rv1623c appC Cytochrome D ubiquinol oxidase 

subunit
+5.47 0.008

Rvl653 argJ Glutamate-n-acetyltransferase +3.09 0.006
Rvl654 argB Acetyl glutamate kinase +2.35 0.015
Rvl655 argD Acetyl ornithine aminotransferase +2.17 0.001
Rv2007c fdxA Ferredoxin +18.34 <0.001
Rv2029c pfkB Carbohydrate kinase similar to PFK +5.99 0.004
Rv2386c trpE2 Probable TrpE +2.04 0.026
Rv2780 aid L-alanine dehydrogenase +10.95 0.008
Rv2781c Oxidoreductase +6.34 0.003
Rv3230c Similar to oxygenases and reductases +2.15 0.020
PE and PPE
Rv0280 PPE +2.58 <0.001
Rv0872c PE PGRS +2.13 <0.001
Rv2123 PPE +2.33 <0.001
Cell wall and cell processes
Rvl733c Membrane protein +2.97 0.009
Rvl737c narK2 Nitrate/nitrite transporter +2.91 0.006
Rv2158c murE UDP-n-acetylmuramoylalanyl-D- 

glutamate-2,6-diaminopimelate ligase
+2.42 <0.001

Regulatory proteins
Rv3132c Related to response regulator family +3.91 <0.001
Rv3133c Related to response regulator family +8.71 0.004
Virulence detoxifîcation and adaption
Rv2031c hspX Heat shock protein +55.77 <0.001
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Table 12: Summary of genes differentially expressed in M. tuberculosis H37Rv in 

response to cumene hydroperoxide induced stress, applied during exponential 

growth, as determined by microarray analysis using GeneSpring software. Positive 

values represent genes up-regulated in response to the stress, whereas negative 

values represent genes down-regulated in response to the stress.

ORF Gene
name

Gene product Fold
change in 
expression

P
value

Translation apparatus
RvOTOl rp/C 50S ribosomal protein L3 -2.66 0.025
Rv0702 rplD 50S ribosomal protein L4 -2.61 0.026
Rv0703 rplW 50S ribosomal protein L23 -3.00 0.051
Rv0704 rplB 50S ribosomal protein L2 -2.49 0.052
Rv0705 rpsS 30S ribosomal protein S19 -3.19 0.037
Rv0706 rplV 50S ribosomal protein L22 -2.34 0.064
Rv0714 rplN 50S ribosomal protein L14 -2.32 &053
Rv0715 rp/% 50S ribosomal protein L24 -2.40 0.070
Rv07I6 rplE 50S ribosomal protein L5 -2.17 0.142
Rv0719 rplF 50S ribosomal protein L6 -2.14 0.107
Rvl641 Û2/C Initiation factor IF-3 -2.03 0.006
Rvl642 rpml 50S ribosomal protein L6 -2.12 0.040
Rv2909c rpsP 30S ribosomal protein S16 -2.07 0.081
Conserved hypotheticals and unknowns

RvOMO Unknown 4-19.63 0.015
R vO H lc Unknown 4-19.36 0.002
Rv0184 Conserved hypothetical -H6.54 0.024
Rv0185 Conserved hypothetical 4-8.05 a i9 6
Rv0241c Conserved hypothetical -2.09 0.024
Rv0283 Unknown membrane protein 4-3.40 0.104
Rv0284 Unknown membrane protein -K3.46 0.090
Rv0288 ESAT6 family 4-3.35 0.035
Rv0289 Conserved hypothetical 4-3.04 0.013
Rv0430 Unknown -3.60 0.048
Rv0569 Conserved hypothetical -2.43 0.134
Rv0678 Conserved hypothetical + 4J6 0.074
Rv0839 Conserved hypothetical 4-3.62 0.037
Rv0991c Conserved hypothetical 4-5.53 0.037
RvlOSlc Contains possible helix-turn-helix motif -H3.26 0.164
Rvl073 Conserved hypothetical 4-4.44 &026
Rvl078 pra Proline rich antigen -2.09 0.015
R v ll5 7 c Ala-pro rich -3.59 0.123
Rvl222 Conserved hypothetical -K4.21 0.061
Rvl277 Similar to exonucleases 4-3.71 0.030
Rvl278 Possible coil coiled regions 4-3.71 0.083
Rvl335 Conserved hypothetical 4-3.56 0.015
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Rvl461 Conserved hypothetical +12.39 0.200
Rvl462 Conserved hypothetical +9.17 0.043
Rvl465 Conserved hypothetical +4.58 0.051
Rvl466 Conserved hypothetical +6.01 0.079
Rv1592c Conserved hypothetical +3.14 0.095
Rvl765c Conserved hypothetical +5.80 0.036
Rvl772 Unknown +4.41 0.001
Rvl874 Unknown +3.55 0.167
Rvl875 Conserved hypothetical +5.37 0.078
Rvl883c Conserved hypothetical -2.95 0.061
Rv1954c Unknown +3.09 0.190
Rv2015c Conserved hypothetical +6.89 0.060
Rv2016 Unknown +4.11 0.120
Rv2030c Conserved hypothetical -6.73 0.193
Rv2074 Unknown -6.73 0.183
Rv2203 Unknown +4.23 0.001
Rv2204c Conserved hypothetical +4.32 0.020
Rv2275 Unknown -2.91 0.072
Rv2616 Unknown +47.38 0.162
Rv2617c Unknown +21.04 0.031
Rv2623 Conserved hypothetical -2.16 0.016
Rv2624c Conserved hypothetical -2.10 0.127
Rv2626c Conserved hypothetical -2.78 0.030
Rv2627c Conserved hypothetical -4.42 0.034
Rv2628 Unknown -2.87 0.041
Rv2706c Unlikely ORF +9.27 0.007
Rv2707 Membrane protein +3.70 0.013
Rv2719c Conserved hypothetical +4.78 0.052
Rv2734 Unknown +5.08 0.047
Rv2735c Unknown +3.51 0.005
Rv2744c 35 KdAR 35 Kd Ag +4.10 <0.001
Rv2821c Conserved hypothetical +3.38 0.089
Rv2956 Conserved hypothetical -2.52 0.152
Rv3128c Conserved hypothetical -2.18 0.123
Rv3131 Conserved hypothetical -2.19 0.055
Rv3134c Unknown, ala-val rich -2.49 0.078
Rv3222c Conserved hypothetical +7.41 0.008
Rv3226c Conserved hypothetical +5.65 0.128
Rv3654c Unknown +5.10 0.059
Rv3839 Unknown +18.34 0.157
RNA synthesis, modifîcation and DNA transcription
Rvl221 sigE ECF sigma factor +17.85 0.008
Rvl316c ogt Probable methylated DNA protein cysteine 

methyltransferase
+3.89 0.012

Rv2191 Similar to DNA polymerase III alpha chain +3.41 0.107
Rv2710 sigB Sigma factor +7.65 0.009
Rv2737c recA DNA directed DNA polymerase +6.74 0.004
Rv3202c Similar to UvrD proteins +7.76 0.099
Rv3223c SigH Sigma factor +7.72 0.004
Rv3585 radA DNA repair protein +10.53 0.124
Rv3297 net Similar to E. coli endonuclease VIII +3.72 0.092
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Lipid metabolism
Rv0242c fabG4 3-oxoacyl ACP reductase -2.08 0.042
Rvl472 echA12 Probable enoyl CoA hydratase -k3.04 0.025
Rv2244 acpM ACP, meromycolate extension -k3.03 0.160
Rv2377c mbtH Mycobactin synthesis -h4.45 0.196
Rv2381c mbtD Mycobactin/exochelin synthesis -f-6.71 0.100
Rv2382 mbtC Mycobactin/exochelin synthesis -H5.94 0.118
Rv2383c mbtB Mycobactin/exochelin synthesis 4-8.79 0.185
Rv2789c fadEll Probable acyl CoA dehydrogenase 4-3.82 0.037
Rv3229c desA3 Desaturase -5.76 0.147
Virulence, detoxification and adaption
Rv0251c hsp Heat shock protein 4-40.11 0.032
Rv0350 dnaK Heat shock protein +5.1A 0.050
Rv0351 grpE GrpE protein 4-4.35 0.020
Rv0352 dnaJ DnaJ protein -K4.00 0.036
Rv0353 hspR Heat shock regulatory protein 4-3.45 0.018
Rv0384c clpB ATP binding heat shock protein -H8.47 0.069
Rv0440 groELl Chaperonin 4-3.18 0.024
Rv0563 htpX Probable heat shock protein X 

(transmembrane)
4-5.05 0.023

Rv2428 ahpC Alkyl hydroperoxide reductase +3.21 0.050
Rv3418c groES Chaperonin 4-3.33 0.030
Intermediate metabolism and respiration

Rv0186 bglS Probable beta glucosidase -K4.09 0.011
Rv0331 Probable dehydrogenase -K4.27 0.087
Rv0467 id Isocitratelyase 44.39 0.054
Rvl095 phoH2 Similar to PhoH proteins -3.15 0.100
Rvl304 atpB ATP synthase A chain -2.14 0.077
Rvl305 atpE ATP synthase C chain -2.24 0.056
Rvl306 atpF ATP synthase beta chain -2.54 0.066
Rvl307 atpH ATP synthase beta and delta chains -2.14 0.036
Rvl336 cysM Cysteine synthase B 4-3.90 0.010
Rvl464 Equivalent to NifS like protein +1.31 0.054
Rvl471 trxB Thioredoxin -H12.78 0.008
Rvl611 trpC Indole-3-glycerol phosphate synthase -2.27 0.139
Rvl612 trpB Tryptophan synthase beta chain -2.63 0.108
Rv 1833c Similar to haloalkane dehalogenases and 

epoxide hydrolases
-h4.04 0.075

Rv1856c Similar to dehydrogenases/reductases -2.40 0.115
Rv2202c cbhK Probable carbohydrate kinase 4-3.04 0.025
Rv2386c trpE2 Possible TrpE 4-5.17 0.112
Rv2454c Similar to ferredoxin oxidoreductases beta 

subunit
4-3.02 0.018

Rv2465c rpi Isomerase 4-3.32 0.024
Rv2959c Similar to methyl transferases -2.78 0.097
Rv2977c thlL Similar to several thiamin monophosphate 

kinases
4-3.71 0.123

Rv2987c leuD 3-isopropyl malate dehydratase small subunit 4-8.95 0.109
Rv2988c leuC 3-isopropyl malate dehydratase large subunit -H6.47 0.083
Rv3028c fixB Electom transfer flavoprotein alpha subunit -2.68 0.099
Rv3029c fixA Electom transfer flavoprotein beta subunit -2.65 0.041
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Rv3161c Similar to subunit of several dioxygenases +7.08 0.062 1
Rv3206c moeZ MOEB homologue, cofactor synthesis +8.63 0.004
Rv3290 lat Lysine epsilon aminotransferase +4.75 0.131
Rv3463 Similar to neuraminidases +22.51 0.016
Rv3464 rmlB DTDP-glucose-4,6-dehydratase +3.52 0.001
Rv3465 rmlC DTDP-4-dehydrohamnose-3,5-epimerase +4.10 0.008
Rv3913 trxB2 Thioredoxin reductase +4.79 0.004
Rv3914 trxC Thioredoxin +7.88 0.012
Cell wall and cell processes
Rv0227c Unknown possible membrane protein -2.73 0.196
Rv0341 iniB Isoniasid inducible gene +12.59 0.037
Rv0342 iniA Isoniasid inducible gene +9.13 0.068
Rv0411c glnH Glutamine binding protein precursor +4.28 0.074
Rv0412c Possible membrane protein +3.90 0.066
Rv0676c mmpL5 Possible membrane protein from RND 

superfamily
+3.99 0.078

Rv0677c mmpS5 Possible membrane protein +6.21 0.120
Rvl072 Unknown transmembrane protein +4.87 0.006
Rvl252c IprE Contains signal sequence and lipoprotein lipid 

attachment site
-6.68 0.172

Rvl463 ABC transporter +12.50 0.022
Rvl733c Probable membrane protein -2.25 0.016
Rv1946c IppG Contains prokaryotic membrane lipoprotein 

lipid attachment site
+6.70 0.021

Rv1992c ctpG Cation transport ATPase +4.53 0.089
Rvl997 ctpF Cation transport ATPase -2.18 0.133
Rv2397c cysA Sulphate transport ATP binding protein +3.58 0.014
Rv2462c tig Possible chaperone protein -2.04 0.017
Rv3270 ctpC Probable copper transporting ATPase +3.01 0.014
Rv3921c Membrane protein -2.16 0.078
Regulatory proteins

Rv0653c Possible regulator -2.69 0.050
Rvl460 Hypothetical regulatory protein +6.19 0.074
Rv1909c furA Ferric uptake regulatory protein +13.66 0.176
Rv1994c Probable transcriptional regulator +3.58 0.083
Rv2017 Similar to several transcriptional regulators +3.93 0.100
Rv2711 ideR Iron dependent repressor +3.59 0.034
Rv2745c Similar to several transcriptional regulators +4.32 0.029
Rv3133c Related to response regulators -2.91 0.111
Rv3160c Possible regulator +5.90 0.085
Rv3840 Similar to penicillin binding protein repressor +3.33 0.133
PE and PPE
Rv0286 PPE +3.10 0.061
Rvll72c PE -2.36 0.048
Rvl801 PPE +3.50 0.053
Insertion Sequences
Rv0606 Possible truncated transposase for IS 1536 

element
+7.86 0.086

Rv0829 Possible transposase fragment +3.49 0.027
Rv0922 Possible transposase for IS 1535 +3.59 0.062
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Table 13: Summary of genes differentially expressed in M. tuberculosis H37Rv in 

response to cumene hydroperoxide induced stress, applied during stationary phase 

culture, as determined by microarray analysis using GeneSpring software. Positive 

values represent genes up-regulated in response to the stress, whereas negative 

values represent genes down-regulated in response to the stress.

ORF Gene
name

Gene product Fold
change in 
expression

P
value

Translation apparatus
RvOVOO rpsJ 30S ribosomal protein SIO -2.70 0.095
RvOVOl rplC 50S ribosomal protein L3 -2.59 0.040
Rv0702 rplD 50S ribosomal protein L4 -2.47 0.024
Rv0703 rplW 50S ribosomal protein L23 -2.54 0.071
Rv0704 rplB 50S ribosomal protein L2 -2.23 0.057
Rv0705 rpsS 30S ribosomal protein S19 -2.35 0.049
Rv0706 rplV 50S ribosomal protein L22 -2.02 0.009
RvOVOV rpsC 50S ribosomal protein L23 -2.18 0.075
Rv0708 rplP 50S ribosomal protein L16 -2.12 0.102
Rv0709 rpmC 50S ribosomal protein L29 -2.15 0.059
Rv0714 rplN 50S ribosomal protein L14 -2.62 0.165
Rv0715 rplX 50S ribosomal protein L24 -2.77 0.123
RvOVlV rpsN 30S ribosomal protein S14 -2.23 0.045
Rv0718 rpsH 30S ribosomal protein S8 -2.81 0.083
Rv0719 rplF 50S ribosomal protein L6 -2.49 0.082
Rv0721 rpsE 30S ribosomal protein S5 -2.22 0.174
Rv0722 rpmD 50S ribosomal protein L30 -2.09 0.040
RvlOiSc rp/y 50S ribosomal protein L25 -2.10 0.121
R vl630 rpsA 30S ribosomal protein SI -2.03 0.045
Rv2882c frr Ribosome recycling factor -2.44 0.124
Rv2909c rpsP 308 ribosomal protein 816 -2.18 0.185
Rv3442c rpsl 308 ribosomal protein 89 -2.75 0.098
Rv3443c rplM 508 ribosomal protein L I3 -2.76 0.103
Conserved hypotheticals and unknowns

Rv0079 Unknown -H2.09 0.013
RvOMO Unknown + 2 4 J 0488
RvOMlc Unknown + \7 A 9 0.149
Rv0190 Conserved hypothetical 4-2.64 &058
Rv0332 Conserved hypothetical 4-7.58 0.153
Rv0466 Conserved hypothetical -2.68 0458
Rv0516c Conserved hypothetical -3.46 0D79
Rv0635 Conserved hypothetical -2.16 0.097
Rv0637 Conserved hypothetical -2.00 0.070
Rv0760c Conserved hypothetical -2.31 0.085
Rv0839 Conserved hypothetical 4-3.16 0.024
Rv0950c Conserved hypothetical -2.24 0.090
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Rv0990c Unknown +3.36 0.172
Rv0991c Conserved hypothetical +5.48 0.109
Rvl078 pra Proline rich antigen -2.49 0.021
Rvl242 Conserved hypothetical -2.05 0.121
Rvl334 Conserved hypothetical +3.78 0.147
Rvl335 Conserved hypothetical +4.22 0.184
Rvl337 Conserved hypothetical +3.20 0.158
Rv1342c pksl4 Membrane protein +2.24 0.005
Rv1343c Membrane protein +3.91 0.039
Rv1374c Unknown -2.87 0.118
Rvl375 Conserved hypothetical -2.23 0.198
Rvl461 Conserved hypothetical +4.24 0.061
Rvl462 Conserved hypothetical +3.77 0.006
Rvl465 Conserved hypothetical +2.35 0.028
Rvl466 Conserved hypothetical +2.72 0.066
Rv1507c Conserved hypothetical -2.21 0.069
Rv1592c Conserved hypothetical +2.45 0.017
Rvl697 Conserved hypothetical -2.81 0.180
Rvl772 Unknown +3.24 0.004
Rvl874 Unknown +3.60 0.153
Rvl875 Conserved hypothetical +6.61 0.138
Rvl885c Similar to monofunctional chorismate mutase -4.79 0.122
Rv1907c Unknown +2.91 0.139
Rv2203 Unknown +3.74 0.088
Rv2204c Conserved hypothetical +4.43 0.185
Rv2416c Conserved hypothetical -3.94 0.173
Rv2466c Conserved hypothetical +21.98 0.167
Rv2617c Unknown +6.38 0.104
Rv2699c Conserved hypothetical +2.99 0.145
Rv2705c Unlikely ORF +2.19 0.006
Rv2706c Unlikely ORF +4.33 0.026
Rv2707 Membrane protein +2.98 0.039
Rv2744c 35 Kd 35 Kd Ag +2.35 0.032

Rv3205c Unknown +3.76 0.169
Rv3222c Conserved hypothetical +6.21 0.139
Rv3354 Conserved hypothetical +2.34 0.034
Rv3651 Unknown -2.43 0.138
Rv3654c Unknown +4.76 0.189
Rv3675 Membrane protein +2.55 0.020
Rv3747 Conserved hypothetical -2.51 0.105
Rv3839 Unknown +7.94 0.106
RNA synthesis, modification and DNA transcription
Rvl221 sigE ECF sigma factor +5.04 0.039
Rvl388 mIHF Integration factor for mycobacteriophage L5 -2.19 0.145
Rv2710 sigB Sigma factor +2.95 0.019
Rv2986c hupB FlU and histone fusion +5.41 0.138
Rv3223c sigH Sigma factor +8.37 0.150
Lipid metabolism
Rv0404 fadD30 Acyl CoA synthase -2.00 0.021
Rv0644c mmaAl Methoxy mycolic acid synthase 2 -2.14 0.078
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Rvl344 Possible acyl carrier protein 4-3.38 0.027
Rvl345 fadD33 Polyketide synthase 4-2.74 0.048
Rvl346 fadEM Acyl CoA dehydrogenase 4-2.63 0.003
Rvl483 fabGl Probable 3-oxoacyl reductase -2.02 0.114
Rvl529 fadD24 Acyl CoA synthase 4-2.18 0.039
Rv1886c fbpB Ag-85b precursor -3.62 0.185
Rv2243 fabD ACP, malonyl transferase -H3.91 0.041
Rv2244 acpM ACP, meromycolate extension 4-4.55 0.060
Rv2245 kasA Beta ketoacyl ACP synthase, meromycolate 

extension
4-4.40 0.061

Rv2246 kasB Beta ketoacyl ACP synthase, meromycolate 
extension

4-2.83 0.016

Rv2247 accD6 Acetyl propionyl CoA carboxylase beta chain 4-2.53 0.010
Rv2289 cdh Cdp diacylglycerol pyrophosphatase -2.75 0.128
Rv2377c mbtH Mycobactin synthesis 4-3.93 0.103
Rv2378c mbtG Mycobactin synthesis 4-2.96 0.120
Rv2380 mbtE Mycobactin/exochelin synthesis -h4.75 0.097
Rv2381c mbtD Mycobactin/exochelin synthesis +4.U 0.115
Rv2382 mbtC Mycobactin/exochelin synthesis 4-3.24 0.097
Rv2383c mbtB Mycobactin/exochelin synthesis -H3.64 0.109
Rv3229c desA3 Desaturase 4-2.95 0.008
Rv3774 echA21 Enoyl CoA dehydratase -2.47 0.137
Virulence, detoxifîcation and adaption
Rv0251c hsp Heat shock protein 4-24.84 0.174
Rv0350 dnaK Heat shock protein -H4.87 0.147
Rv0351 grpE GrpE protein -T5.71 0.137
Rv0352 dnaJ DnaJ protein 4-4.63 0.162
Rv0353 hspR Heat shock regulatory protein 4-4.28 0.167
Rv0384c clpB ATP binding heat shock protein -H4.95 0.170
Rv0440 groEL2 Chaperonin 4-9.71 0.093
Rvl932 tpx Thiolperoxidase -2.48 0.061
Rv2238c ahpE Similar to ahpC family -2.03 0.053
Rv2299c htpG Heat shock protein -2.14 0.096
Rv2428 ahpC Alkyl hydroperoxide reductase -H16.51 0.247
Rv2429 ahpD Alkyl hydroperoxide reductase 4-5.62 0.077
Rv3417c groELl Chaperonin 4-2.91 0.053
Rv3418c groES Chaperonin -klO.04 0.037
Intermediate metabolism and respiration

Rv0315 Beta-1,3-glucanase precursor -2.23 0.058
Rv0331 Dehydrogenase -H14.04 0.166
Rv0467 id Isocitratelyase -H3.31 0.145
Rv0761c adhB Alcohol dehydrogenase -2.60 0.136
Rv0951 sucC Succinyl CoA synthase beta chain -2.14 0.102
Rv0952 sucD Succinyl CoA synthase alpha chain -2.68 0.127
Rv1098c fum Fumerase -2.16 0.154
Rvl240 mdh Malate dehydrogenase -2.20 0.103
Rvl304 atpB ATP synthase A chain -2.93 0.132
Rvl305 atpE ATP synthase C chain -2.33 0.134
Rvl306 atpF ATP synthase beta chain -3.19 0.120
Rvl307 atpH ATP synthase beta and delta chains -3.02 0.074
Rvl308 atpA ATP synthase alpha chain -2.56 0.070
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Rvl309 atpG ATP synthase gamma chain -2.98 0.120
Rvl310 atpD ATP synthase beta chain -2.30 0.104
Rvl336 cysM Cysteine synthase B +4.52 0.114
Rvl389 ^mk Guanylate kinase -2.07 0.086
Rvl436 gap Glyceraldehyde-3-phosphate dehydratase -2.05 0.077
Rvl464 Equivalent to NifS like protein +3.47 0.007
Rvl471 trxB Thioredoxin +8.19 0.137
Rvl611 trpC Indole-3-glycerol phosphate synthase -2.35 0.031
Rvl612 trpB Tryptophan synthase beta chain -2.07 0.083
Rvl653 argJ Glutamate-n-acetyl transferase -3.90 0.192
Rvl654 argB Acetyl glutamate kinase -3.09 0.175
Rvl655 argD Acetyl ornithine aminotransferase -2.60 0.193
Rvl658 argG Argininosuccinate synthase -4.21 0.171
Rv2465c rpi Isomerase +2.92 0.132
Rv2959c Similar to methyl transferases -2.98 0.150
Rv2987c leuD 3-isopropyl malate dehydratase small subunit +4.94 0.080
Rv2988c leuC 3-isopropyl malate dehydratase large subunit +5.34 0.026
Rv3206c moeZ MOEB homologue, cofactor synthesis +7.26 0.171
Rv3224 Similar to oxidoreductases -2.08 0.100
Rv3230c Similar to oxygenases and reductases +2.03 0.013
Rv3463 Similar to neuraminidases +12.58 0.158
Rv3464 rmlB DTDP-glucose-4,6-dehydratase +8.18 0.173
Rv3465 rmlC DTDP-4-dehydrohamnose-3,5-epimerase +4.10 0.163
Rv3913 trxB2 Thioredoxin reductase +6.48 0.152
Rv3914 trxC Thioredoxin +7.62 0.098
Cell wall and cell processes
Rv0847 IpqS Possible lipoprotein +2.98 0.036
Rvl029 kdpA Potassium transporting ATPase A chain -2.69 0.150
Rvl030 kdpB Potassium transporting ATPase B chain -3.33 0.182
Rvl031 kdpC Potassium transporting ATPase C chain -2.11 0.164
Rvl463 ABC transporter +4.33 <0.0

01
Rvl469 ctpD Cation transporting ATPase +2.97 0.038
Rv1992c CtpG Cation transporting ATPase +4.30 0.164
Rv2846c efpA Efflux protein +2.70 0.021
Rv3402c Unknown +3.24 0.147
Regulatory proteins

Rv0165c Transcriptional regulator -2.18 0.084
Rv0653c Possible regulator -2.52 0.100
Rv0891c Putative transcriptional regulator -2.28 0.093
Rvl049 Possible repressor +3.86 0.137
Rvl460 Hypothetical regulatory protein +3.31 0.031
Rv1909c furA Ferric uptake regulatory protein +2.11 0.058
PE and PPE
Rv2123 PPE +3.23 0.119
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Table 14: Summary of genes differentially expressed in the regX3 null mutant, 

compared with the parental strain M. tuberculosis H37Rv, in response to hydrogen 

peroxide induced stress applied during stationary phase culture, as determined by 

microarray analysis using GeneSpring software. Positive values represent genes 

up-regulated in M. tuberculosis H37Rv, whereas negative values represent genes 

up-regulated in the regX3 mutant.

ORF Gene
name

Gene product Fold
change in 
expression

P
value

Conserved hypotheticals and unknowns
Rv0572c Unknown -1.90 0.017
R vl037c ESAT6 family +2A9 0.020
R v ll9 2 Unknown +2.30 0LQ8
R v ll9 8 ESAT6 family +2.02 0.029
Rv 1343c Probable membrane protein +2.04 0.018
RvI535 Unknown +2.41 0X#2
R vl592c Conserved hypothetical +2.00 &027
Rv1734c Conserved hypothetical -1.79 0.100
Rv2030c Conserved hypothetical -1.78 0.055
Rv2032 Conserved hypothetical -L68 &032
Rv2226 Unknown +2.18 &068
Rv2626c Conserved hypothetical -L89 0.056
Rv2630 Unknown -2.37 0.002
Rv2633c Unknown -1.7 0.015
Rv2660c Questionable ORF -1.77 &027
Rv2817c Conserved hypothetical +2.07 oin?
Rv2949c Unknown +2.21 0.061
Rv3088 Conserved hypothetical -1.72 a023
Rv3600 Conserved hypothetical +2.11 0.014
Rv3619c Conserved hypothetical +2.06 0.018
Rv3839 Unknown +2.31 0.074
Lipid metabolism
Rv0244c fadE5 Acyl CoA dehydrogenase +2.10 &023
R vl344 Probable acyl carrier protein +3.21 0.002
Rvl345 Probable polyketide synthase +2.23 0.062
R vl346 Acyl CoA dehydrogenase +2.19 0.059
Rv2244 acpM ACP, meromycolate extension +227 0.049
Rv2245 kasA Beta-ketoacyl ACP synthase +2.01 0II98
Rv2930 Acyl CoA synthetase +2.07 0.007
Rv3089 Acyl CoA synthetase -1.84 0.003
Rv3140 Acyl CoA dehydrogenase +2.02 0.001
Rv3229c de s A3 Desaturase +2.14 0.020
Rv3504 /ÜÆ26 Probable acyl CoA dehydrogenase -1.73 0.077
RNA synthesis, modification and DNA transcription
Rv0058 dnaB Replicative DNA helicase +2.55 0.033
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Rv0668 rpoC DNA directed RNA polymerase beta chain +2.13 0.020
Rvl388 mIHF Integration host factor for mycobacteriophage 

L5
+2.01 0.043

Translation apparatus
Rv0056 rpll 5OS ribosomal protein L9 +2.05 0.072
Rv0702 rplD 50S ribosomal protein L4 +1.97 0.061
Rv0704 rplB 508 ribosomal protein L2 +2.34 0.047
Rv0705 rpsS 308 ribosomal protein 819 +2.39 0.029
Rv0706 rplV 508 ribosomal protein L22 +2.08 0.022
Rv0707 rpsC 508 ribosomal protein L23 +2.51 0.013
Rv0708 rplP 508 ribosomal protein LI6 +2.18 0.007
Rv0709 rpmC 508 ribosomal protein L29 +2.19 0.058
Rv0710 rpsQ 508 ribosomal protein 817 +2.49 0.031
Rv0718 rpsH 308 ribosomal protein 88 +2.04 0.063
Rv0719 rplF 508 ribosomal protein L6 +2.13 0.045
Rv0722 rpmD 508 ribosomal protein L30 +2.42 0.082
Rv2909c rpsP 308 ribosomal protein 816 +1.97 0.020
Rv3456c rplQ 508 ribosomal protein L17 +2.00 0.038
Rv3460c rpsM 308 ribosomal protein 813 +1.93 0.045
PE and FFE
Rv0280 PPE +2.00 0.008
Rvll95 PE +3.26 0.019
Rv2430c PPE +4.16 0.038
Rv3616 PPE +2.34 0.084
Insertion sequences
Rvl047 181081 transposase +2.23 0.027
Rv2512c 181081 transposase +1.93 0.044
Rv3023c 181081 transposase +2.13 0.055
Cell wall and cell processes
Rv0867c rpfA Resuscitation promoting factor +1.99 0.086
Rv0934 pstSl Component of phosphate uptake system +1.92 0.009
Rv0954 Membrane protein +1.97 0.061
Rvl733c Probable membrane protein -1.79 0.004
Rvl997 ctpF Probable cation transport ATPase -2.24 0.016
Rv2270 IppN Possible lipoprotein -1.73 0.064
Rv2341 ippQ Possible lipoprotein -1.67 0.041
Rv2450c rpfE Resuscitation promoting factor +1.99 0.082
Rv2462c tig Possible chaperone protein +2.30 0.014
Rv2945c IppX Possible lipoprotein +1.95 0.026
Virulence detoxification and adaption
Rv0168 yrbElB Member of YrbE membrane protein family -1.81 0.062
Rv0169 mcelA Involved in entry and survival inside 

macrophages
-1.68 0.050

Rv0440 groEL2 Chaperonin -1.99 0.002
Rv2428 ahpC Alkyl hydroperoxide reductase +6.32 0.027
Rv2429 ahpD Alkyl hydroperoxide reductase +5.33 0.076
Rv3177 8imilar to non-heme chloroperoxidases and 

related esterases
-1.70 0.046

Rv3417c groELl Chaperonin -1.86 0.001
Regulatory proteins
Rv0081 Probable transcriptional regulator -2.04 0.037
Rv0491 regXS Response regulator (deleted gene) +8.9 0.225

251



Rv2779c Probable transcriptional regulator -1.86 0.058
Intermediate metabolism and respiration
Rv0247c Probable iron sulphur protein +2.28 0.018
Rv0315 Probable beta-l,3-glucanase precursor +2.14 0.044
Rv0467 id Isocitratelyase +1.91 0.011
Rv0469 umaAl Involved in mycolic acid synthesis or 

modification
+2.02 0.011

Rv0619 Galactose-1 -phosphate uridy ly Itransferase -1.81 0.084
Rv0952 sucD Probable succinyl CoA synthetase alpha chain +2.24 0.014
Rvl306 atpF ATP synthase B chain +2.04 0.032
Rvl310 atpD ATP synthase beta chain +2.17 0.046
Rv1622c cydB Probable cytochrome D ubiquinol oxidase 

subunit
-1.89 0.029

Rv1736c narX Probable nitrate reductase -1.81 0.085
Rv2029c pfkB Probable carbohydrate kinase similar to PFK -1.88 0.034
Rv2780 aid L-alanine dehydrogenase -283 0.015
Rv2781c Probable oxidoreductase -2.33 0.012
Rv2952 Probable glycosyltransferase +2.12 0.015
Rv3029c fixA Electron transfer flavoprotein beta subunit +1.92 0.002
Rv3224 Similar to oxidoreductases +1.90 0.052
Rv3248c sahH Probable adenosylhomocysteinase +1.97 0.006
Rv3601c panD Aspartate-1 -decarboxylase +2.74 0.033
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